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Hyphenated Technique for Releasing and MALDI
MS Analysis of O-Glycans in Mucin-Type

Glycoprotein Samples

Keita Yamada,! Satomi Hyodo, Mitsuhiro Kinoshita,! Takao Hayakawa,* and Kazuaki Kakehi*'t

School of Pharmacy and Pharmaceutical Research and Technology, Kinki University

We developed an automatic apparatus for the release
of O-glycans from mucin-type glycoproteins and pro-
teoglycans (Matsuno, Y.-k.; Yamada, K.; Tanabe, A.;
Kinoshita, M.; Maruyama, S.-z.; Osaka, Y.-s.; Masuko,
T.; Kakehi, K. Anal. Biochem. 2007, 363, 245—257.
Yamada, K.; Hyodo, S.; Matsuno, Y. K.; Kinoshita, M.;
Maruyama, S. Z.; Osaka, Y. S.; Casal, E.; Lee, Y. C.;
Kakehi, K. Anal. Biochem. 2007, 371, 52—61). The
method allows rapid release of O-glycans as the reduc-
ing form within 10 min. In the present study, we
connected the device to a MALDI-TOF MS spotter and
achieved routine analysis of O-glycans in biological
samples for clinical use after in situ derivatization of
the released O-glycans with phenylhydrazine. We ap-
plied the method to the analysis of O-glycans expressed
on MKN45 cells derived from human stomach cancer
cells and found that MKN45 cells expressed charac-
teristic trisialo-polylactosamine-type glycans as reported
previously (Yamada, K.; Kinoshita, M.; Hayakawa, T.;
Nakaya, S.; Kakehi, K. J. Proteome Res. 2009, 8,
521-537). We also applied the method to the analysis
of O-glycans in serum samples. The present technique
is the first attempt to use MS measurement for routine
clinical diagnostic works.

The O-inked glycans (O-glycans) in glycoproteins are co-
valently linked to Ser/Thr residues of the core protein through
N-acetylgalactosamine (GalNAc) at their reducing ends. These
glycans are often called as mucin-type glycans due to their
predominant presence in tracheas and mucin secretory glands
such as salivary glands. Currently, there are eight known core
structures for O-glycans,! and a number of research works
reported the aberrant glycan patterns in relation to the develop-
ment and metastasis of malignancy.?~* Recently, Lebrilla and co-
workers studied O-glycosylations in epithelial ovarian cancer cells

* To whom correspondence should be addressed. Kowakae 3-4-1, Higashi-
Osaka, 577-8502 Japan. Phone: +80-6-6721-2332. Fax: +80-6-6721-2353. E-mail:
k_kakehi@phar.kindai.ac.jp.

T School of Pharmacy.
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and serum samples of breast cancer patients and proposed the
use of O-glycans as clinical markers.>¢

Because various types of O-glycans are linked to the repeating
Ser/Thr residues of Ser/Thr/Pro rich tandem repeating units of
the core protein, direct analysis of the glycopeptides is difficult
even if using the most newly developed analytical techniques such
as mass spectrometry. Therefore, we have to release carbohydrate
chains from the core proteins prior to the analysis. Various
approaches to release glycans from the polypeptide backbone
through the enzymatic or chemical procedures have been devel-
oped but have been a big challenge in the case of the analysis of
O-glycans using a minute amount of glycoproteins.!

N-Glycanases (N-glycoamidases), the enzymes providing facile
cleavage of asparagine-linked glycans (N-glycans), are revolutionary
in the analysis of N-glycans.’” In contrast, there is no enzyme which
is capable of releasing a wide range of O-glycans from the core
protein.® Therefore, we usually release O-glycans from the core
proteins by chemical methods, typically by S-elimination with alkali
in the presence of sodium borohydride or mild hydrazinolysis.**®

N-Acetylgalactosamine (GalNAc) residues at the reducing end
of mucin-type O-glycans are attached to Ser/Thr residues of
mucintype glycoproteins. To release the O-glycans, we usually
use the alkali solution under mild conditions. However, if the
GalNAc residues at the reducing end of the released glycans are
substituted at the C-3 position, further degradation (i.e., peeling)
tends to proceed. This is the most critical problem in the analysis
of mucintype O-glycans. Alkali-catalyzed S-elimination in the
presence of sodium borohydride under mild conditions to prevent
the “peeling” reaction is still the most common method for routine
analysis of O-glycans,'’™*3 and the method affords O-glycans as
the reduced form (.e., alditols). Consequently, the hemiacetal
group at the reducing terminal is no longer available for chemical
modification with fluorescent or UV-absorbing tags for their
sensitive and high-resolution analysis. Royle and co-workers

