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Fig. 1. Typical structures of polylactosamine-type glycans. (a) N-glycans and (b)
O-glycans.

They employed Lycopersicon esculentum (tomato) agglutinin (LEA),
which recognizes the repeats of polylactosamine units [9].

In our previous report on the analysis of N-glycans in can-
cer cells, we found that lactosamine units were elongated at all
the branches of tri- and tetra-antennary glycans (Fig. 1a) [3]. In
contrast, they form a long chain of polylactosamine-units in mucin-
type O-glycans (Fig. 1b) [4].

This is probably due to branching effect of N-glycans which
accerelate the addition of lactosamine residues to every branches of
the glycans. We need to clarify the reasons why polylactosamine-
glycans are elongated in different manners in Asn-linked N-glycans
and mucin-type O-glycans in order to understand glycan profiles
for clinical use. i i

In the present study, we attempted to confirm glycoprotein(s)
which express polylactosamine-type N-glycans in several cancer
cell lines. In addition, polylactosamine-carrying glycoproteins are
compared among several cancer cell lines. And we propose that
comparative studies of the proteins which express specific gly-
cans on various cancer cell lines afford important information on
diagnosis for cancer stages.

2. Materials and methods
2.1. Materials

Enzyme. Peptide N-glycoamidase F (EC 3.5.1.52) was obtained
from Roche Diagnostics (Mannheim, Germany). Neuraminidase
(Arthrobacter ureafaciens) was kindly donated by Dr. Ohta
(Marukin-Bio, Uji, Kyoto, Japan). Benzonase was obtained from
Novagen (Darmstadt, Germany). TPCK-treated trypsin was from
Worthington (Lakewood, NJ). Antibody. LAMP-1 (H4B3) mouse [gG;
monoclonal, LAMP-2 (H4B4) mouse IgG; monoclional and inte-
grin a5 (D-9) mouse IgG;, monoclonal were from Santa Cruz
Biotechnology (Santa Cruz, CA). Basigin (MEM-M6/1) mouse IgG,
monoclonal was from Abcam (Cambridge, UK). Transferrin recep-
tor mouse IgG; monoclonal was kindly donated by Dr. Yagi (Kinki
University, School of Pharmacy). Chemicals. 2-lodoacetamide was
from Tokyo Kasei (Chuo-ku, Tokyo, Japan). Dithiothreitol (DTT) was
obtained from Nacalai Tesque (Nakagyo-ku, Kyoto, Japan). 3,3'-
Diaminobenzidine, tetrahydrochloride (DAB) was obtained from
DOJINDO (Kamimashiki-gun, Kumamoto, Japan). 2-Aminobenzoic
acid (2AA) and sodium cyanoborohydride for fluorescent labeling
of oligosaccharides were from Tokyo Kasei. Coomassie brilliant blue
G-250 was purchased from Bio-Rad (Hercules, CA). Sephadex LH-20
was from Amerscham Bioscience (Upsala, Sweden). Vivaspin 500
was obtained from Sartorius (Goettingen, Germany). DSA-agarose
and DSA-biotin were obtained from Seikagaku Kogyo (Chuoku,
Tokyo, Japan). LEA-agarose and VECTA Elite ABC mouse IgG kit for
Western blotting were obtained from Vector Labs (Burlingame, CA).
Immobilon-P Transfer Membrane (PVDF) was obtained from Milli-
pore (Bedford, MA). Protein inhibitor cocktail for animal cells was
obtained from Nacalai Tesque. Protein G Sepharose 4 Fast Flow was
obtained from GE Healthcare (Upsala, Sweden). All other reagents

and solvents were of the highest grade commercially available or
of HPLC grade. All aqueous solutions were prepared using water
purified with a Milli-Q purification system (Millipore, Bedford, MA).

2.2. Cell culture

In the present study, we used the following cell lines: U937
cells (human T-lymphoma cells), ACHN cells (human kidney glan-
dular cancer cells), MKN45 cells (human gastric cancer cells),
A549 cells (human lung cancer cells), and Jurkat cells (acute T
cell leukemia). The cells except for A549 were cultured in RPMI-
1640 medium supplemented with 10% (v/v) fetal calf serum and
1% (v/v) penicillin-streptomycin solution (10,000 U penicillin and
10 mg streptomycin/mL; Nacalai Tesque). A549 cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented with 10%
(v/v) fetal calf serum and 1% (v/v) penicillin-streptomycin solu-
tion. Fetal calf serum was previously kept at 56 *C for 30 min. The
cells were cultured at 37 °C under 5% CO, atmosphere, and har-
vested at 80% confluent state. Cells (1 x 107 cells) were washed with
phosphate buffered saline (PBS), and collected by centrifugation at
1000 rpm for 20 min.

2.3. Extraction of whole proteins from cancer cells and digestion
with trypsin

Cancer cells (1.0 x 107 cells) were suspended in PBS contain-
ing. 1mM EDTA (50uL), and kept at room temperature for
15min. Extraction reagent (7M urea, 2M thiourea, 4% CHAPS,
30 mM Tris-HCl (pH 8.5, 268 L)), 1 M DTT (17 p.L) and benzonase
(125 units, 5 L) were added to the suspended cells. After 30 min,
the mixture was centrifuged at 8000 x g for 15min. The super-
natant layer was collected and boiled for 5min at 100°C, and
evaporated to dryness by a centrifugal evaporator (Speed Vac,
Servant, Sunnydale, CA). Guanidine solution (2mM EDTA, 0.5M
Tris-HCl and 4M guanidine (pH 8.5, 80 pL)) was added to the
Iyophilized material. After dissolution of the lyophilized material,
0.18 M DTT in guanidine solution (40 L) was added to the mixture.
The mixture was kept at 37 °C for 90 min. After addition of 0.18 M
iodoacetamide in guanidine solution (155 pL), the mixture was
kept for 45 min in a dark place. After addition of acetone solution
(85% acetone, 5% triethylamine, 5% acetic acid in water (1.7 mL)),
the mixture was kept at —20=C for 30 min, and the precipitate was
collected by centrifugation at 8000 x g for 15 min and washed with
75% ethanol (1 mL x 2). The precipitate was evaporated to dryness
by a centrifugal evaporator. The dried material was digested with
trypsin (100 p.g)in 2 M urea, 0.1 M Tris-HCI (pH 8.6, 800 L) at 37 °C
overnight. After the reaction, the mixture was boiled for 10 min, and
the supernatant was collected, and passed through an ultrafiltra-
tion membrane (MW cut off, 5000 Da). The residual solution on the
membrane was used as a mixture of glycopeptides.

2.4. Collection of glycopeptides having polylactosamine-type
glycans by lectin affinity chromatography using a
DSA-immobilized agarose column, and digestion of the captured
glycopeptides with N-glycoamidase F

The solution of the glycopeptide mixture obtained as described
above was applied to a DSA-immobilized column (DSA 3.8 mg
(7.9nmol)/1 mL of agarose) which had been previously equili-
brated with PBS. Unbound peptides were eluted with 15mL of
PBS. Then, bound glycopeptides were eluted with 0.1 M N-acetyl
p-glucosamine in PBS (15 mL). The bound and unbound fractions
were passed through an ultrafiltration membrane (MW cut off,
3000 Da), respectively, and the residual solution on the membrane
was evaporated to dryness by a centrifugal evaporator. The dried
materials were digested with N-glycoamidase F (2 units, 2 uL) in



720

Unbound fraction

Bound fraction
©PL1

.
\
|
1

|

e

pL2 PL3

Fluorescence intensity

Y. Mitsui et al. / Journal of Pharmaceutical and Biomedical Analysis 70 (2012) 718-726

Peak Structure

..
1 *Zounm g

i oo
S

i

B

o
@
i
]
20A

PLAPLS

/\/7\/\ PL6

i

-8p,
a8

o
>
28K

30

i

-5 2

7
287 ZAA

1 £ i
20
Retention time {min)

T
[ 10

igis
4

T T 1
30

Fig. 2. HPLC analysis of the peaks observed in DSA-bound fractions. The N-glycans were previously digested with neuraminidase. Analytical conditions: column, TSK-Gel
Amide-80 (4.6 mm x 250 mm); eluent: A, 0.2% acetic acid/acetonitrile; B, 0.5% acetic acid-0.3% triethylamine/water. Gradient elution, 0-2 min (30% solvent B), 2-82min
(30-95% solvent B), 82-102 min (95% solvent B). Detection, Ex 350 nm, Em 425 nm. Column temp. 40 "C.

100 mM phosphate buffer (pH 7.5, 100 L) at 37 “C overnight. After
keeping the enzyme reaction mixture in the boiling water bath for
10 min, the mixture was centrifuged at 8000 x g for 10 min. The
supernatant solutions were collected and lyophilized to dryness.

2.5. Fluorescent labeling of the released N-glycans with
2-aminobenzoic acid (2AA) and analysis of the labeled glycans by
HPLC

A portion (1.2 x 107 cells) of the dried material obtained by
digestion with N-glycoamidase F (see Section 2.4) was dissolved
in 2AA solution (100 pL) which was freshly prepared by disso-
lution of 2AA (30mg) and sodium cyanoborohydride (30 mg) in
methanol (1 mL) containing 4% sodium acetate and 2% boric acid.
The mixture was kept at 80 °C for 1 h. After cooling, water (100 jLL)
was added to the mixture, and applied to a column of Sephadex
LH-20 (1.0cm i.d., 30cm length) equilibrated with 50% aqueous
methanol. Fluorescent intensities of each fraction were moni-
tored at 410 nm irradiated with a 335-nm light. The earlier eluted

fluorescent fractions were pooled and evaporated to dryness under
reduced pressure. The lyophilized materials were digested with
neuraminidase (2 munits, 4 L) in 20mM acetate buffer (pH 5.0,
100 L) at 37 °C overnight. After keeping the mixture in the boil-
ing water bath for 10 min, the mixture was centrifuged at 8000 x g
for 10 min. The supernatant solution was collected and lyophilized
to dryness, and the dried materials were dissolved in water. And a
portion (5 x 108 cells; 3 L) was analyzed by a Jasco HPLC apparatus
equipped with two PU-980 pumps and a Jasco FP-920 fluorescence
detector (Hachio-ji, Tokyo, Japan). Separation was done with an
Amide-80 column (Tosoh, 4.6 x 250 mm) using a linear gradient
formed by 0.2% acetic acid in acetonitrile (solvent A) and 0.5% acetic
acid in water containing 0.3% triethylamine (solvent B). The column
was initially equilibrated and eluted with 70% solvent A for 2 min,
from which point solvent B was increased to 95% over 80 min, and
kept at this composition for further 100 min. Flow rate was kept
at 1.0 mL/min. The observed peaks were collected and lyophilized
to dryness for the analysis by matrix-assisted laser-desorption ion-
ization time-of-flight (MALDI-TOF) mass spectrometry.
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Fig. 3. MS analysis of the peaks observed in Fig. 2.
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Fig. 4. Total ion chromatogram of DSA-bound glycopeptides. Analytical conditions:
see Sectjon 2.

2.6. MALDI-TOF MS analysis

MALDI-TOF MS spectra of 2AA-labeled glycans were acquired
on a MALDI-QIT TOF mass spectrometer (AXIMA-QIT, Shimadzu,
Kyoto, Japan). Acquisition and data processing were controlled by
a Launchpad software (Kratos Analytical, Manchester, UK). Typi-
cally, a 0.5-pL portion of the matrix solution (DHB; 10 mg/mL in
30% ethanol/0.1% trifluoroacetic acid) was deposited on the stain-
less steel target plate and allowed to dry. Then, a portion (0.5 p.L) of
the appropriately diluted analyte solution (typically ca. 1 pmol/jL)
was used to cover the matrix on the target plate and allowed to dry
at room temperature.

