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Mannan-binding protein (MBP) is a C-type serum lectin
and activates complement through the lectin pathway
when it binds to ligand sugars such as mannose, N-acetyl-
glucosamine, and fucose on microbes. In addition, the
vaccinia virus carrying the human MBP gene was shown
to exhibit potent growth inhibitory activity toward hu-
man colorectal carcinoma, SW1116, cells in nude mice. We
have proposed calling this activity MBP-dependent cell-
mediated cytotoxicity (MDCC) (Ma, Y., Uemura, K., Oka,
S., Kozutsumi, Y., Kawasaki, N., and Kawasaki, T. (1999)
Proc. Natl. Acad. Sci. U. S. A. 96, 371-375). In this study,
the MBP ligands on the surface of SW1116 cells were char-
acterized. Initial experiments involving plant lectins and
anti-Lewis antibodies as inhibitors of MBP binding to
SW1116 cells indicated that fucose plays a crucial role in
the interaction. Subsequently, Pronase glycopeptides
were prepared from whole cell lysates, and oligosaccha-
rides were liberated by hydrazinolysis. After being tagged
by pyridylamination, MBP ligand oligosaccharides were
isolated with an MBP affinity column, and then their se-
quences were determined by mass spectrometry and tan-
dem mass spectrometry after permethylation, in combi-
nation with endo-B-galactosidase digestion and chemical
defucosylation. The MBP ligands were shown to be large,
multiantennary N-glycans carrying a highly fucosylated
polylactosamine type structure. At the nonreducing ter-
mini, Le’/Le® or tandem repeats of the Le® structure pre-
vail, a substantial proportion of which are attached via
internal Le* or N-acetyllactosamine units to the triman-
nosyl core. The structures characterized are unique and
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distinct from those of other previously reported tumor-
specific carbohydrate antigens. It is concluded that MBP
requires clusters of tandem repeats of the Le"/Le® epitope
for recognition.

Mannan-binding protein (MBP),'also called mannose-bind-
ing protein (MBP) or mannan-binding lectin, is a Ca®*-depend-
ent (C-type) serum lectin and an important serum component
associated with innate immunity (1-4). Human MBP is a ho-
mo-oligomer of an ~31-kDa subunit, each subunit containing a
carbohydrate recognition domain followed by a short neck re-
gion on the COOH-terminal side and a collagen-like domain
followed by a short cysteine-rich region on the NH,-terminal
side. Three subunits form a structural unit, and MBP normally
consists of two to six structural units joined through disulfide
bonds at the amino termini, the whole molecular mass being
~200-600 kDa (5, 6).

The carbohydrate specificity of MBP is rather broad (it binds
to mannose, N-acetylglucosamine, and fucose) in accordance
with the fact that MBP binds to the cell surfaces of a wide
variety of pathogens (7, 8). MBP exhibits complement-depend-
ent bactericidal activity, i.e. the Escherichia coli K12 and B
strains, which have exposed N-acetylglucosamine and r-glyc-
ero-D-mannoheptose residues, respectively, are killed by MBP
with the aid of complement (8). In addition, 1-deoxymannojiri-
mycin (an a-mannosidase inhibitor)-treated baby hamster kid-
ney cells, which have high mannose type oligosaccharides ex-
posed on their surfaces, are also killed by MBP with the aid of
complement (9). This complement activation pathway is called
the lectin pathway (10). MBP has also been shown to function
as a direct opsonin (11) and to prevent virus infection (12, 13).