(5) Leiserowitz, G. S.; Lebrilla, C.; Miyamoto, S.; An, H. J.; Duong, H.; Kirmiz,
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employed mild hydrazinolysis to afford O-glycans from microgram
quantities of glycoproteins, although a relatively lengthy time
(~6 h) and the need for reacetylation of de-N-acetylated groups
make it unsuitable for rapid analysis of multiple samples.® Karlsson
and Packer reported an in-line flow releasing system employing
alkaline S-elimination to release the reducing O-glycans from the
core protein immobilized on the column, but this method also
requires a long reaction time (16 h).** Huang et al. developed a
method for releasing O-glycans in the presence of ammonia and
successfully analyzed O-glycans from fetuin.'® The method allowed
simultaneous determination of both N- and O-glycans.

Recently, we developed an automatic O-glycan releasing
apparatus for the release of O-glycans from mucin-type glycopro-
teins and proteoglycans and named the system “AutoGlycoCutter”
(AGC).16-1? Alkali-induced degradation of oligosaccharides (i.e.,
peeling reaction) has been a big problem during the alkali-
catalyzed release of mucin-type glycans from the core peptides.”’
Use of the automatic device and optimization of experimental
parameters dramatically improved the efficiency in the release of
O-glycans in mucin-type glycoproteins. We successfully applied
the device to the analysis of O-glycans from some leukemia and
epithelial cancer cells and achieved identification of more than
80 O-glycans. Also, we found that polylactosamine-type O-glycans
having larger molecular size than 6000 were present in a stomach
cancer cell line (MKN 45 cells).!® We suggested that these
polylactosamine-type O-glycans might be a marker molecule of a
stomach tumor.

However, to realize the O-glycan analysis in diagnostic works
for the clinical purpose, we have to develop a full automatic
machine from the releasing of O-glycans in biological samples to
the analysis of glycan profiles. In the present study, we attempted
hyphenation of the autoglycan releasing system with a sample
spotter machine for the MALDI MS apparatus.

EXPERIMENTAL SECTION

Materials and Equipment. Bovine submaxillary mucin
(BSM) was obtained from Sigma-Aldrich Japan (Shinagawa-ku,
Tokyo, Japan). Phenylhydrazine and 2-aminobenzoic acid (2AA)
for labeling of glycans were obtained from Tokyo Kasei Kogyo
(Chuo-ku, Tokyo, Japan). 2,5-Dihydroxy benzoic acid (DHB) as
the matrix material for MALDI MS measurement and Triton-X100
were also from Sigma-Aldrich Japan. Pronase (Streptomyces gri-
seus) was obtained from Calbiochem (San Diego, CA). The protein
inhibitor cocktail for animal cells was obtained from Nacarai

(11) Kakehi, K.; Susami, A.; Taga, A.; Suzuki, S.; Honda, S. J. Chromatogr., A
1994, 680, 209-215.
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Tesque (Nakagyo-ku, Kyoto, Japan). Ultrapure water by a Milli-Q
water system (Millipore, Bedford, MA) was used. Other reagents
and solvents were of the highest grade commercially available or
HPLC grade.

MALDI-TOF MS spectra of O-glycans were acquired on a
MALDI-QIT TOF mass spectrometer (AXIMA-QIT, Shimadzu,
Kyoto, Japan). The instrument was operated in the positive-ion
mode throughout the work, and acquisition and data processing
were controlled by Launchpad software (Kratos Analytical,
Manchester, U.K.). For collision-induced dissociation, argon gas
was used as the collision gas.

Cell Culture. In the present study, we used MKN45 cells
(human gastric adenocarcinoma cell line). The cells were cultured
in RPMI-1640 medium supplemented with 10% (v/v) fetal calf
serum and 1% (v/v) penicillin—streptomycin mixed solution
(10 000 u penicillin and 10 mg of streptomycin/mL, Nacalai
Tesque). Fetal calf serum was previously kept at 56 °C for 30 min.
The cells were cultured at 37 °C under 5% CO, atmosphere and
harvested at 80% confluent state. Collected cells (1 x 107 cells)
were washed with phosphate buffered saline (PBS) and
collected by centrifugation at 800g for 20 min.