2.7. Liquid chromatography (LC) ion-trap time-of-flight (IT-TOF)
MS analysis of peptides

Positive electrospray ionization (ESI)-MS analyses were con-
ducted with an LC-IT-TOF MS instrument (Shimadzu, Kyoto)
connected with an HPLC system (LC-20AD pump, CTO-20AC col-
umn oven, and CBM-20A system controller; Shimadzu, Kyoto). A
portion (5 x 106 cells; 3 pL) of the aqueous solution of the pep-
tide mixture obtained after digestion with N-glycoamidase F (see
Section 2.4) was injected to a reverse-phase column (HiQ sil Cygy
column, 2.1 mm x 150 mm; KYA TECH), and analyzed using the fol-
lowing gradient program. Solvent A was 5% acetonitrile/0.1% formic
acid. Solvent B was 95% acetonitrile/0.1% formic acid. The column
was initially equilibrated and eluted with 95% solvent A for 5 min,
from which point solvent B was increased to 75% over 30 min at a
flow rate 0of 0.2 mL/min. Column temperature was kept at 40 "C. The
MS apparatus was operated at a probe voltage of 4.50 kV, CDL tem-
perature of 200 °C, block heater temperature of 200 °C, nebulizer
gas flow of 1.5L/min, ion accumulation time of 30 ms. MS range
was from m/z 200 to 2000, and MS/MS range also from m/z 200 to
2000. CID parameters were as follows: energy, 50%; collision gas,
50%. Monoisotopic ion was used as the precursor ion. MS data were
processed with LCMS solution ver. 3.6 software (Shimadzu).

2.8. Peptides mass finger printing

For protein identification, Mascot generic format (MGF) files
generated from MS/MS spectra were uploaded to MASCOT search
(Matrix Science, London, UK: http://www.matrixscience.com). The
parameters for database search were as follows: protein database
was set to Swiss PROT. Taxonomy was set to homo sapience.
One trypsin missed cleavage was allowed. The mass tolerance
was set to 0.5Da for precursor ions and 0.6 Da for product ions.

Carbamidomethyl (C) was chosen as a fixed modification. Deami-
dation (NQ)was chosen for variable modifications. Data format was
chosen as Mascot generic, and instrument was chosen as ESI-TRAP-
TOF.

2.9. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)

After addition of SDS-PAGE sample buffer (250 mM Tris-HCl (pH
6.8)-4.6% SDS, 20% glycerol), 2-mercaptoethanol and water (10:9:1,
2mL) to the cell pellet (2 x 107 cell), the mixture was vortexed, and
boiled for 10 min. The supernatant was collected after centrifuga-
tion and used for SDS-PAGE. SDS-PAGE was performed with a Mini
protean 3 Cell and a POWER PAC 3000 (Bio-Rad, Hercules, CA). The
amount of the applied protein was 25 jLg/lane. Separation gel was
10%. Electrophoresis buffer was 25 mM Tris, 198 mM glycine, 1%
(w/v) SDS in water.

After SDS-PAGE, the gel was stained with Coomassie brilliant
blue G-250 (CBB) for 1 h. CBB solution contains 40% methanol, 10%
acetic acid, and 0.2% Coomassie brilliant blue G-250. The gel was
destained with 40% methanol-10% acetic acid.

2.10. Western blot

Western blot was performed with a semi-dry electrophoretic
transfer cell (Trans-Blot SD, Bio-Rad, Hercules, CA). PVDF mem-
brane was kept in methanol for 1 min and in the blotting buffer
(48 mM Tris, 39mM glycine and 20% methanol (pH9.0)) for 1h.
Cell lysate (25 p.g as protein) of U937 cells was resolved using
reducing 9% SDS-PAGE and transferred to a PVDF membrane. The
membrane was incubated in blocking buffer (5% skim milk, 0.05%
Tween 20 in PBS). After washing with 0.05% Tween 20/PBS (20 mL
4x), the membrane was reacted with primary antibody overnight.
All the primary antibodies were used at the same concentration
(5 pg/mL, 5mL). After washing with 0.05% Tween 20/PBS (20 mL
4x), the membrane was reacted with biotin conjugated with sec-
ondary antibodies (5 p.g/mL, 5 mL) for 1 h. After washing with 0.05%
Tween 20/PBS (20 mL), the PVDF membrane was reacted with HRP
labeled avidin (5 pg/mL, 5 mL in PBS) for 1h. After washing with
0.05% Tween 20/PBS (20 mL 4 x ), the membrane was visualized with
0.05% DAB, 0.0031% hydrogen peroxide in 100 mM Tris-HCl buffer
(pH 7.5).

2.11. Lectin blot

SDS-PAGE and electrophoretic transferring were performed in
the same manner as described above. After the gel was transferred
to a PVDF membrane, the membrane was incubated in 0.05% Tween
20 in PBS, and reacted with biotin-labeled DSA lectin (5 p.g/mL,
5mL) for 1h. After washing the membrane with 0.05% Tween 20
in PBS (20mL 4x), the membrane was reacted with HRP-labeled
avidin (5 pg/mL, 5 mL) for 30 min. After washing with 0.05% Tween
20 in PBS (20 mL 4x), the membrane was visualized with 0.05%
DAB, 0.0031% hydrogen peroxide in 100 mM Tris-HCl buffer (pH
7.5). :

2.12. Immunoprecipitation of target proteins

Lysis buffer (20mM HEPES, 150mM NaCl, 1mM EDTA, 1.0%
Triton X-100, 0.5% deoxycholate; 0.1% SDS, 950 uL) and pro-
tease inhibitor (50 pL) were added to the pellet of U937 cells
(2 x 107 cells). The mixture was vortexed for 10 min and incubated
on an ice bath for 30 min, and centrifuged at 8000 x g for 30 min.
The supernatant was collected, and used for immunoprecipitation.

Antibody for the specific protein (50 p.g/mL, 100 L) was added
to Protein G Sepharose (100 pL), and the mixture was incubated for



722 Y. Mitsui et al. / Journal of Pharmaceutical and Biomedical Analysis 70 (2012) 718-726

Table 1
Glycoproteins identified in whole proteins of U937.

Peak no. Proposed proteins Peptide sequence Precursor mass (m/z) Score Subcellular location
1 Integrin a5 (CD49e) NLNNSQSDVVSFR [M+2H]?* =741.32 31 Membrane
2 Basigin (CD147) ILLTCSLNDSATEVTGHR [M+3H]**=663.32 42 cell membrane, melanosome
3 Lysosome-associated SSCGKENTSDPSLVIAFGR [M+3H]** =675.97 13 Cell membrane, endosome membrane,
membrane glycoprotein-1 lysosome membrane
(CD107a)
4 4F2 cell-surface antigen heavy SLVTQYLNATGNR [M+2H]?*=719.35 69 Apical cell membrane, melanosome
chain (CD98)
Sortilin DITDLINNTFIR [M+2H?*=718.37 25 Cell membrane
5 Lysosome-associated SGPKNMTFDLPSDATVVLNR [M+3HP* =722.01 23 Cell membrane, endosome membrane,
membrane glycoprotein-1 lysosome membrane
(CD107a)
Lysosome-associated VASVININPNTTHSTGSCR [M+3H]** =676.99 21 Cell membrane, endosome membrane,
membrane glycoprotein-2 lysosome membrane
(CD107b)
6 Transferrin receptor protein-1 DFEDLYTPVNGSIVIVR [M+2H]?* =969.47 12 Cell membrane, melanosome
(CD71)

1 h. Protein G Sepharose thus prepared was washed with PBS (1 mL
3x), and the protein mixture obtained from the cells (1 x 107 cells,
see above) was added. The mixture was incubated at 4 °C overnight
with gentle shaking. Protein G Sepharose was washed with PBS
(1mL 6x). After addition of SDS sample buffer (20 uL) and 2-
mercaptoethanol (2 j.L), Protein G Sepharose was boiled for 10 min.
The supernatant was collected by centrifugation, and used for SDS-
PAGE analysis.

2.13. In-gel digestion with N-glycoamidase F

Specific proteins collected by immunoprecipitation were ana-
lyzed by SDS-PAGE followed by staining with CBB. After changing
the destaining solution with water, bands of specific proteins
detected by Western blot were cut, and the gel pieces were
destained with 30% acetonitrile (300 wL 2x) for 30 min and dehy-
drated with acetonitrile (200 p.L 2x) for 10 min. After drying the
gel pieces, the gel pieces were digested with N-glycoamidase F

(2units, 2 L) in 100mM phosphate buffer (pH 7.5, 100 uL) at

37<C overnight. N-Glycans thus released were extracted with
water (200 L 3x) for 30 min, and the supernatant solution was
lyophilized to dryness for labeling with 2AA.

3. Results and discussion

3.1. Identification of glycoproteins carrying polylactosamine-type
N-glycans in U937 cells

Qur group previously reported that U937 cells (histio-
cytic lymphoma cells) specifically expressed large amount of
polylactosamine-type N-glycans [3]. As the initial study, we iden-
tified glycoproteins carrying polylactosamine-type N-glycans in
U937 cells.

After whole proteins collected from U937 cells were digested
with trypsin, DSA-immobilized and LEA-immobilized agarose
columns were used for capturing polylactosamine-carrying pep-
tides. The collected bound fractions from each of DSA and LEA
immobilized columns were digested with N-glycoamidase F, and
the released N-glycans were labeled with a fluorescent reagent,
2AA. Then, the mixture of the fluorescent labeled glycans were
digested with neuraminidase, and analyzed by HPLC and MALDI-
TOF MS. In the previous studies on the comprehensive analyses
of N-glycans in various cancer cells, we found that lactosamine
residues are attached to all the branches of tetraantennary glycans
as shown in Fig. 1a[3]. DSA lectin preferentially recognizes tri- and
tetra-antennary glycans [10]. On the other hand, LEA lectin binds
to an elongated polylactosamine chain in glycans as indicated in

Fig. 1b [9]. As shown in Fig. 2, characteristic ladder peaks (PL1-PL8)
due to polylactosamine-type glycans were observed in DSA-bound
fractions. In contrast, high-mannose, tri- and tetra-antennary gly-
cans were observed abundantly in.unbound fractions (the list of the
structures in Fig. 2).

However, glycan peaks were not observed in LEA-bound frac-
tions (data not shown). This means that lactosamine units are
bound to the branches of tetraantennary glycans as indicated in
Fig. 1a. The mass spectra of the peaks observed in the bound frac-
tions are shown in Fig. 3.

The molecular ion at m/z 3002 (PL1) corresponds to the mono-
fucosylated tetra-antennary glycan to which one lactosamine
residue is attached. And the molecular ions increase by m/z 365
from PL1 to PL8. PL8 showing the largest molecular ion at m/z
5558 is the tetra-antennary glycan having eight polylactosamine
residues. We already reported the structure of PL4 as shown in
Fig. 1a [3]. From these results, polylactosamine-type glycans were
selectively concentrated in the DSA-bound glycopeptides. It should
be noticed that other glycans such as those having high-mannose
type glycans were not included in the bound fractions. And this
means that polylactosamine-type N-glycans preferentially attach
to the specific peptide (see below).

Based on the analyses of the N-glycans, peptide portions of the
DSA-bound glycopeptides which contained polylactosamine-type
glycans were analyzed by LC-MS (Fig. 4).