! The abbreviations used are: MBP, mannan-binding protein; AAL,
A. aurantia lectin; CID, collision-induced dissociation; ConA, con-
canavalin A; FACS, fluorescence-activated cell sorter; FCS, fetal calf
serum; FITC, fluorescein 4-isothiocyanate; Fuc, fucose; Hex, hexose;
HexNAc, N-acetylhexosamine; HPLC, high performance liquid chroma-
tography; LA, lectin affinity; LacNAc, N-acetyllactosamine; LCA, Lens
culinaris lectin; Le, Lewis antigen; LTA, Lotus tetragonolobus lectin;
mAb, monoclonal antibody; MALDI, matrix-assisted laser desorption/
ionization; MLO, MBP ligand oligosaccharides; MLO-A1, MBP ligand
oligosaccharide-acidic fraction (monosialylated); MLO-N, MBP ligand
oligosaccharide-neutral fraction; MS, mass spectrometry; MS/MS, tan-
dem mass spectrometry; nano-ESI, nanoelectrospray ionization; PA,
2-aminopyridine; PBS, phosphate-buffered saline; PHA-E4, P. vulgaris
erythroagglutinating lectin; PHA-L4, P. vulgaris leukoagglutinating
lectin; PNA, peanut lectin; TOF, time-of-flight. All of the sugar residues
have the D configuration except fucose, which has the L configuration.
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In our previous studies, normal mammalian cells such as
circulating blood cells did not bind MBP, probably because the
surfaces of such mammalian cells are mostly covered with
complex type sugar chains terminating in sialic acids and
rarely with high mannose type sugar chains (14). However,
malignant transformation or viral infections modify the oligo-
saccharide structures on cell surfaces, and aberrant glycosyla-
tion exhibited by glycolipids and glycoproteins in tumors has
been implicated as an essential mechanism defining the stage,
direction, and end result of tumor progression (15). Along the
same lines, we found that MBP recognizes and binds specifi-
cally to the surface of human colorectal carcinoma, SW1116,
cells. More interestingly, the recombinant vaccinia virus car-
rying the human MBP gene was demonstrated to exhibit potent
growth inhibitory activity toward human colorectal carcinoma
cells transplanted into KSN nude mice, when administered by
intratumoral or subcutaneous injection (16). Although the
mechanism of MBP-mediated tumor growth inhibition has not
been clearly elucidated, we have proposed calling this activity
MBP-dependent cell-mediated cytotoxicity. In addition, several
other human colon adenocarcinoma cell lines have also been
shown to bind MBP carbohydrate-dependently (17).

In this study, to elucidate the mechanism of MBP-dependent
cell-mediated cytotoxicity, we tried to characterize the MBP
ligands on the surface of SW1116 cells. The binding of the
ligands to MBP is believed to be the initial signal step leading
to the growth inhibition of the tumor cells. Initial hapten inhi-
bition experiments involving various plant lectins and Lewis
blood group type monoclonal antibodies (mAbs) as inhibitors of
MBP-binding to SW1116 cells indicated that fucose plays an
important role in the interaction. Subsequent isolation of the
PA-tagged oligosaccharides ligands with an MBP-affinity col-
umn, followed by MS analysis of the ligands revealed that MBP
ligands on SW1116 cells are N-glycans with highly fucosylated
polylactosamine type structures and large molecular sizes.

EXPERIMENTAL PROCEDURES
Materials

Anti-Lewis Monoclonal Antibodies (mAbs)—Anti-human Le* (IgG1),
anti-human Le® (IgG1), anti-human Le¥ (IgG3), and anti-human sialyl-
Le® (IgG3) mAbs were obtained from SEIKAGAKU Corp. (Tokyo). The
anti-human Le* (IgM) mAb was from BD Biosciences (CA).

Isotype Control Immunoglobulins—Mouse IgG1l was obtained from
MP Biomedicals Inc. (CA), mouse IgG3 from ZYMED Laboratories, Inc.
(CA), and mouse IgM from BD Biosciences (CA).

Plant Lectins—Canavalia ensiformis (ConA), peanut Arachis hy-
pogaea (PNA), Lens culinaris (LCA), Aleuria aurantia (AAL), and Lotus
tetragonolobus (LTA) lectins were obtained from J-OIL Mills, Inc.
(Tokyo).

Cells and Reagents for Cell Culture—SW1116 cells (ATCC CCL-233)
were obtained from the American Type Culture Collection (MD).
Leibovitz’s L-15 medium, RPMI 1640 medium without D-glucose, and
trypsin-EDTA were from Invitrogen. Fetal Calf Serum (FCS) was from
JRH Biosciences (KS). Fluorescein 4-isothiocyanate (FITC) was ob-
tained from Dojindo Laboratories (Kumamoto). FITC-labeled anti-Le*
mADb was obtained from BD Biosciences (CA), and FITC-labeled plant
lectins were from J-OIL Mills, Inc. The isotope D-[1-?H]glucosamine
hydrochloride (TRK375) was obtained from Amersham Biosciences.

Chromatography Media and Columns—Bio-Gel P4 and Bio-Gel P10
were from Bio-Rad Laboratories, Inc. CNBr-activated Sepharose 4B
was obtained from Amersham Biosciences. Dowex 50-X8 was from the
Dow Chemical Company. TSKgel G2500PWXL, TSKgel G3000PWXL,
TSKgel DEAE-5PW, and TSKgel Sugar AXI columns were obtained
from TOSOH Corp. (Tokyo), and PALPAK type S and PALPAK type R
columns were from TAKARA BIO, Inc. (Shiga). A C18 Sep-Pak car-
tridge (gel bed, 1 ml) was obtained from Waters Corp. (MA).