Glycopeptide Pool from the Whole Cells. Cancer cells
(2.0 x 107 cells) were suspended in 5 mM Tris-HCl buffer (pH
8.0, 500 L) and mixed with an equal volume of 2% Triton X100
in the same buffer in an ice-bath. After homogenization of the
cells for 7 min with a glass homogenizer, the mixture was
centrifuged at 8000g for 30 min. The supernatant layer was
collected and boiled for 7 min at 100 °C followed by evaporation
to dryness by a centrifugal evaporator (SpeedVac, Savant,
Sunnydale, CA). The lyophilized material was suspended in
water (200 uL), and ethanol (800 uL) was added to the mixture
to 80% concentration. The precipitate was collected by cen-
trifugation and washed with ethanol (1 mL x 3) and then with
acetone (1 mL x 2). The residue was dried in vacuo, and
Pronase (50 ug) in 5 mM Tris-HCl (pH 8.0, 200 4L) was added,
and the mixture was kept at 37 °C for 24 h. After the reaction
mixture was boiled for 10 min, the supernatant was collected
by centrifugation. Because cancer cells often contain a relatively
large amount of free glycans in cytosols,?* contaminated free
glycans were previously reduced to the alditol form with
sodium borohydride as follows: an aqueous solution of 2 M
NaBH, (500 uL) was added to the supernatant and kept at room
temperature for 30 min. Glacial acetic acid was carefully added
to the mixture to decompose excess NaBH,, and the mixture
was passed through a centrifugal filter device (5 kDa cutoff).
The solution was concentrated to 30 4L after washing with the
water (400 uL x 3). A half of the solution (15 L) was injected
to the AGC-MS system.

Glycoprotein Pool from Serum Samples. A 50 uL portion
of a human pooled serum sample (Wako Pure Chemicals) was
diluted with water (200 uL), and the mixture was passed through
a centrifugal filter device (10 kDa cutoff) to remove salts and
low-molecular weight materials. The solution was concentrated
to 30 uL after washing with water (250 L x 3). Half of the solution
(15 uL) was injected to the AGC-MS system.

(21) Ishiduka, A.; Hashimoto, Y.; Naka, R.; Kinoshita, M.; Kakehi, K.; Seino, I3
Funakoshi, Y.; Suzuki, T.; Kameyama, A.; Narimatsu, H. Biochem. J. 2008.

Analytical Chemistry, Vol. 82, No. 17, September 1, 2010 7437



D

Water LioH HzSO.

Figure 1. Flow diagram of the autoglycan releasing system.

Releasing Reaction of O-Glycans Using an AutoGlycoCut-
ter System (AGC). The AGC system has been improved from
the original version in order to be able to analyze microscale
samples (Figure 1).1° To release the O-glycans from glycoprotein
samples, an aqueous solution (15 xL) of a glycoprotein sample
was injected into the AGC. The AGC is composed of a pump, a
reactor, a cartridge packed with cation exchange resin, a sample
tray, and a switching valve (Figure 1A).

The glycan releasing reaction was performed as shown from
parts B to F of Figure 1. When the program starts, the tubing of
the reactor is filled with the alkali solution (0.5 M LiOH for glycan
releasing) (Figure 1B). The introduced sample solution is mixed
with the alkali solution and moved to the reactor at 120 xL/min
(Figure 1C,D). When the mixed solution is introduced to the
reactor, the flow is stopped and the solution is kept at the elevated
temperature (45 °C) for a specified period (3.0 min). After the
releasing reaction in the reactor, the mixture is pushed out from
the reactor and passed through a small cartridge packed with
cation-exchange resin (Figure 1E). The effluent from the cartridge
is collected to the fraction collector (Figure 1F). In the present
study, the effluent was divided and a portion (one tenth of the
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total volume) was introduced to the MALDI spotter (see below).
The whole procedure was performed according to the automatic
valve changing program and was completed within 4 min. After
the run, the cation-exchange cartridge is regenerated with 0.25
M H,SO,. The collected solution (~100 uL) containing the
released O-glycans were employed for the analysis by high-
performance liquid chromatography and/or capillary electro-
phoresis after derivatization with a fluorescent labeling reagent
such as 2-aminobenzoic acid (also see below).