More than 25 peaks were observed in the total ion chro-
matogram. The peaks observed from: 13 min to 19 min showed
higher molecular ions than m/z 1000. On the other hand, the peaks
eluted later than 20 min showed low molecular ions (less than m/z
500). The small peptides of which molecular weights are less than
m/z500 have little information on amino acid sequences. Therefore,
we analyzed the peaks showing large molecular ions by MS/MS,
and identified that seven peaks were due to specific glycoproteins
as shown in Table 1 by Mascot analysis.

Of the confirmed glycoproteins, integrin expressing multianten-
nary glycans was reported to play some functions on metastasis
of tumors [11]. Lysosome-associated membrane glycoproteins
(LAMP-1 and LAMP-2; peak 3 and peak 5) and basigin (peak 2) are
glycoproteins having polylactosamine-type N-glycans {7,12,13].
CD98, transferrin receptor protein-1 as well as sortilin have N-
glycans, although the presence of polylactosamine-type glycans
was not clear [14-17].

Although glycoproteins in Table 1 possibly have the sequence
to which polylactosamine-type glycans are attached, our method
can not conclude this point. Therefore, glycoproteins that were
assumed to be associated with the expression of polylactosamine-
type glycans were identified by Western blot analysis (Fig. 5).
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Fig. 5. Western blot and DSA lectin blot analysis of glycoproteins confirmed by shotgun analysis. (A) DSA lectin blot. (B) Western blot analysis of glycoproteins. Analytical
conditions: separation gel, 10% T/2.6% C; blotting buffer: 48 mM Tris-39 mM glycine-20% methanol; blocking buffer for lectin blot, 0.05% Tween 20 in PBS; blocking buffer

for Western blot, 5% skim milk-0.05% Tween 20 in PBS. Detection: HRP-DAB.

Whole protein fractions show the presence of a number of bands
by DSA-lectin blot analysis (Fig. 5, lane A). The proteins identi-
fied by MASCOT analysis were confirmed by Western blot analysis
(Fig.5B). LAMP-1, LAMP-2 and integrin o5 could be clearly detected
at around 100-150kDa. Transferrin receptor protein-1 and basi-
gin were also observed at ca. 80 kDa and 50-70 kDa, respectively.
However, CD98, of which presence had been reported, was not
detected (data not shown)[18]. These data are well consistent with
those reported previously [13,19,20]. To verify the presence of
polylactosamine-type N-glycans in these glycoproteins, we ana-
lyzed the glycans of the bands stained by Western blot analysis.

3.2. N-Glycan analysis of LAMP-1 and LAMP-2 obtained from
U-937 cells by immunoprecipitation method

LAMP-1 and LAMP-2 purified by immunoprecipitation method
were further separated by SDS-PAGE. And the bands at
100-150kDa (see Fig. 5) were cut, and in-gel digested with N-
glycoamidase F followed by labeling with 2AA. After neuraminidase
digestion, N-glycans from LAMP-1 and LAMP-2 were analyzed by
HPLC and MALDI-TOF MS. The results are shown in Fig. 6 and
Table 2.

LAMP-1 and LAMP-2 contained high-mannose and complex
type N-glycans abundantly. In addition, characteristic ladder peaks
due to polylactosamine-type N-glycans were observed (Fig. 6).
These peaks were confirmed by MALDI-TOF MS after collection of
the peaks (Table 2). Fukuda’s group reported the following results:
LAMP-1 and LAMP-2 in colon carcinoma and human promyelocytic
leukemia cells expressed tri- and tetra-antennary glycans as well
as high-mannose type glycans. In addition, tetraantennary glycans
having five or six lactosamine units were present abundantly in
LAMP-1 and LAMP-2 molecules [8,21]. Our data clearly showed that
LAMP-1 and LAMP-2 from U937 cells contained tetra-antennary
glycans having elongated lactosamines (4 or 5 lactosamine units).
It should be noticed that LAMP-1 contains larger polylactosamine-
type N-glycans. Conventionally, the spots having polylactosamine
glycans on 2D-gel were confirmed by lectin-blotting method. And
the identified spots were analyzed by MS technique. Unfortunately,
these techniques could not afford detailed information on glycan
profiles. The proposed method in the present study focuses on spe-
cific glycopeptides having specific glycans, and will afford precise
information on the changes of glycan profiles on specific glycopro-
teins with onset of diseases.

3.3. Comparative studies on the polylactosamine-carrying
proteins present on some cancer cell lines

We compared proteins expressing polylactosamine-type gly-
cans among various cancer cells using the methods employed for
the analysis of U937 cells. Fig. 7 shows the results on the analyses of
N-glycans of DSA-bound glycopeptides in A549 (human lung cancer
cells), ACHN (human kidney glandular cancer cells), Jurkat (acute T
cell leukemia) and MKN45 (human gastric adenocarcinoma) cells.

Characteristic ladder peaks indicate that these cell lines com-
monly express polylactosamine-type N-glycans. The ladder peaks
observed in MKN45 cells are somewhat collapsed. This is because
polylactosamine-type glycans are further modified with multiple
fucose residues [3].

Based on these results, DSA-bound glycopeptides obtained from
each cell line were digested with N-glycoamidase F, and the pep-
tides having Asn-X-Ser/Thr sequences were analyzed by MS/MS
analysis (Table 3). From five cancer cell lines, 25 glycoproteins in
total were identified. Of the determined glycoproteins, 13 glyco-
proteins are CD antigens which express their own functions on the
cell surface. CD98, LAMP-1 and basigin were commonly observed
in all cell lines.

The sequence of SLVTQYLNATGNR in CD98 was confirmed in
all the examined cancer cell lines. In addition, the sequence,
NMTFDLPSDATVVLNR (SGPKNMTEFDLPSDATVVLNR) in LAMPI1,
was observed in four of five cancer cell lines, but the
sequence was not detected in ACHN cells. The sequence,
[LLTCSLNDSATEVTGHR in basigin, was identified as the attach-
ing site of polylactosamine-type glycans. These data indicate that
polylactosamine-type N-glycans were abundantly observed in spe-
cific sequences. CD98, LAMP-1 and basigin were reported to be
present in many cancer cells [22-24]. Especially, polylactosamine-
type glycans of LAMP-1 and basigin play important roles in
invasion/metastasis of cancer cells [12,21]. In addition, sialyl
LewisX epitope (NeuAco2-3Galf1-4(Fuca1-3)GIctNACB1-3Gal)
expresses on polylactosamine-type glycans of LAMP-1[25]. Basigin
plays significant roles in tumors as well as other diseases by induc-
ing production of matrix metalloproteinases by forming polymeric
structures [13]. CD98 is observed abundantly in human tumor
tissues such as melanoma, laryngeal carcinoma, lung adenocar-
cinoma, breast cancer, and renal cell cancers [26-29]. Functions
on CD98 in relation to transport of amino acids, cell adhesion and
malignant of cancer have been reported [17,29], but expression of
polylactosamine-type N-glycans on CD98 is not known. The present
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Fig. 6. HPLC analysis of N-glycans of immunoprecipitates of LAMP-1 and LAMP-2. Analytical conditions are also the same as those described in Fig. 1.
Table 2

List of oligosaccharides observed in LAMP-1 and LAMP-2.

Peak no. Observed molecular mass Calculated molecular mass Monosaccharide composition
LAMP-1 LAMP-2
1 1356.7 1355.5 MansGlcNAc-2AA
2 1541.7 1542.6 Mans;GalFucGIcNAc3-2AA
3 17469 17457 Man3GalFucGlcNAcs-2AA
4 1760.8 1761.0 1761.7 Man;Gal, GlcNAcs-2AA
5 1906.9 1908.1 1907.7 ManjGalyFucGleNAcy-2AA
6 1678.6 16789 1679.6 ManyGlcNAc-2AA
2110.8 2110.1 2110.8 ManjGal; FucGlcNAcs-2AA
7 2128.1 2126.1 2126.8 Man3GalzGlcNAcs-2AA
8 2271.7 22722 2272.8 Manj Galz FucGlcNAcs-2AA
9 1843.0 1840.9 1841.7 MangGIcNAC-2AA
22717 22729 2272.8 Manj GalzFucGlcNAcs-2AA
10 2476.2 2476.0 24759 MansGalsFucGlcNAcg-2AA
11 2002.5 2003.0 2003.7 MangGIcNAC-2AA
2492.7 24920 2491.9 Man;GalsGlcNAcg-2AA
12 : 26376 2638.5 2638.0 MansGalsFucGlcNAcs-2AA
13 3003.8 3003.6 3003.1 MansGalsFucGIcNAc7-2AA
14 3367.8 3368.4 3368.2 Man;GalgFucGIcNAcg-2AA
15 3733.2 3733 43733.4 ManszGalyFucGlcNAco-2AA
16 40983 4098 4098.5 ManzGalgFucGIcNACq0-2AA
17 4462.8 4463.6 ManzGalgFucGIcNAc11-2AA
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Fig. 7. HPLC analysis of N-glycans of DSA-bound glycopeptides from cancer cell.
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Table 3

Comparison of possible polylactosamine-carrier proteins identified in whole protein of cancer cells.

Protein name Jurkat

U937 MKN45 ACHN A549

Receptor-type tyrosine-protein phosphatase C (CD45)

YANITVDYLYNK (position: 230-241) °

NIETFTCDTQNITYR (position: 325-339) [ ]
Integrin alpha-5 (CD49%e)

NLNNSQSDVVSFR (position: 771-783)

CD59 glycoprotein
TAVNCSSDFDACLITK (position: 40-55) [

CD63 antigen
CCGAANYTDWEK (position: 145-156)
NRVPDSCCINVTVGCGINFNEK (position: 163-184)

Carcinoembryonic antigen-related cell adhesion molecule 5 (CD66e)
EIIYPNASLLIQNHQNDTGFYTLHVIK (position: 99-126)
TLTLFNVTRNDTASYK (position: 199-214)

Carcinoembryonic antigen-related cell adhesion molecule 6 (CD66c¢)
ETIYPNASLLIQNVTQNDTGFYTLQUVIK (position: 99-126)

Transferrin receptor protein-1 (CD71)

DFEDLYTPVNGSIVIVR (position: 242-258)

4F2 cell-surface antigen heavy chain (CD98)

DASSFLAEWQNITK (position: 355-368)
LLIAGTNSSDLQQILSLLESNK (position: 375-396)
SLVTQYLNATGNR (position: 417-429)

Lysosome-associated membrane glycoprotein-1 (CD107a)
SGPKNMTFDLPSDATVVLNR (position: 58-77)
SSCGKENTSDPSLVIAFGR (position: 78-96)
YSVQLMSFVYNLSDTHLFPNASSK (position: 111-134)

Lysosome-associated membrane glycoprotein-2 (CD107b)
TVTISDHGTVTYNGSICGDDQNGPK (position: 63-87) °
VASVININPNTTHSTGSCR (position: 248-266) [ ]

CD109 antigen
TQDEILFSNSTR (position: 110-121)

Basigin (CD147)

ILLTCSLNDSATEVTGHR (position: 153-170) [ ]

Cation-dependent mannose-6-phosphate receptor
LNETHIFNGSNWIMLIYK (position: 106-123) [}

Chondroitin sulfate proteoglycan 4
GVNASAVVNVTVR (position: 2032-2044)

Fibronectin
DQCIVDDITYNVNDTFHK (position: 516-533)

Galectin-3-binding protein
ALGFENATQALGR (position: 64-76)

Neuroplastin
ENGMPMDIVNTSGR (position: 275-288)

P2Y purinoceptor 12
QAVDNLTSAPGNTSLCTRDYK (position: 2-22)

Proactivator polypeptide
TCDWLPKPNMSASCK (position: 93-107)

Solute carrier family 2, facilitated glucose transporter member 1
VIEEFYNQTWVHR (position: 39-51)

Solute carrier family 43 member 3
DLCGPDAGPIGNATGQADCK (position: 45-64) [ ]

Sortilin
DITDLINNTFIR (position: 156-167)

Synaptophysin-like protein 1
GQTEIQVNCPPAVTENK (position: 56-72) °

Tetraspanin-13
SVNPNDTCLASCVK (position: 133-146) °

data indicate that the common glycoproteins observed in cancer
cell lines will be important markers, if N-glycans are also analyzed
simultaneously.

Receptor-type tyrosine-protein phosphatase C (CD45) identi-
fied in Jurkat cells, carcinoembryonic antigen-related cell adhesion
molecule 5 (CEA) in MKN45 cells, and CD63 antigens in
ACHN and A549 cells are cell specific glycoproteins expressing
polylactosamine-type glycans (Table 3). CD45 expresses commonly
on T cells, and the attached polylactosamine-type glycans are lig-
ands for galectin-1 [30]. CEAis observed abundantly in MKN45 cells,
and closely related with cell-cell interactions through galectin-1
[31]. CEA also contains sialyl LewisX antigen [32]. Therefore, CEA
molecules observed in MKN45 cells may contain Lewis antigens
on their polylactosamine glycans. CD63 is observed abundantly
as a specific antigen for melanoma, and contains large amount of

polylactosamine-type glycans [33]. In addition, close relationship
between CD63 and metastasis in lung and renal tumors has been
reported [34].

The hitherto reported results described above indicate that
polylactosamine-type glycans are observed in two types of gly-
coproteins: common glycoproteins on cancer cells and specific
glycoproteins on a specific cancer cell line. Although we do not
have the data on N-glycans on normal cells, the data obtained in
the present study show significance of comparative studies on N-
glycans among various cancer cells.

A number of proteins carrying polylactosamine-type glycans
with relation to their biological functions on cancer cells have been
reported. However, the studies were performed independently for
each cell line, and there has been a big barrier to understand the
roles of such glycan-carrying proteins as markers. As indicated in
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this report, comprehensive studies using many cells at the same
time will easily and clearly reveal the importance of these proteins.

4. Conclusion

In the series of studies on comprehensive analysis of gly-
cans in cancer cells, we found that some specific glycans such
as polylactosamine-type glycans are specifically and abundantly
present in some cancer cells. In the present study, we proposed
methods to determine specific proteins which carry specific gly-
cans. The method is based on the following concepts: (1) finding of
specific glycans expressing on specific tumors, (2) finding of spe-
cific proteins carrying these specific glycans, and (3) determination
of the sequence to which specific glycans are attached.

The proposed method is well suited for the studies on these
objectives, and will be a useful tool for finding glycan-based disease
markers. Another project on O-glycan analysis affords complemen-
tary information on polylactosamine-type glycans in various cancer
cells. Further studies on the relationship between proteins car-
rying polylactosamine-type N-glycans and O-glycans will lead to
comprehensive and precise understanding of tumors.
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herapeutic recombinant monoclonal antibodies (mAbs)

normally contain several N-linked glycans at asparagine
residues on heavy chains.' The attached N-glycans play
important biological and physicochemical roles such as
resistance against protease, elongation of circulatory half- hfe
in vivo, and antibody-dependent cellular cytotoxicity.”
Although the attached N-glycans are mostly biantennary and
core-fucosylated complex-type, their composition usually varies
with the changes in manufacturing process conditions even if
the same cell line is used.” ™% In order to ensure quality of the
mAb pharmaceuticals, all the N-glycans have to be analyzed as a
critical parameter for product characterization and lot-to-lot
consistency assessment.

Determination of nonhuman N-glycans that are not present
in humans is especially important, because this will be a big
problem in relation to immunogenicity and possible factor for
incidence of some diseases, and possible masking of existing
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antigenic sites on the peptide backbone causes a crucial side
effect or insufficient efficacy."’ Recently, some important
research works on the presence of nonhuman N-glycans in
mAb products were reported. The one is galactose-al,3-
galactose (known as a-Gal epitope) attached to the non-
reducing terminal of N-glycans. Chung et al. reported that
cetuximab, a chimeric mouse—human IgG, mAb against the
epidermal growth factor receptor produced in murine myeloma
SP2/0 cell line, induced hypersensitivity reactions to subjects
having IgE antibodies specific for a-Gal epitope on the Fab
portion of the cetuximab heavy chain.'* This epitope is not
biosynthesized in old world monkeys, apes, humans, and CHO
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cells because of inactivation of the gene coding for a-1,3-
galactosyltransferase (EC 2.4.1.151).">7'* Other isotypes
against the same epitope are also reported, such as IgG
antibodies in serum (approximately 20—100 yg/mL) and also
IgA antibodies in body secretions from saliva, milk, and
colostrum.®™"® It is now recognized that the epitope is one of
the major barriers in the transplantation of organs from other
mammals to humans because of inducing complement-
mediated destruction and antibody-dependent cell-mediated
destruction,"”*® The other is the presence of N-glycolylneur-
aminic acid (NeuGc) residues attached to the nonreducing
terminal of N-glycans. NeuGc cannot be synthesized in humans
either, because of an irreversible mutation of the human gene
CMAH, encoding CMP-N-acetylneuraminic acid hydroxylase,
which is responsible for producing CMP-N-%cholylneurmxinic
acid from CMP-N-acetylneuraminic acid.”"** NeuGc exists in
almost all animal cells but is not found in human tissues.” In
several controversial reports published previously, small
amounts of NeuGc have been claimed to exist in fetal human
tissue, certain human tumors, and human tumor cell lines.****
Normal humans have variable amounts of circulating IgA, IgM,
and IgG antibodies against NeusGe. 2% Recently, Ghaderi et
al. demonstrated the presence of covalently bound NeuGe in a
therapeutic mAb, cetuximab, but not in panitumumab. Anti-
NeuGce antibodies from healthy humans interacted with
cetuximab in a NeuGe-specific manner and generated immune
complexes in vitro. In addition, mice having a human-like defect
in NeuGc synthesis generated antibodies to NeuGc after
injection of cetuximab, and circulating anti-NeuGc antibodies
can promote drug dearance.”® These findings relevant to
nonhuman N-glycans containing a-Gal epitopes and NeuGce
residues are considered as warnings against pharmaceutical
companies which have been developing therapeutic mAb
pharmaceuticals.

The combination of high-performance liquid chromatog-
raphy (HPLC) coupled with mass spectrometry and
endoglycosidase digestion provides sufficient resolution and
sensitivity for I\T-glycans.lgf"’4 In addition, capillary electro-
phoresis with laser-induced fluorescence detection (CE-LIF)
has also been used for profiling of the fluorescently labeled N-
glycans because of its throughput and high-resolution
separation capability.”®**7** Chen et al. reported structural
analysis of N-glycans of ribonuclease B, fetuin, and
erythropoietin by CE-LIF after fluorescent labeling with 8-
aminopyren-1,3,6-trisulfonate (APTS).*® APTS-labeled N-
glycans of mAbs, namely, asialo 0, 1, or 2 galactosylated
biantennary complex-type N-glycans, were also reported.>*3¢
Not only the separation methodologies described above, but
also the labeling strategies of glycans for introducing a
chromophore or fluorophore to the glycans with recent
developments and advances of the glycan analysis, have also
been published. ™! In the previous study, we developed an N-
glycan profiling method for therapeutic mAb products usin
CE-LIF with 2-aminobenzoic acid (2-AA) as a fluorescent tag.
By comparison of migration times with those of 2-AA-
derivatized N-glycans of which structures had been determined
by a combination of HPLC and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS), all the N-glycans including minor species
from rituximab were identified. '

In the present study, we determined nonhuman N-glycans,
the possible antigenic carbohydrate epitopes like a-Gal and
NeuGg, in commercially available mAb pharmaceuticals in a
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detailed structural and quantitative manner using CE-LIF and a
combination of HPLC and high-resolution time-of-flight mass
spectrometry equipped with an electrospray ionization source
and hybrid ion trap (LC/ESI-IT-TOF MS). To determine the
interproduct variety of their minor N-glycans, chimeric Fab—
human IgG, (cetuximab and infliximab), mouse CDR—human
IgG, and IgG, (tocilizumab, bevacizumab, and gemtuzumab
ozogamicin), and human IgG, (adalimumab) were selected and
investigated. Furthermore, a lot-to-lot repetitive analysis was
performed using three different Jots of gemtuzumab ozogamicin
in order to evaluate intraproduct variation. From the results
obtained in this study, we strongly suggest that careful
considerations are essentially required for assuring safety and
efficacy of the therapeutic recombinant mAb products even if
they are fully humanized proteins.

@ EXPERIMENTAL SECTION

Materials. Therapeutic mAb pharmaceuticals, cetuximab,
infliximab, gemtuzumab ozogamicin, tocilizumab, bevacizumab,
and adalimumab were donated from Kinki University Nara
Hospital. y-Globulins (human: from Cohn fraction II, III) as a
human IgG antibody were purchased from Sigma (St. Louis,
MO, USA.). Each mAb preparation was dialyzed against
distilled water for 3 days, with changing water several times at 4
°C using cellulose membrane tubing (Sanko Junyaku, Chiyoda-
ku, Tokyo, Japan), and then freeze-dried. Other reagents and
solvents are described in the Supporting Information.

Preparation of 2-AA-Labeled N-Glycans. The released
N-glycans mixture was labeled with 2-AA according to the
method reported previously.® After the purification of 2-AA-
labeled N-glycans by a Sephadex LH-20 column, the collected
fluorescent fraction was dried and redissolved in water (100
uL), and a portion were used for further analyses (procedures
are described in the Supporting Information).

Structural Determination of the Fractionated N-
Glycans by LC/ESI-IT-TOF MS. Structures of the N-glycans
were analyzed by LC/ESI-IT-TOF MS (Shimadzu, Kyoto,
Japan). Liquid chromatography was conducted with a CBM-
20A system controller, two LC-20AD pumps, an SIL-20AC
autosampler, and a CTO-20A column oven (Shimadzu).
Chromatographic separation was done with a SCj3-PAQ (2.0
mm id. X 150 mm length, Nacalai Tesque, Kyoto, Japan) at 45
°C using a linear gradient formed by 5% acetonitrile containing
0.1% formic acid (solvent A) and 95% acetonitrile containing
0.1% formic acid (solvent B) at 0.2 mL/min. The column was
initially equilibrated and eluted with 97% solvent A for 2 min,
from which point solvent B was increased to 25% over 20 min
and kept at this composition for additional 5 min. LC/ESI-IT-
TOF MS was operated in data-dependent tandem mass
spectrometry (MS/MS) mode. The curved desolvation line
temperature, heat block temperature, detection voltage, and
nebulizer gas flow rate were set at 200 °C, 200 °C, 1.7 kV, and
1.5 L/min, respectively. Data were collected for 80 ms for MS
mode and 150 ms for MS/MS mode.

Tandem Mass Spectrometry Analysis for a-Gal-
Containing N-Glycans by MALDI-QIT-TOF MS. For
confirmation of the N-glycan structure containing o-Gal
epitope, tandem mass analyses were conducted for several N-
glycans by MALDI-quadrupole ion trap (QIT)-TOF mass
spectrometry. MALDI-QIT-TOF mass spectra were acquired
on an AXIMA-QIT-TOF mass spectrometer (Shimadzu). A
nitrogen laser was used to irradiate samples, and an average
shot of SO times was taken. Argon was used for collision-
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induced dissociation. The instrument was operated in positive
and reflectron mode. An aqueous sample solution (2 uL) was
mixed with a matrix solution (2 L) of 1% DHB in ethanol/
water (1:1), and the mixture was applied to a polished stainless-
steel target and dried in atmosphere for a few hours.