Hyphenation of the AGC Apparatus to an Automatic
Spotter Machine (AccuSpot) for MALDI MS Measurement:
“AGC-MS System”. A 10% portion of the reaction mixture was
introduced to the MALDI plate as shown in Figure 2. An aqueous
solution of 1.25% phenylhydrazine was mixed with the 10% flow
of the eluate using a sheath flow device installed in the spotter
machine at the rate of 1 xL/min. And the mixture was spotted
onto the MALDI plate, on which a solution (1 uL) of 2,5
dihydroxybenzoic acid (10 mg/mL in 30% ethanol) had been
previously spotted and air-dried at room temperature. The
sampling rate was set at 20 s intervals. The solution on the MALDI
plate is kept at 37 °C for 1 h, and MALDI MS spectra of O-glycans
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% Cation-exchange

Connecting capillary tube
(0.15mm LD X 60 cm)

/

Phenyl hydrazine
(PHN)

Figure 2. Auto glycan releasing system-MS system: (A) auto glycan releasing system-MS system. (B) Scheme for collection of the effluent
from the Auto glycan releasing system. A 10% portion of the effluent is introduced to the spotter machine by adjusting the capillary size. In this
case, we used a fused silica capillary (0.15 mm i.d., 60 cm). At the spotter port, an aqueous solution of 1.25% phenylhydrazine is mixed at the

rate of 1 uL/min.

were acquired. The 90% portions of the eluate were recovered to
the fraction collector and evaporated to dryness for further
structural studies as well as quantitative analysis.

Fluorescent Labeling of the Released O-Glycans with
2-AA. The mixture of the released O-glycans in the 90%portions
of the eluate was dissolved in 2-AA solution (100 uL) freshly
prepared by dissolution of 2-AA (30 mg) and sodium cyanoboro-
hydride (30 mg) in methanol (1 mL) containing 4% sodium acetate
and 2% boric acid. The mixture was kept at 80 °C for 1 h. Water
(100 uL) was added after cooling, and the mixture was applied to
a column of Sephadex LH-20 (1.0 cm i.d., 30 cm length) previously
equilibrated with 50% aqueous methanol. The earlier eluted
fluorescent fractions were pooled and evaporated to dryness under
reduced pressure and used for the analysis by HPLC and CE.

CE Analysis of 2-AA Labeled O-Glycans. 2-AA-Labeled
oligosaccharides were analyzed with a P/ACE MDQ glycoprotein
system (Beckman Coulter, Fullerton, CA) equipped with a
helium—cadmium laser-induced fluorescence detector (Ex 325 nm,
Em 405 nm). Electrophoresis was performed using a DB-1
capillary (100 #m i.d., 30 cm length) in 100 mM Tris-borate buffer
(pH 8.3) containing 5% polyethylene glycol (PEG70000) as the
running buffer. Sample solutions were introduced into the capillary
by pressure injection at 1 psi for 10 s. Separation was performed
by applying the potential of 25 kV at 25 °C.

HPLC Analysis of 2-AA Labeled O-Glycans. The HPLC
system was composed from a SCL-10A system controller
(Shimadzu, Nakagyo-ku, Kyoto, Japan), two LC-10AD pumps
(Shimadzu), a 655A-52 column oven (Hitachi, Chiyoda-ku, Tokyo,
Japan), and an FP-920 fluorescence detector JASCO, Hachi-oji,

Tokyo, Japan) connected with a data processor (SmartChrom,
KYA Technologies, Hachi-oji, Tokyo, Japan). Separation was done
with a polymer-based Asahi Shodex NH2P-50 4E column (Showa
Denko, Hachi-oji, Tokyo, Japan; 4.6 mm i.d., 250 mm length) using
a linear gradient formed by 2% acetic acid in acetonitrile (solvent
A) and 5% acetic acid in water containing 3% triethylamine (solvent
B). The column was initially equilibrated and eluted with 70%
solvent A for 2 min, then solvent B was increased to 95% over 80
min and kept at this composition for further 100 min. The flow
rate was maintained at 1.0 mL/min through the analysis. Detection
was performed by fluorometry at 350 nm for excitation and 425
nm for emission, respectively.

RESULTS AND DISCUSSION

Auto Glycan Releasing System (AutoGlycoCutter:AGC) for
Online Analysis of O-Glycans in Mucin-Type Glycoproteins.
Releasing of O-glycans attached to Ser/Thr residues of mucin-
type glycoproteins has been a big problem in their analysis.??
Recently, we developed an apparatus for the automatic release of
O-glycans using an inine flow system (AutoGlycoCutter-1, AGC-1).1¢
The original version of the apparatus was designed for relatively
large scale samples (~100 ug—1 mg), and a cartridge packed with
cation exchange resin (1 mL) and a reactor of 700 uL volume
were installed. To apply the method to the analysis of the smaller
amount of samples with higher sensitivity, we miniaturized the
system by using a cartridge of 50 uL volume packed with cation