CE-LIF of 2-AA-Labeled N-Glycans. CE-LIF was
performed on a P/ACE MDQ system (Beckman Coulter,
Fullerton, CA, U.S.A.) equipped with a He—Cd laser-induced
fluorescence detector (ex 325 nm, em 405 nm) using a DB-1
capillary (100 ym id, 30 cm effective length, 40 cm total
length, Agilent/J&D Scientific, Palo Alto, CA, U.S.A.) in 100
mM Tris—borate buffer (pH 8.3) containing 5% poly(ethylene
glycol) as a running buffer. Poly(ethylene glycol) was added to
diminish electroosmotic flow and improve the resolution. For
pressure injection, sample solutions were introduced to the
capillary at 1 psi for 10 s. Separation was performed at 25 kV of
applied voltage at 25 °C in reverse polarity.

B RESULTS AND DISCUSSION

Structural Analysis of 2-AA-Labeled N-Glycans by LC/
ESIHIT-TOF MS and MALDI-QIT-TOF MS. The 2-AA-labeled
N-glycans from six recombinant mAb products and a human
IgG antibody were analyzed by HPLC (Figure 1), and the
assigned structures of the N-glycans from each peak by LC/
ESL-IT-TOF MS are listed ‘on  each’ chromatogram ‘and
summarized in Table S-1 in the Supporting Information. In
total, 46 N-glycans were determined from the tested products.
Biantennary N-glycans 3, 4, and 6 were commonly detected as
major N-glycans in all the products, and their singly charged
deprotonated molecules [M — H] ™ in gemtuzumab ozogamicin
were observed at m/z 1582.6, 1744.6, and 1906.7, respectively
(Table S-1 in the Supporting Information). Although
agalactosylated biantennary N-glycan 3 was commonly
observed abundantly in all products,” mono- and digalactosy-
lated biantennary N-glycans 4 and 6 were significantly low in
bevacizumab (Figure 1c) and adalimumab (Figure 1f). In
addition, the amount of digalactosylated biantennary N-glycan
6 in tocilizumab (Figure 1b) and cetuximab (Figure 1d) was
much smaller than other mAb: products, although they
contained a similar amount of monogalactosylated biantennary
N-glycan 4. These results indicate that the variety of major N-
glycans is remotely related to the humanization levels of mAb
products.

For minor N-glycans (see also the enlarged chromatograms
in Figure 1), tocilizumab (Figure 1b) and adalimumab (Figure
1f) contained relatively larger amounts of high-mannose-type
N-glycans 13—17, and cetwximab (Figure 1d) and infliximab
(Figure le) contained larger amounts of hybrid-type N-glycans
18-23, respectively. Sialylated N-glycans 24—4S were
commonly observed in all mAb products. Interestingly, it was
revealed that the major sialylated N-glycans of three mAb
pharmaceuticals [gemtuzumab ozogamicin (Figure la), cetux-
imab (Figure 1d), and infliimab (Figure le)] were occupied
with NeuGc residue 33—41, 45 as identified from the results of
LC/ESI-IT-TOF MS (Figure 2). Two doubly charged
deprotonated molecules [M ~ 2H]*™ at m/z 1098.3 (Figure
2a) and m/z 1106.3 (Figure 2b) due to N-glycans 26 and 36
were observed in gemtuzumab ozogamicin. Both molecules
provided the same singly charged deprotonated molecule [M ~—
H]™ corresponding to digalactosylated biantennary N-glycan 6
in their MS/MS spectra (Figure S-1, parts a and b, in the
Supporting Information). The calculated mass difference
between N-glycans 26 and 36 was 16.0, and this clearly
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Figure 1. Analysis of 2-AA-labeled N-glycans by HPLC: (a)
gemtuzumab ozogamicin, (b) tocilizumab, (c) bevacizumab, (d)
cetuximab, (e) inflidmab, (f) adalimumab, and (g) human IgG
antibody. The numbers represent the N-glycans observed in each peak,
and their structures are summarized in Table S-1 in the Supporting
Information. In the box, the region between 20 and 60 min is enlarged.
Analytical conditions: column, Asahi Shodex NH2P-50 4E (4.6 mm
i.d. X 250 mm length); eluent, solvent A, 2% acetic acid in acetonitrile,
solvent B, 5% acetic -acid containing 3% triethylamine in water;
gradient condition, a linear gradient (30—95% solvent B) from 2 to 82
min, keep for 1S min (95% solvent B); detection, ex 350 nm, em 425
nm.

indicated the presence of NeuGc in gemtuzumab ozogamicin.
Not only gemtuzumab ozogamicin manufactured in NSO
murine myeloma cell line, but chimeric antibodies, infliximab
and cetuximab, produced in murine myeloma SP2/0 cell lines,
also contained NeuGc residues instead of NeuAc. The results
are consistent with both the results of sialic acid analysis (see
the Supporting Information) and the previous report that
cetuximab has NeuGce res1dues at the nonreducing terminal of
N-glycans on its Fab region.”® In contrast, human IgG antibody
and other three therapeutic mAbs manufactured in CHO cell
lines, tocilizamab, bevacizumab, and adalimumab, did not
contain NeuGc-containing N-glycans.

Two peaks (8 and 9) observed at 28.0 and 29.4 min in
gemtuzumab ozogamicin (Figure 1a) provided doubly charged
deprotonated molecules [M — 2HJ*" at m/z 1033.9 (Figure
2c) and m/z 11153 (Figure 2d), respectively. The structures of
these peaks were easily assigned as follows. The mass
differences (A162.2 and A324.1) from digalactosylated
biantennary N-glycan 6 indicated the presence of additional
hexose molecule(s) compared to the N-glycan 6. This means
that one or two molecules of galactose attach to the
nonreducing ends of N-glycan 6 to form one or two a-Gal
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Figure 2. Negative MS spectra and positive MS/MS spectrum of 2-AA-labeled N-glycans from gemtuzumab ozogamicin: (a) N-glycan 26 containing
one NeuAc residue, (b) N-glycan 36 containing one NeuGe residue, (c) N-glycan 8 containing one a-Gal epitope, (d) N-glycan 9 containing two a-
Gal epitopes, (e) N-glycan 37 containing one NeuGc residue and one a-Gal epitope, and (f) N-glycan 8. The dotted lines on the MS/MS spectrum
indicate the type of cleavage according to Domon and Costello’s nomenclature (ref 45).

epitopes. In addition, the peak detected at 41.4 min (Figure 1a)
showed doubly charged deprotonated molecules [M — 2H]*~
at m/z 1187.9 (Figure 2e) due to N-glycan 37, and the ion
provided singly charged ion [M — H]™ at m/z 2069.8 (Figure
S-1c in the Supporting Information) corresponding to N-glycan
8 by MS/MS analysis. These galactose residues at the
nonreducing ends of N-glycans were specifically released by
enzymatic digestion with a-galactosidase (data not shown). In
addition, MS/MS analysis by MALDI-QIT-TOF MS demon-
strated the presence of a-Gal epitope in its structure. Figure 2f
shows the positive MS/MS spectrum of N-glycan 8
corresponding to the peak observed at 28.0 min in Figure la.
The positive MS/MS spectrum derived from precursor ion [M
+ Na]* (m/z 2092.0) was mainly consisted by B-type fragment
ions. The characteristic B ions at m/z 1401.0 (BS) and 1604.0
(B6) corresponding to a loss of 691 and 488 from [M + Na]*
were observed. These mass differences corresponded to a loss
of two N-acetylhexosamine (FlexNAc) residues having a fucose
residue with 2-AA and a HexNAc residue having a fucose
residue with 2-AA, respectively. This result indicates that the BS
jon at 1401.0 contains three mannose and two HexNAc
residues with additional three residues of hexose at the
nonreducing end of N-glycan. The same fragment ions were
observed in other mAb products as well (data not shown).
These results obtained by MALDI-QIT-TOF MS obviously
show the presence of a-Gal epitope in N-glycan 8.

From the results described above, gemtuzumab ozogamicin
contains nonhuman N-glycan having a-Gal epitope in its
structure. Cetuximab and infliximab also contained these N-
glycans as well (see Table S-1 in the Supporting Information),
and both mAb products induced anaphylaxis mediated by IgE
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antibody which binds to a-Gal epitope specifically. For
infliximab, the mechanism of the anaphylaxis is under
discussion, but the obtained results indicate that the presence
of a-Gal epitope seems to be one of the root causes of the
anaphylactic response.

The combination of HPLC and MS provides lots of
structural information concerning attached N-glycans having
NeuGc residues and a-Gal epitopes. However, due to
incomplete resolution of the peaks as shown in Figure 1,
detailed quantitative analysis of the N-glycans is a hard work.
For example, two N-glycans, digalactosylated biantennary N-
glycan 6 and high-mannose-type N-glycan 13, which were
supposed to be present in almost all mAb products, were
observed at the same elution time.

CE-LIF Analysis of 2-AA-Labeled N-Glycans. 2-AA-
labeled N-glycans from mAb products were analyzed by CE-
LIF according to the method reported previously (Figure 3).°
All peaks observed in each electropherogram were assigned
using HPLC eluents by comparing migration times. CE-LIF
provides much higher resolution than HPLC, and the N-
glycans were observed in the order of disialo-, monosialo-, high-
mannose-type, hybrid-type, and biantennary complex-type
asialo-N-glycans. It should be noted that the N-glycans having
the same molecular weight such as monogalactosylated
biantennary complex-type N-glycans 4 were resolved into two
peaks as indicated by asterisks in Figure 3a (at 22.3 and 22.6
min, respectively) depending on the linkage position of
galactose residues at the nonreducing end. In addition, as
shown in Figure 3b, digalactosylated biantennary complex-type
N-glycan 6 and high-mannose-type N-glycan 13, which could
not be separated by HPLC, were completely resolved, and
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Figure 3. CE-LIF analysis of 2-AA-labeled N-glycans: (a) gemtuzumab
ozogamicin, (b) tocilizumab, (c) bevacizumab, (d) cetuximab, (e)
infliximab, and (f) adalimumab. The numbers represent the N-glycans
observed in each peak, and their structures are summarized in Table S-
1 in the Supporting Information. In the box, the region between 21.5
and 24.0 min is enlarged. Analytical conditions: capillary, DB-1
capillary (100 pm id, 30 cm effective length, 40 cm total length);
running buffer, 100 mM Tris—borate buffer (pH 8.3) containing 5%
PEG70000; injection, 1 psi for 10 s; applied voltage, —25 kV;
temperature, 25 °C; detection, ex 325 nm, em 405 nm.

observed at quite different migration times. These results
definitely demonstrate that CE-LIF is much more suitable for
N-glycan profiling than HPLC because of its speed, throughput,
and resolution.

From the electropherogram of gemtuzumab ozogamicin, two
characteristic peaks were observed at 23.1 and 23.5 min (8 and

9, respectively) after four major peaks around 22 min (Figure
3a). These two peaks were observed in a]l the tested products
but not observed in the previous study.® By peak assignment
using fractionated HPLC eluents of gemtuzumab ozogamicin,
these two peaks were identified as N-glycans having one and
two a-Gal epitopes, respectively (Figure S-3 in the Supporting
Information). In the same manner, biantennary complex-type
N-glycans having one or two NeuGc or NeuAc residues at the
nonreducing end (N-glycans 25, 26, 35, 36, and 45) and
hybrid-type N-glycan 40 containing a NeuGc residue at the
nonreducing ends were also identified (Figure S-3 in the
Supporting Information). However, complete separation
between N-glycans 25 and 3S was not achieved even if using
CE-LIF, because their structural difference is only the attached
sialic acid types at the nonreducing end, namely, NeuGc or
NeuAc. For the same reason, N-glycans 26 and 36 were not
resolved from each other. For distinguishing terminal sialic acid
species, both commonly used separation techniques in the
pharmaceutical industry,” ie, HPLC and CE, could not
provide a complete separation because N-glycans usually
contain six or more monosaccharides and the structural
difference between NeuGc and NeuAc is much smaller
(A16.0) than those of total masses. Terminal sialic acid
modification could be alternatively accessed by sialic acid
analysis, and the dominant types were over 93% as described in
the Supporting Information. Therefore, we believe that current
CE-LIF method is quite useful for rapid and extensive
evaluation of nonhuman N-glycans of mAb pharmaceuticals.

The peak identification of nonhuman N-glycans containing
NeuGc (33—41 and 45) at the nonreducing end from
infliximab was also conducted by using fractionated eluents
by HPLC (Figure S-4 in the Supporting Information). All the
N-glycans having NeuGc (summarized in Table S-1 in the
Supporting Information) were detected from infliximab,
although one of them (N-glycan 39) could not be observed
by LC/ESIHIT-TOF MS. Separation between hybrid-type N-
glycans 40 and monogalactosylated biantennary complex-type
N-glycans 35 was achieved. The results obtained by CE-LIF
indicate that the CE-LIF method affords good separation of
over 40 N-glycans within 30 min, and the method can be used
as a rapid N-glycan profiling in several development stages of
therapeutic recombinant mAbs for monitoring and controlling
product consistency as well as assuring safety and efficacy of the
products.

Quantitative CE-LIF Analysis of 2-AA-Labeled N-
Glycans. The percent compositions of detected N-glycans in
each mAb product are summarized in Table 1. Three major N-
glycans, 3, 4, and 6, in gemtuzumab ozogamicin, tocilizumab,

Table 1. Quantitative Analysis of Attached N-Glycans in Recombinant mAb Products

sialo- (%) complex-type (%)
product® type di- mono- 3 4 4 6 - 8,9 others (%)®
gem NeuGe 04 89 239 231 17.5 221 23 18
toc NeuAc 0.3 1.7 478 242 7.6 5.9 0.8 11.6
bev NeuAc 0.0 ‘ 03 75.5 127 37 13 1.7 6.1
cet NeuGce 0.1 1.0 37.5 26.1 7.0 5.5 23 20.6
inf NeuGce 0.1 74 27.6 28.7 79 9.0 24 17.1
ada NeuAc 0.0 0.4 712 11.9 4.0 1.1 0.3 109
higG NeuAc 0.6 11.1 37.8 22.7 109 14.0 0.0 2.9

“Symbols: gem, gemtuzumab ozogamicin; toc, tocilizumab; bev, bevacizumab; cet, cetuximab; inf, mﬂmmab ada, adalimumab; hIgG, human IgG

antibody. “High-mannose-type and hybrid-type N-glycans.
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Figure 4. Representative scheme of nonhuman N-glycans containing NeuGc residues (a) and a-Gal epitopes (b).

bevacizumab, cetuximab, infliximab, adalimumab, and human
IgG antibody (as the standard) occupied 86.6%, 85.5%, 93.2%,
76.1%, 73.2%, 88.2%, and 85.4%, respectively. For agalactosy-
lated biantennary N-glycan 3, the range of the compositions
was varied from 23.9% to 75.5%. For the two peaks due to
monogalactosylated biantennary complex-type N-glycans 4
which could be separated into two peaks, the earlier detected
molecule showed a higher percent composition than the latter
one in all the products. For example, these were 23.1% and
17.5% in gemtuzumab ozogamicin, respectively.

The percent compositions of minor N-glycans showed higher
diversity than those observed for major peaks. For example,
tocilizumab, cetuximab, infliximab, and adalimumab contained
over 10% of high-mannose-type and hybrid-type N-glycans.
Gemtuzumab ozogamicin and infliximab contained over 7% of
monosialylated N-glycans of which sialic acids were exclusively
NeuGe. It should be noted that all the mAb products examined
in the present study except for human IgG antibody have
nonhuman N-glycans containing «-Gal epitope(s) (8 and 9) as
examined by CE-LIF. Again, we would like to emphasize that
careful considerations are strongly needed not only for types of
N-glycans but also for the amounts of each N-glycan, especially
having nonhuman constituents like NeuGc residue and a-Gal
epitope in their structure. It should be also emphasized that this
is conveniently achieved by CE-LIF method.

Lot-to-Lot Variation of N-Glycan Distribution. In order
to address the intraproduct variations of attached N-glycans,
lot-to-lot analysis was performed using three different lots of
gemtuzumab ozogamicin as a model mAb product. Relative
standard deviations (RSDs) of percent compositions for major
N-glycans 3, 4, and 6 were not higher than 2.3%, and it showed
that good consistency was kept between each lot (summarized
in Table S-2 in the Supporting Information). Moreover, for
minor N-glycans having disialo-, monosialo-, and one or two a-
Gal epitope(s) showed reproducible results (RSDs < 5.5%).
However, the sum of high-mannose-type and hybrid-type N-
glycans showed over 10% in RSD values due to their small
abundances. From the results described here, the attached N-
glycans kept constant distributions among the production lots,
although they showed wide diversity among the products due
to the differences in their manufacturing process.

B CONCLUSION

Detailed structural and quantitative analyses of N-linked
glycans from six therapeutic recombinant mAb products by
CE-LIF and LC/ESI-IT-TOF MS demonstrate their variety due
to differences in the manufacturing process, especially cell
types. Forty-six N-glycans were successfully assigned from the
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tested mAbs, and they include nonhuman N-glycans containing
NeuGec residues instead of NeuAc (N-glycans 33—41 and 45)
and a-Gal epitope(s) (N-glycans 8, 9, and 37). The former
structure (representative structure is shown in Figure 4a) was
observed in three mAb pharmaceuticals produced in nonhuman
mammalian cell lines such as murine myeloma SP2/0 and NSO
cell lines, whereas it was absent in other mAbs produced in
CHO cell lines. However, even if a CHO cell line is used for
the production, NeuGc can be taken up and metabolically
incorporated into secreted glycoprotein when animal-derived
materjals are used as a culture medium during the
manufacturing process. Therefore, pharmaceutical companies
should have their own strategy to reduce its uptake by adding a
humean sialic acid (i.e., NeuAc) to the culture medium.**** The
latter structure (Figure 4b) was observed in all the tested mAb
products by CE-LIF analysis.

1t should be noticed that fully humanized mAb, adalimumab,
still contains @-Gal epitope. Since the detailed mechanism of
this contamination is not clear, further investigation must be
necessary in order to reduce or eliminate the risk of crucial side
effect or insufficient efficacy in humans. Unfortunately, the
detailed correlation between the risks led by these contami-
nations and the amount of the glycans is not still clear.
Furthermore, since the peptide portion to which these
nonhuman N-glycans are attached is not accessed in this
study, it should be verified in a future work on peptide analysis
of the mAb pharmaceuticals.

Hyphenated techniques of HPLC/CE with MS are powerful
approaches for getting structural information, even if minor
glycans are present at low levels, Actually, in tocilizumab,
bevacizumab, and adalimumab, the N-glycans containing a-Gal
epitope are present at very low levels compared to the whole
amounts of N-glycans. When analyzed by LC/MS, as shown in
Figure 1, parts b, ¢, and f, it was hard to detect these N-glycans
accurately due to their very low amounts and interference by
other N-glycans which coeluted in HPLC. In contrast, in CE-
LIF, these N-glycans, especially N-glycans 8 and 9, could be
obviously separated and observed at the end of the run, around
23—24 min, as described in Figure 3, parts b, ¢, and f,
respectively. These results clearly indicate that the CE-LIF
method provides notable information regarding the presence of
a-Gal epitope in mAb products rather than the HPLC method,
from the aspect of glycan analysis. In the glycan analysis of mAb
pharmaceuticals, both identity and quantity of nonhuman N-
glycans are quite important information. For further inves-
tigation in order to find out the threshold of the glycan
contaminations, the proposed CE-LIF method is quite useful
for rapid, quantitative, and extensive evaluations of N-glycans of
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mADb pharmaceuticals in various development stages such as, for
example, clone selection, bioprocess control, detailed character-
ization for approval application, and lot release testing,

Although the CE/MS method for glycan analysis sounds to
be a really appropriate strategy, CE cannot provide sufficient
separation of N-glycans without the sieving effect by neutral
polymers in the separation buffers. This problem leads to less
quantitative information in CE/MS analysis. Therefore, when
applying CE/MS to a detailed glycan analysis, this discrepancy
between “resolutions of glycans” and “obtaining quantitative
data” needs to be improved.

The indications of recombinant mAb products have been
remarkably expanding into solid tumor, leukemia, rheumatism,
asthma, and analgesia. Some of them need long-term drug
exposure for obtaining sufficient results. In order to improve
safety and efficacy of the products, pharmaceutical companies
have to monitor and control the variations of N-glycans in their
products especially when possible antigenic carbohydrate
constituents, NeuGc residue and/or a-Gal epitope, are present,
through all the development and clinical stages, even if they are
fully humanized products. We believe that the present report
will be a useful guide for evaluating attached N-glycans of mAb
products.
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We developed an automated apparatus for rapid releasing of O-glycans from mucin-type glycoproteins
[Anal. Biochem. 371 (2007) 52-61; Anal. Chem. 82 (2010) 7436~7443] and applied the device to analyze
them in some cancer cell lines []. Proteome Res. 8 (2009) 521-537]. We also found that the device is use-,
ful to release glycosaminoglycans from proteoglycans [Anal. Biochem. 362 (2007) 245-251]. Based on
these studies, we developed a method for one-pot analysis of mucin-type glycans and glycosaminogly-
cans after releasing them from total protein pool obtained from some cancer cell lines. Mucin-type
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cent-labeled unsaturated disaccharides after digestion with specific eliminases followed by fluorescent
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to assess the method. The results clearly revealed that both mucin-type glycans and glycosaminoglycans
showed quite interesting profiles. Thus, the current technique will be a powerful tool for discovery
of glycan markers of diseases.
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Analysis of glycan structures has become one of the require-
ments of postgenomic research. Most of the glycans attached to
glycoproteins are classified into N- and O-glycans. Because of the
extremely complex structures and heterogeneity of both N- and
O-glycans, we often need to analyze their structures after releasing
them from the core protein. In the analysis of N-glycans, N-glyco-
amidase having broad specificity is generally used to release
N-glycans from the peptide backbone. We reported two methods
for the analysis of N-glycans by labeling with 9-fluorenylmethyl
chloroformate and 2-aminobenzoic acid (2AA)* [1,2]. These two
methods allow sensitive analysis of N-glycans by high-performance
liquid chromatography (HPLC), capillary electrophoresis (CE), and
mass spectrometry (MS). We also achieved comprehensive analysis
of N-glycans in various cancer cell lines and antibody pharmaceuti-
cals [2,3]. :
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HS, heparan sulfate; HA, hyaluronic acid; DHB, 2,5-dihydroxybenzoic acid; NaBH,,
sodium borohydride; PBS, phosphate-buffered saline; MWCO, molecular weight
cutoff; NP-HPLC, normal phase HPLC; MS/MS, tandem MS; CS, chondroitin sulfate.
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In contrast, structural and quantitative analysis of O-glycans
attached to the mucin-type glycoproteins has been a difficult task
due to lack of appropriate O-glycan releasing methods. g-Elimina-
tion under mild alkaline conditions is still commonly employed but
requires long reaction times. In addition, reducing reagents such as
sodium borohydride need to be added to prevent unwanted degra-
dation of the released glycans (i.e., peeling) [4-6]. This causes a loss
of the original reducing terminal, and the released glycans do not
have an aldehyde group, which is important for sensitive detection
and high-resolution analysis by labeling with sensitive fluorescent
or chromophoric reagents.