(22) An, H. J.; Kronewitter, S. R; de Leoz, M. L; Lebrilla, C. B. Curr. Opin.
Chem. Biol. 2009, 13, 601-607.
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Figure 3. Optimization for oligosaccharide releasing reaction.
O-Glycans released from the model glycopeptide by the automatic
glycan-releasing system were analyzed by CE after labeling with
2-AA. The most upper panel shows the results on the analysis of
O-glycans in the model glycopeptide using the original version of the
auto glycan releasing system. The similar results were observed at
45 °C. Analytical conditions for CE: capillary, DB-1 capillary (100 m
i.d., 30 cm); running buffer, 100 mM Tris-borate buffer (pH 8.3)
containing 5% PEG70000; applied voltage, 25 kV; injection, pressure
method (1 psi for 5 s); temperature, 25 °C; detection, helium—cadmium
laser-induced fluorescence (excitation 325 nm, emission 405 nm).

exchange resin and a reactor having 136 4L volume. In addition,
the dead volume was minimized by removing the detector. The
volume (15 uL) of the sample solution was also fixed. In this
device (Figure 1), the sample solution is brought to the reactor,
then the flow is stopped for a specified time, and the releasing
reaction occurs in the reactor. Then, the flow brings the sample
zone to the cartridge (50 uL volume). It should be noted that
these modifications minimizes diffusion of the sample zone,
and the reaction mixture was recovered with the minimal
dilution.

We optimized the conditions for glycan releasing reaction using
a model glycopeptide derived from caseinoglycomacropeptide
(cow milk) having the sequence GEPTSTPT.'” Disialyl-T antigen,
(NeuAco2—-3Galp1-3(NeuAca2-6) GalNAc, attaches to the fourth
Thr residue (shown in bold face with underline) from the
N-terminal. NeuAca2-3Galp1-3-residue of the disialyl T antigen is
labile under alkaline conditions and forms degradation product
(NeuAco2-3Gal) by B-elimination (i.e., peeling reaction).'™® After
the releasing reaction, the mixture of the released oligosaccharides
was labeled with 2AA and analyzed by CE (Figure 3).

The disialy}T and the degradation product (NeuAca2-3Gal-
2AA) were observed at 4.4 and 3.8 min, respectively. The best
yield of disialyl-T was observed at 45 °C. At 40 °C, the yield of
disialyl-T was lower than that at 45 °C. At the higher temperatures
than 50 °C, the abundance of the peeling product (i.e., NeuAco2-
3Galp1-3) became higher. The yield of the disialyl T from the
model peptide obtained under the optimized conditions (reaction
solution, 0.5 M LiOH; reaction time, 3 min; reaction temperature,
45 °C) was 58.8 + 3% (# = 5) when determined by CE. The ratio
of the degradation product was 24.4 + 1%. It should be noted that
the present method showed excellent repeatability, although
partial degradation was observed.
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Hyphenation of AGC with a Spotter Machine for MALDI
MS Measurement. We directly connected the auto glycan
releasing system to the spotter machine for MALDI MS measure-
ment (Figure 2). The effluent from the cartridge was divided by
a splitter, and a 10% portion of the effluent was introduced to the
MALDI spotter. By adjusting the length and the internal diameter
of tubing (0.15 mm i.d., 60 cm length), we could introduce one
tenth of the sample solution to the MALDI plate and the effluent
was automatically mixed with an aqueous solution of the matrix
(DHB). However, we could not detect the molecular ions due to
free O-glycans released from the core peptides with high sensitiv-
ity (data not shown). This is probably due to the presence of
contaminated peptide fragments and other materials during the
releasing reaction.

To improve the sensitivity in detection of the glycans, on-plate
derivatization of O-glycans in the effluent collected on the MALDI
plate was examined. Lattova et al. reported that phenylhydrazine
was a useful derivatization reagent for highly sensitive detection
of glycans in clinical samples. The method is based on on-plate
derivatization of glycans with phenylhydrazine to form phenylhy-
drazone. The phenylhydrazone thus formed on the plate was
detected by a MALDI-MS apparatus.?®?* In the present study, we
introduced a 1.25% aqueous solution of phenylhydrazine to be
mixed with the effluent from AGC, and the mixture was spotted
onto the plate, on which DHB solution had been previously spotted
and dried. The mixture on the target was kept at 37 °C for 1 h to
complete the derivatization reaction according to the method
reported by Lattova et al.?®>?* We can use a diluted phenylhydra-
zine solution due to its high reaction efficiency in hydrazone
formation. In addition, because the effluent was passed through
a cartridge packed with cation exchange resin, it showed acidic
property which is preferable for hydrazone formation. It should
be noticed that phenylhydrazone derivatives of reducing carbo-
hydrates are easily crystallizable and may be a strong point for
MALDI MS measurement. In addition, it was not necessary to
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Figure 4. Detection limit of the autoglycan releasing system-MS
system as examined using bovine submaxillary mucin as a model
sample.
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Figure 5. Analysis of O-glycans from MKN45 cells. The results for the low- and high-mass ranges are shown in parts A and B, respectively.

remove the excess phenylhydrazine by washing. Thus, the whole
procedure from the releasing of O-glycans to MS measurement
was completed within 1.5 h.

On the basis of the studies described above, we applied the
present technique to the analysis of O-glycans from bovine
submaxillary mucin (BSM). The results are shown in Figure 4.

When using 25 ug of BSM (2.5 ug as the injected amount),
we could easily observe the major molecular ions due to O-glycans.
Two molecular ions observed at m/z 603 and m/z 619 are due to
NeuAco2-6GalNAc=PHN and NeuGca2-6GalNAc=PHN, respec-
tively. Two molecular ions observed at #/z 806 and 822 are
confirmed as sialyl-core 3 structures, GIcNAcS1-3(NeuAco2—6)
GalNAc=PHN and GlcNAcp1-3(NeuGca2-6) GalNAc=PHN, re-
spectively. Sialic acids of O-glycans in BSM have two forms of
N-acetyl neuraminic acid and N-glycolyl neuraminic acid. There-
fore, we could observe two sets of the molecular ions of
O-glycans.** Even at the 1 ug-level of the sample (0.1 ug as the
amount injected to the MALDI plate), we clearly observed the
molecular ions of these glycans.

(23) Lattova, E; Chen, V. C.; Varma, S.; Bezabeh, T.; Perreault, H. Rapid
Commun. Mass Spectrom. 2007, 21, 1644-1650.

(24) Lattova, E.; Kapkova, P.; Krokhin, O.; Perreault, H. Anal. Chem. 2006,
78, 2977-2984.

Application to the Analysis of O-Glycans Derived from
Cancer Cells. We applied the present method to the analysis of
0-glycans expressed on MKN45 cells (a human stomach cancer
cell line). O-Glycans of glycopeptide fractions obtained from the
whole cells after digestion with Pronase were analyzed by the
present method. The results observed for low- and high-molecular
ranges are shown in parts A and B of Figure 5, respectively, and
the list of the proposed structures based on our previously
reported data is summarized in Table 1.8

Two molecular ion peaks observed at #/z 838 and 7/z 1041 are
due to asialo core 2 type structures, Galf1-3(Galf1-4GlcNAcS1-6)-
GalNAc=PHN and Gal8 1-3(GIcNAcS- Galf1-4GIcNAcA1-6)-
GalNAc=PHN, respectively. Four molecular ion peaks at m/z
1203, 1568, 1933, and 2298 are confirmed as asialo polylac-
tosamine-type O-glycans, GalB1-3((Galp-GlcNAcp),-Galp1-4-
GlcNAcB1-6) GalNAc=PHN (z = 1—4). The molecular ion peak
observed at m/z 765 corresponds to sialyl-T, NeuAco2-3Galf1-
3GalNAc=PHN. Three molecular ion peaks observed at m/z
968, 1130, and 1333 are assigned as monosialo core 2 type
glycans, Galp1-3(GlcNAcf31-6) GalNAc=PHN + NeuAc;, Galg1-
3(GalB1-4GlcNAcB1-6) GalNAc=PHN + NeuAc;, and GalBl-
3(GlcNAcp-GalB1-4GlcNAcS1-6) GalNAc=PHN + NeuAc;, re-
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Table 1. 0-Glycans Observed in MKN45 Cells

proposed structures
Asialo Glycans

observed molecular mass (m/z)