Release of O-glycans with the intact reducing end has been
reported. Royle and coworkers employed mild hydrazinolysis to
afford free O-glycans from microgram quantities of glycoproteins,

_ but a lengthy reaction time and reacetylation of de-N-acetylated

groups are required [7]. Huang and coworkers developed a method
for releasing O-glycans in the presence of ammonia, but the meth-
od also requires a long reaction time [8].

Recently, we developed an automatic O-glycan releasing appa-
ratus to obtain O-glycans from core proteins as free form. The
apparatus enables release of O-glycans within only 3 min without
significant degradations of the released glycans. In addition, our
method showed excellent repeatability [9,10]. We also connected
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this system to an automatic spotter (AccuSpot from Shimadzu) for
direct matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) MS measurement for routine analysis of O-glycans,
and the analysis of the released O-glycans is completed within
1.5h[11].

During the releasing reaction, we found that glycosaminogly-
cans (GAGs) are also conveniently released from proteoglycans.
The released GAGs are digested with specific eliminases to produce
a mixture of unsaturated disaccharides that are conveniently la-
beled with a fluorescent tag such as 2AA or 2-aminoacridone and
analyzed by CE [12].

These two types of O-glycans (mucin-type glycans and GAGs)
are concerned with various biological functions [13-16], and there
are a number of research works on the aberrant glycan patterns in
relation to progression of diseases [17-20]. Structural alterations
of mucin-type glycans are often observed in tumors. For example,
core 3 and core 4 mucin-type glycans are synthesized in normal
cells but apparently down-regulated in gastric and colorectal carci-
noma [21,22] (see Supplementary Fig. 1 in supplementary material
for the core structures of O-glycans). Iwai and coworkers showed
that expression of the enzymes related to the synthesis of core 3
structure reduced tumor formation in human fibrosarcoma cells
[22]. Cancer-associated mucin-type glycans were highly sialylated
but less sulfated and were often truncated [23-25]. Truncated mu-
cin-type glycans such as Tn and T antigens as well as their sialylat-
ed analogues became predominant with the progression of cancer
[26]. The occurrence of the sialyl-Lewis* (NeuAco2-3GalB1-
4(Fuca1-3)GIcNAcB1-3Gal-R:SLe*) epitope on O-glycans in colon
cancer patients is also associated with poor survival [27]. In addi-
tion, metastatic cancer cells often express the increased amounts
of sialyl-Lewis® epitope (NeuAco2-3Galp1-3(Fucat1-4)GIcNAcB1-
3Gal-R:SLe?) and SLe* [28,29].

Many reports on the alterations of GAGs in relation to tumori-
genesis have also appeared. Nonsulfated chondroitin is detected
in tumor tissues, whereas it is almost absent in normal specimens
[30]. Furthermore, differences in the sulfation pattern of heparan
sulfate (HS) were also reported [31]. For example, HS from lung
cancer cells exhibited a higher degree of oversulfation that was
due to an increased content of the three repeating disaccharides
having 6-O-sulfated glucosamine residues {31]. Highly sulfated
HS acts as a coreceptor for a variety of pro-angiogenic factors, such
as vascular endothelial growth factor and fibroblast growth factor,
and plays vital roles throughout the various stages of angiogenesis
and tumor growth [32-34]. Increased levels of hyaluronic acid
(HA) are also associated with certain types of human primary
and metastatic cancers [35,36]. Vizoso and coworkers measured
the expression level of HA in gastric tumor tissues from 129
patients, and they revealed that high expression of HA is an indica-
tor of poor prognosis for patients with gastric cancer [37].

Glycans are not the direct products by genes; rather, they are
the product by a combination of actions of the relevant enzymes.
Therefore, alteration of structure simultaneously occurs in some
glycans, and comprehensive analysis of glycan structures is re-
quired to reveal the relationship between biological characteristics
and glycans. Two types of these O-glycans described above were
commonly attached to serine (or threonine) residues on peptides
and can be affected with each other. Based on these considerations,
determination of alterations of multiple kinds of glycans will lead
to accurate understanding of diseases, including tumors.

Unfortunately, it should be noticed that profiles of mucin-type
0-glycans and GAGs have been reported independently. In addition,
there is little information on the relationship between the changes
of mucin-type O-glycans and GAGs. If we can obtain both types of
information at the same time, the amount of knowledge on both
glycans can increase dramatically and will be an important tool
for cancer diagnostics and therapies. Based on these considerations,

this study aimed at one-pot analysis of mucin-type O-glycans and
GAGs.

Materials and methods
Materials

Pronase (Streptomyces griseus) was obtained from Calbiochem
(San Diego, CA, USA). 2AA and sodium cyanoborohydride for fluo-
rescent labeling of the released glycans were obtained from Tokyo
Kasei (Tokyo, Japan) and Sigma-Aldrich Japan (Tokyo, Japan),
respectively. Sephadex LH-20 was obtained from GE Healthcare
(Tokyo, Japan). Triton X-100, 2,5-dihydroxybenzoic acid (DHB),
and sodium borohydride (NaBH,4) were also obtained from Sig-
ma-Aldrich Japan. Protein inhibitor cocktail for animal cells was
obtained from Nacalai Tesque (Kyoto, Japan). A serotonin-immobi-
lized column for the separation of sialo glycans was obtained from
Seikagaku Biobusiness (Tokyo, Japan). Chondroitinase ABC, hepar-
itinase 1, heparitinase 2, and standard samples of unsaturated
disaccharides for the analysis of GAGs were also obtained from
Seikagaku Biobusiness. Fused silica capillary tubing (50 um i.d.)
was obtained from GE Healthcare. Other reagents and solvents
were of the highest grade commercially available or HPLC grade.
All aqueous solutions were prepared using water purified with a
Milli-Q purification system (Millipore, Bedford, MA, USA).

Cell cultures

In the current study, human-derived cancer cells were em-
ployed: U937 (histiocytic lymphoma), K562 (chronic myelogenous
leukemia), Jurkat (acute T cell leukemia), HL-60 (acute promyelo-
cytic leukemia), LS174T (colorectal adenocarcinoma), HCT116
(colorectal adenocarcinoma), HCT15 (colorectal adenocarcinoma),
BxPC3 (pancreatic adenocarcinoma), PANC1 (pancreatic carci-
noma), and MKN7 and MKN45 (gastric adenocarcinoma). All of
these cells except LS174T were cultured in RPMI 1640 medium
supplemented with 10% (v/v) fetal calf serum and 1% (v/v) penicil-
lin/streptomycin mixed solution (10,000 U/ml! penicillin and
10 mg/ml streptomycin, Nacalai Tesque). LS174T cells were cul-
tured in minimum- essential medium supplemented with 10%
(v/v) fetal calf serum. 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
(1.0 x 107 cells) were washed with ‘phosphate-buffered saline
(PBS) and collected by centrifugation at 1000 rpm for 20 min.

Glycopeptide pool from whole cells

Glycopeptide pool derived from cancer cells was prepared
according to the method reported previously {38]. Cultured cells
(1.0 x 107 cells) were suspended in 5mM Tris=HCl buffer (pH
8.0, 500 pl) and mixed with an equal volume of 2% Triton X-100
in the same buffer in an ice bath. After homogenizing 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 and evaporated to dryness by a centrif-
ugal evaporator (SpeedVac, Savant, Sunnydale, CA, USA). The
lyophilized material was suspended in water (200 pl), and ethanol
(800 pl) was added to the mixture to 80% concentration. The pre-
cipitate was collected by centrifugation and washed with ethanol
(1 ml x 3) and then with acetone (1 ml x 2), followed by drying
in vacuo. The residue was digested with pronase (50 pg) in
50 mM Tris-HCl (pH 8.0, 200 pl) at 37 °C for 24 h. The reaction
mixture was boiled for 10 min, and the supernatant was collected
after centrifugation. Because free glycans present in some cancer
cells inhibit the subsequent analysis of O-glycans [33], reduction
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with NaBH, prior to O-glycan releasing reaction is necessary. An
aqueous solution of 2 M NaBH, (500 pl) was added to the superna-
tant and kept at room temperature for 30 min. Glacial acetic acid
was carefully added to the mixture to decompose excess NaBHy,
and the mixture was passed through an ultrafiltration membrane
(5000 MWCO [molecular weight cutoff], Amicon Ultra, Millipore)
at 10,000g. The mixture of glycopeptides on the membrane was
dissolved in water (100 pl) and used for releasing reaction of O-
glycans from mucin-type glycoproteins and proteoglycans.

Releasing reactions of O-glycans

Releasing reaction of O-glycans using the automated glycan
releasing system was performed according to the method reported
previously [9]. Briefly, an aqueous solution of 0.5 M LiOH was used
as the releasing reagent and the eluent. To the flow of the eluent at
1.0 ml/min, an aqueous solution of the mixture of glycopeptides
from each cell line (5.0 x 10° cells/50 pl) obtained as described
above was injected. After the sample solution was mixed with
the eluent in the mixing device, the mixed solution was moved
to the reactor kept at 60 °C, in which a reaction tube (0.25 mm
i.d., 10 m length, 700 pl volume) was set. During passing through
the reaction tube in the reactor, O-glycans were released from
the peptide. The eluate containing the reaction mixture from the
reactor was immediately introduced to a cartridge (1.0 ml volume)
packed with cation exchange resin and collected to a fraction col-
lector installed in the system while monitoring the absorbance at
230 nm. The collected solution containing the released O-glycans
was evaporated to dryness by a centrifugal evaporator, and the
dried material was used for fluorescent labeling with 2AA.

Fluorescent labeling of the released O-glycans with 2AA

The mixture of the released O-glycans was dissolved in 2AA
solution (200 pl), which was freshly prepared by dissolution of
2AA (30 mg) and sodium cyanoborohydride (30 mg) in methanol
(1 ml) containing 4% sodium acetate and 2% boric acid. The mixture
was kept at 80 °C for 1 h. After cooling, water (100 pl) was added
and the mixture was applied to a column of Sephadex LH-20
(1.0 cm i.d., 30 cm length) previously equilibrated with 50% aque-
ous methanol. The earlier eluted fluorescent fractions were pooled
and evaporated to dryness under reduced pressure. The dried res-
idue was dissolved in water (40 pl), and a portion (20 pl) was in-
jected to analyze by serotonin affinity chromatography.

Serotonin affinity chromatography for separation of O-glycans and
GAGs

Mucin-type glycans and GAGs are analyzed according to the
procedures (see Supplementary Fig. 2 in supplementary material).
Serotonin affinity chromatography for group separation of glycans
based on the number of attached sialic acid residues was per-
formed with a Jasco HPLC apparatus equipped with two PU-980
pumps and a Jasco FP-920 fluorescence detector (Tokyo, Japan)
using a serotonin-immobilized column (4.6 x 150 mm) with linear
gradient from water (solvent A) to 50 mM ammonium acetate (sol-
vent B) at a flow rate of 0.5 ml/min. Initially solvent B was used at
5% concentration for 2 min, and then linear gradient elution was
performed to 37% B for 16 min. After collecting mucin-type gly-
cans, an aqueous solution of 1 M Na(l was used to elute GAGs dur-
ing the subsequent 15 min. The column was then equilibrated with
the starting eluent. After group separation, mucin-type glycan frac-
tions were analyzed by MALDI-TOF MS and normal phase HPLC
(NP-HPLC). In addition, GAG fractions were digested with specific
eliminases and analyzed by CE after labeling with 2AA.