GalpB1-3(Galp1-4GlcNAcB1-6) GaINAc=PHN 838
GalpB1-3(GIcNAc-Galp1-4GIcNAcB1-6) GaINAc=PHN 1041
Galp1-3(Gal-GlcNAc-Galp1-4GlcNAcS1-6) GalNAc=PHN 1203
GalB1-3((Gal-GlcNAc) »Galp1-4GlcNAcp1-6) GaINAc=PHN 1568
Galp1-3((Gal-GlcNAc) GalB1-4GlcNAcS1-6) GaINAc=PHN 1933
Galp1-3((Gal-GlcNAc) -GalB1-4GlcNAcp1-6) GaINAc=PHN 2298
Monosilao Glycans
NeuAco2-3Galp1-3GalNAc=PHN 765
Galp1-3(GIcNAcB1-6) GalNAc=PHN + NeuAc, 968
GalB1-3(Galp1-4GlcNAcB1-6) GalNAc=PHN + NeuAc; 1130
Galp1-3(GlcNAc-Galp1-4GIcNAcS1-6) GaINAc=PHN + NeuAc; 1333
Galp1-3(Gal-GlcNAc-Galp1-4GlcNAcS1-6) GalNAc=PHN + NeuAc,; 1495
GalB1-3((Gal-GlcNAc) »GalB1-4GlcNAcS1-6) GaINAc=PHN + NeuAc,; 1860
Galp1-3((Gal-GlcNAc) »GalB1-4GlcNAcB1-6) GaINAc=PHN + NeuAc 2225
GalpB1-3((Gal-GlcNAc) ,-Galf1-4GlcNAcB1-6) GaINAc=PHN + NeuAc 2590
GalB1-3((Gal-GlcNAc)5-GalB1-4GIlcNAcS1-6) GaINAc=PHN + NeuAc 2955
Disialo Glycans
NeuAc-Galp1-3(NeuAc-Galf1-4GlcNAcS1-6) GalNAc=PHN 1420
NeuAc-Galf1-3(NeuAc-Gal-GlcNAc-Galg1-4GlcNAcf1-6) GaINAc=PHN 1785
NeuAc-Galp1-3(NeuAc-(Gal-GlcNAc) ,-Gal31-4GlcNAc1-6) GalNAc=PHN 2150
NeuAc-Galp1-3(NeuAc-(Gal-GlcNAc) 5-Gal1-4GlcNAcf1-6) GalNAc=PHN 2515
NeuAc-GalB1-3(NeuAc-(Gal-GlcNAc) -Gal31-4GlcNAcB1-6) GaINAc=PHN 2880
Trisialo Glycans
NeuAc-Gal-GlcNAc-(NeuAc-Gal-GlcNAc) Galg1-3(NeuAco2-6) GaINAc=PHN 2076
NeuAc-Gal-GIcNAc-(NeuAc-Gal-GlcNAc) Galf1-3(NeuAca2-6) GaINAc=PHN + Gal-GlcNAc 2441
NeuAc-Gal-GlcNAc-(NeuAc-Gal-GlcNAc) Galg1-3(NeuAco2-6) GalNAc=PHN + (Gal-GlcNAc), 2806
Degradation Product
(Gal-GIcNACc) ,-Gal=PHN 1000
NeuAc-(Gal-GlcNAc) -Gal=PHN 1291
NeuAc-(Gal-GIcNAc) 3-Gal=PHN 1656
(Gal-GlcNAc) -Gal=PHN 1730
NeuAc-(Gal-GlcNAc) ,-Gal=PHN 2021
(Gal-GlcNAc) 5-Gal=PHN 2095
NeuAc-(Gal-GlcNAc) 5-Gal=PHN 2386

spectively. Five molecular ion peaks at /2 1495, 1860, 2225,
2590, and 2955 are due to monosialo polylactosamine-type
O-glycans, GalpB1-3((GalB-GlcNAcp),-Galp1-4GlcNAcS1-
6) GaINAc=PHN + NeuAc; (» = 1-5). Disialo polylactosamine-
type O-glycans were also observed in MKN45 cells. Four
molecular ion peaks at m/z 1785, 2150, 2515, and 2880 are
confirmed as disialo core 2 type glycans modified with 1-7
units of lactosamine residues. Three molecular ion peaks
containing three sialic acid residues were observed at »/z 2076,
2441, and 2806 are due to NeuAczHexzHexNAc;=PNH,
NeuAc;Hex,HexNAc,~PNH, and NeuAc;HexsHexNAcs=PNH,
respectively. As reported previously, these trisialo glycans are
core 1 type glycans having the structures as indicated below.!®

NeuAca (Gal31-4GlcNAcS) nNeuAca2-6GalNAc
NeuAco (Galp1-4GlcNAcS) mGalpl-3

These structures were observed exclusively in MKN45 cells
according to our recent research results, and we suggested that
these O-glycans might be a specific marker of gastric adenocar-
cinoma.® Seven molecular ion peaks observed at #/z 1000, 1291,
1656, 1730, 2021, 2095, and 2386 are due to the degradation
products from these trisialo core 1 type polylactosamine
glycans, NeuAc-(Galp-GlcNAcf),-Gal=PHN (# = 1-5), and
the presence of these products means that these glycans
occupy the 1-3 linked arm of the glycans because of easy
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degradation (i.e., peeling). Therefore, these glycans are im-
portant keys for structural confirmation of the parent glycans.!®

Analysis of O-Glycans Derived from Serum Glycoproteins
Using AGC-MS System. Another application to the analysis of
O-glycans in a serum sample is shown in Figure 6. After brief
deionization of the diluted solution using an ultramembrane filter,
the solution was easily analyzed by the present system. As
indicated in Figure 6A, several molecular ions were observed. The
molecular ion peaks observed at #/z 765 with sodium adduct ion
(m/z 787) are confirmed as sialyl-T.