HPLC analysis of mucin-type glycans

The apparatus was the same as described above. Separation was
done with a TSK-GEL Amide-80 column (Tosoh, 4.6 x 250 mm)
using a linear gradient formed by 0.1% acetic acid in acetonitrile
(solvent A) and 0.2% acetic acid in water containing 0.1% triethyl-
amine (solvent B) at 40 °C. The column was initially equilibrated
and eluted with 85% solvent A for 2 min, from which point solvent
B was increased to 50% over 80'min at 1.0 ml/min. Then, the col-
umn was washed with 90% B for 10 min and equilibrated at initial
conditions for 15 min. The amounts of mucin-type glycans were
calculated from the peak areas based on the standard curve pre-
pared using maltopentaose labeled with-2AA.

MALDI-TOF MS analysis of mucin-type glycans separated by serotonin
affinity chromatography

MALDI-TOF MS spectra of 2AA-labeled glycans were acquired
on a Voyager-DE Pro mass spectrometer (PE Biosystems, Framing-
ham, MA, USA) in negative or positive ion linear mode with a nitro-
gen laser (338 nm) for the ionization source. Accelerating voltage
was set at 20kV, and delayed extraction was performed after
800 ns. DHB was used as matrix material throughout the work.
The mass numbers of the molecular ion peaks were corrected using
a mixture of 2AA-labeled dextran oligomers as standard mass
markers. The sample solution (1 pl) was mixed with 2% DHB
(1 ) in ethanol on a stainless-steel plate, and the mixture was
dried under atmosphere at room temperature.

MS" analysis of mucin-type glycans

Structures of mucin-type glycans were confirmed by the MS”
technique on a MALDI-quadrupole ion trap-TOF mass spectrome-
ter (AXIMA-Resonance, Shimadzu, Kyoto, Japan). Acquisition and
data processing were controlled by Launchpad software (Kratos
Analytical, Manchester, UK). For collision-induced dissociation, ar-
gon was used as the collision gas. For the sample preparation, a
0.5-pl volume of the matrix solution (DHB, 10 mg/ml in 30% etha-
nol) was deposited on the stainless-steel target plate and allowed
to dry. Then, a portion (0.5 pl) of the appropriately diluted analyte
solution (typically ~1 pmol/pl) was applied to cover the matrix on
the target plate and allowed to dry.

Analysis of GAGs collected by serotonin affinity chromatography

After collecting the GAG pool by serotonin affinity chromatog-
raphy, the GAG pool was passed through a filter device (3000
MW(CO). Half of the GAG mixture on the membrane was dissolved
in 50 mM Tris-HCl buffer (pH 8.0, 100 pl). Chondroitinase ABC
(0.5 U) dissolved in the same buffer (10 ) was added to the solu-
tion and kept at 37 °C overnight. The other half of the GAG mixture
was dissolved in 100 mM sodium acetate/0.1 mM calcium acetate
(pH 7.0, 100 pl). Heparitinases 1 and 2 (5 mU/10 ul each) were
added to the solution, and the mixture was kept at 37 °C overnight.
Both reaction mixtures obtained by digestion with chondroitinase
ABC and heparitinases were labeled with 2AA and analyzed by CE.

CE analysis of unsaturated disaccharides from GAGs

CE was performed on a PJACE MDQ Glycoprotein System (Beck-
man Coulter, Fullerton, CA, USA) equipped with a helium-
cadmium laser-induced fluorescence detector (excitation 325 nm,
emission 405 nm). For the analysis of 2AA-labeled unsaturated
disaccharides derived from GAGs, electrophoresis was performed
with a fused silica capillary (50 pm i.d. x 30 cm) in 100 mM Tris—
phosphate buffer (pH 3.0). Sample solutions were introduced into
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the capillary by pressure injection at 1 psi for 10 s. Separation was
performed by applying the potential of 25 kV at 25 °C.

The amounts of unsaturated disaccharides were calculated
from the peak areas based on the standard curve prepared
using standard samples of unsaturated disaccharides labeled with
2AA.

Results and discussion

Separation of mucin-type glycans and GAGs by serotonin affinity
chromatography

We have been employing serotonin affinity chromatography for
group separation of 2AA-labeled N- and mucin-type glycans pre-
pared from various cancer cell lines using gradient elution with
ammonium acetate. The separation is achieved based on the num-
ber of sialic acid residues [2,38], and the glycans separated in this
way are analyzed by HPLC and MS without further purification
steps because the glycan fractions are in an aqueous solution of
volatile salts at low concentrations. This is one of the advantages
of serotonin affinity chromatography.

During the studies on the analysis of the released glycans, we
found that GAGs are also retarded on a serotonin-immobilized col-
umn (Fig. 1). An example for the analysis of oligomers derived from
hyaluronan (HA oligomers) is shown in Fig. 1A. HA oligomers were
strongly retained on the serotonin-immobilized stationary phase
based on their total negative charges (i.e., oligomers having the
higher molecular weight are eluted later). It is considered that glu-
curonic acid residues in HA molecules play important roles in
interaction with serotonin. We also analyzed the artificial mixture
of mucin-type glycans from fetuin and HA oligomers (Fig. 1B). Mu-
cin-type glycans from fetuin were observed at 8 and 15 min, and
then HA oligomers were observed. The results indicated that sero-
tonin affinity chromatography is useful for group separation of mu-
cin-type glycans and GAGs. Based on these results, we developed
the procedures for one-pot analysis of mucin-type glycans and
GAGs as described in Materials and methods and applied the meth-
od to the analysis of O-glycans on HCT116 cells (colorectal
adenocarcinoma).

A 8mer

0 5 10 15 20 25 30 35 40
Elution time (min)

@cin-type glycans || Glycosaminogtyc&

B Monosialo

Disialo

r T T T T T T T 1

Elution time (min)

Fig.1. Separation of mucin-type glycans and GAGs by serotonin affinity chroma-
tography. 2AA-labeled HA oligosaccharides (A) and a mixture of HA oligosaccha-
rides and mucin-type glycans derived from bovine fetuin (B) are shown. Analytical
conditions: eluent, water (solvent A) and 40 mM ammonium acetate (solvent B);
gradient condition, linear gradient (5-75% solvent B) from 2 to 37 min and 75 to
100% solvent B from 37 to 45 min.

One-pot analysis of mucin-type glycans and GAGs from HCT116 cells

In the initial step of the analysis of O-glycans expressed on
HCT116 cells, the released glycans were separated by serotonin
affinity chromatography (Fig. 2). Asialo (M1), monosialo (M2 and
M3) and disialo (M4-M6) mucin-type glycans were observed at
3-5, 5.2-10.0, and 10.8-16.0 min, respectively. After all mucin-
type glycans were eluted, GAGs were eluted with 1 M NaCl. Each
fraction obtained in this way was analyzed according to the meth-
od described in Materials and methods.

Six mucin-type glycan fractions (M1-M6) were analyzed by
NP-HPLC and MALDI-TOF MS (Fig. 3), and the list of the observed
mucin-type glycans in HCT116 cells is summarized in Table 1. The
MS data were analyzed by Glycopeakfinder and Glycoworkbench
in EUROCarbDB (http://www.ebi.ac.uk/eurocarb/tools.action). The
amounts of expressed mucin-type glycans were calculated from
the peak areas observed by NP-HPLC. We found 31 mucin-type
glycans in HCT116 cells. Asialo glycans, T antigen (m/z 503:
GalB1-3GalNAc-2AA), core 2 structure (m/z 706: Galp1-3(Gle-
NAcP1-6)GalNAc-2AA), galactosyl core 2 structure (mfz 868:
Galp1-3(Galp1-4GlcNAcB1-6)GalNAc-2AA), and a polylactos-
amine-type glycan (m/z 1233: HexzHexNAcs-2AA) were observed.
Tandem MS (MS/MS) analysis of the peak observed at 1233 gave
the ions at m/z 544 and 503 (Fig. 4A). These ions are obviously
due to GIcNAcB1-6GalNAc-2AA and GalB1-3GalNAc-2AA (Fig. 4A).
Based on these results, the glycan observed at m/z 1233 was con-
firmed as polylactosaminyl core 2 structure, Gal-GlcNAc-Galp1-4
GIcNAcB1-6(Galp1-3)GalNAc-2AA. Monosialo core 1 and core 2
structures were found in monosialo glycan fractions (M2 and
M3). Monosialo-polylactosamine-type glycans were also clearly
observed in M2. These glycans have polylactosaminyl core 2 struc-
ture. Monosialo glycans having smaller molecular sizes such as
sialyl-T and monosialo core 2 structure were observed in M3. Disi-
alo core 1, core 2, and disialo-polylactosaminyl glycans were ob-
served in M4, M5, and M6. It should be noted that mono sulfated
mucin-type glycans were observed in HCT116 cells. The molecular
ion at m/z 1604 observed in M6 is due to NeuAc;HexsHexNAcs-
2AA + SOs. After neuraminidase digestion, MS/MS analysis of this
glycan afforded a desulfated molecular ion peak at mjz 1233
(Fig. 4B, upper spectrum). By MS®-analysis, the fragment ion peak
observed at mjz 1233 is confirmed as polylactosaminyl core 2
structure, Gal-GIcNAc-GalB1-4 GIcNAcB1-6(Galp1-3)GalNAc-2AA
(Fig. 4B, lower spectrum). In addition, two fragment ion peaks at
m(z 444 and 948 were observed in MS? spectrum (Fig. 4B, upper
spectrum). The fragment ion peak at m/z 444 corresponds to sul-
fated lactosamine, GalGlcNAc + SOs. The fragment ion peak at m/z

Linear gradient elution

GAGs
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gty fractions
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Fig.2. Separation of mucin-type glycans and GAGs derived from HCT116 cells by
serotonin affinity chromatography. Analytical conditions: eluent, water (solvent A)
and 40 mM ammonium acetate (solvent B); gradient condition, linear gradient (5-
41% solvent B) from 2 to 20 min. After collecting the mucin-type glycans, GAGs
were eluted with 1 M NaCl.
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Fig.3. NP-HPLC and MALDI-TOF MS analysis of mucin-type glycans derived from HCT116 cells. The mucin-type glycan fractions separated by serotonin affinity
chromatography were analyzed by NP-HPLC (A) and MALDI-TOF MS (B). Analytical conditions of HPLC: column, Amide-80 (Tosoh, 4.6 x 250 nm); solvent A, 0.1% CH3COOH
in acetonitrile; solvent B, 0.2% CH3;COOH-0.1% triethylamine in water; gradient condition, linear gradient (15-65% solvent B) from 2 to 82 min.

948 is due to sulfated galactosyl core 2 structure, Galp1-4Glc-
NACcB1-6(Galp1-3)GalNAc-2AA + SO3. This fragment ion indicates
that terminal lactosamine is not sulfated. It was reported that Glc-
NAc-6-O-sulfotransferase was expressed and Gal-3-O-sulfotrans-
ferase was down-regulated in colon cancer cells {40]. Based on
these considerations, we concluded that the structure of this
sulfate-containing mucin-type glycan was Gal-GlicNAc-Galp1-4

(503-6)GIcNACB1-6(Galp1-3)GalNAc-2AA. These types of sulfated
glycans were also observed in M1 and M4.

GAG fractions collected by serotonin affinity chromatography
were analyzed as unsaturated disaccharides after digestion with
specific eliminases. Half of the fractions were digested with chon-
droitinase ABC, and the other half were treated with a combination
of heparitinases 1 and 2. The mixture of unsaturated disaccharides