The molecular ion peak observed at #/z 1056 corresponds to
disialyl-T. The molecular ion peaks observed at m/z 562 with
sodium adduct ion 7/z 584 are due to a peeling product (NeuAc
02-3Gal=PNH). After the releasing reaction is performed in the
flow of an aqueous LiOH solution, the reaction mixture is passed
through a cartridge packed with cation exchange resin. Therefore,
the effluent from the device does not contain cation(s) as
examined by the absence of Li adduct ion in the MS spectra. Then,
the effluent from the device is mixed with diluted phenylhydrazine
solution and spotted onto the MALDI plate. Accordingly, the
phenylhydrazone on the MALDI plate theoretically only shows
protonated ions. In this case, however, diluted phenylhydrazine
solution probably contains a trace amount of sodium ion, and the
MS gives sodium adduct ions as well as protonated ions.

To confirm these peaks, we also analyzed the O-glycans
obtained from the split effluent (collected by the fraction collector)
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Figure 6. Analysis of O-glycans in a pooled serum sample. (A) MS analysis of the O-glycans by the present method. (B) Analysis of the
O-glycans in a pooled serum sample by HPLC. The nine tenth portions of the O-glycans released by the autoglycan releasing system-MS
system were labeled with 2-AA and analyzed by HPLC. Analytical conditions for HPLC: column, Asahi Shodex NH2P-50 4E (4.6 mm x 250
mm); eluent, solvent A, 2% CHzCOOH in acetonitrile; solvent B, 5% CHzCOOH/3% triethylamine in water, gradient condition, linear gradient

(80—95% solvent B) from 2 to 82 min, maintained for 20 min.

as 2-AA derivatives using HPLC (Figure 6B). Each of the peaks
was collected and compared with the standard samples by MALDI-
TOF MS as reported previously.”® The most abundant peak
observed at 31 min is due to sialyl-T which shows the molecular
ion at m/z 765. The peak observed at 71 min is derived from
disialyl-T which shows the molecular ion at #/z 1085. We also
observed the peak due to the peeling product (NeuAco2-3Gal-
2AA) at 45 min. These results were in good agreement with the
direct MS analysis as shown in Figure 64, although the relative
abundances of these glycans are different between HPLC and MS
methods. The HPLC/CE-fluorescent detection method affords
accurate amounts of the glycans based on the fluorescent intensity
of the 2-aminobenzoic acid residue at the reducing terminal. A
combination of both methods will be a powerful tool for accurate
diagnosis of the disease or disease states.

CONCLUSIONS
We have been developing an automatic device for releasing

O-glycans from the mucin-type glycoproteins.'”~*° In the present
paper, we connected the device to a spotter machine for MALDIMS
measurement and attempted direct measurement of O-glycans.
Because we could not observe the molecular ions of free glycans
by direct measurement due to their low sensitivity and the
presence of contaminated materials during releasing reactions,
we labeled the released O-glycans with phenylhydrazine by i situ
derivatization to achieve highly sensitive detection of O-glycans
by MS measurement. The derivatization reaction proceeded under
mild conditions even in the presence of 2,5-dihydroxybenzoic acid

(matrix material). Accordingly, we performed the analysis from
the glycan releasing reaction to MS measurement within 1.5 h.

The system allows MS analysis of O-glycans of bovine
submaxillary mucin even when using 1 ug of the protein sample
(actual sample amount 100 ng). We applied the present
technique to the analysis of the O-glycans expressed on MKN45
cells derived from human stomach adenocarcinoma and found
that trisialo-O-glycans were present abundantly as reported
previously.'® In addition, O-glycans in a pooled serum sample
were also successfully analyzed. It is well-known that quantita-
tive analysis is often difficult in MS measurement. Fluorescence
detection by HPLC/CE gives robust and reproducible results
in quantitative analysis. The data in Figure 6 indicate that the
proposed method using the hyphenated glycan-releasing and
MS analysis shows similar glycan profiles with those obtained
by HPLC, but the relative abundances of the glycans are
somewhat different from those observed by HPLC/CE analysis.
However, extremely high-throughput characteristics of the
present method will be quite important in routine analysis of
glycans for clinical use. We believe that the present technique
is the primary attempt to use MS measurement for routine
clinical diagnostic works.
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