HPLC Lectin Affinity Columns—LA-AAL, LA-PHA-L4 (Phaseolus
vulgaris leukoagglutinating lectin), and LA-PHA-E4 (P. vulgaris eryth-
roagglutinating lectin) columns were obtained from J-OIL Mills, Inc.

Enzymes—Pronase was from Merck, endo-B-galactosidase (EC
3.2.1.103) from Escherichia freundii was from SEIKAGAKU Corp., and
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neuraminidase (EC 3.2.1.18) from Arthrobacter ureafaciens was from
NACALAI TESQUE, Inc. (Kyoto).

Reference Pyridylaminated (PA) Oligosaccharides and Reference
Oligosaccharides—PA-sugar chain mixture 3, PA-glucose oligomers,
PA-asialoagalactotetraantennary nanosaccharide (PA-sugar chain
014), PA-trisialylated triantennary tetradecasaccharide (PA-sugar
chain 024), PA-asialotetraantennary core fucosylated tetradecasacha-
ride (PA-sugar chain 011), PA-asialotetraantennary 3’'-N-fucosyl-Glc-
NAc tetradecasaccharide (PA-sugar chain 006), and PA-lacto-N-fucosyl
pentasaccharide (PA-sugar chain 044) were obtained from TAKARA
BIO, Inc. PA-asialotriantennary undecasaccharide (PA-oligosaccharide
300.8) and PA-asialoagalactotetraantennary core fucosylated decasac-
charide (PA-oligosaccharide 410.1) were from SEIKAGAKU Corp.
Asialo, agalacto, bisected triantennary oligosaccharide (NGA3B) was
obtained from SEIKAGAKU CORP. and was pyridylaminated as de-
scribed below.

Other Chemicals—Orcin was obtained from Wako Pure Chemical
Industries, Ltd. (Osaka). Hydrofluoric acid, 48 wt.% in water (48% HF),
was from Sigma. D-(—)-Galactono-1,4-lactone was from NACALAI
TESQUE, Inc.

Buffers

PBS (+) was 9.6 mM phosphate buffer, pH 7.5, containing 137 mm
NaCl, 2.7 mm KCI, 0.7 mm CaCl,, and 0.5 mm MgCl,. PBS (—) was 9.6
mM phosphate buffer, pH 7.5, containing 137 mM NaCl and 2.7 mm KCL.
TBS was 50 mm Tris-HCI buffer, pH 7.5, containing 150 mm NaCl.
Buffer A was 20 mm Tris-HCI buffer, pH 7.5, containing 150 mm NaCl,
1% bovine serum albumin. and 0.05% Tween 20. Buffer B was 20 mm
Tris-HCI buffer, pH 7.5, containing 150 mM NaCl and 2 mMm EDTA.
Buffer C was 20 mM Tris-HCI buffer, pH 7.5, containing 150 mm NaCl.
Buffer D was 20 mM Tris-HCI buffer, pH 7.5, containing 150 mm NaCl,
1% bovine serum albumin, 10 mM CaCl,, and 0.1% NaN,. Buffer E was
20 mM Tris-HCI buffer, pH 7.5, containing 150 mm NaCl, 1% bovine
serum albumin, 2 mm EDTA, and 0.1% NaN,. Buffer F was 50 mm
pyridine-acetic acid buffer, pH 5.0. Buffer G was 20 mM Tris-HCI buffer,
pH 7.5, containing 150 mMm NaCl and 10 mm CaCl,. Buffer H was 50 mm
Hepes buffer, pH 7.5, containing 150 mM NaCl and 20 mum CaCl,. Buffer
I was 50 mm Hepes buffer, pH 7.5, containing 150 mM NaCl and 2 mm
EDTA. Buffer J was 10 mM Tris-HCI buffer, pH 7.4, containing 150 mm
NaCl and 0.02% NaN,.

Preparation of Rabbit Serum MBP and
MBP-conjugated Sepharose 4B

MBP was purified from normal rabbit serum (Pel-Freez Biologicals,
Inc. (AR)) using an affinity column of Sepharose 4B-mannan, as de-
scribed previously (18). For the preparation of MBP-Sepharose 4B,
rabbit serum MBP (3-5 mg of protein/ml of gel) was coupled to CNBr-
activated Sepharose 4B according to the manufacturer’s instructions.

Cell Culture

The human colorectal carcinoma cell line, SW1116 cells, was main-
tained by serial passages in Leibovitz’s L-15 medium containing 10%
heat-inactivated FCS and incubation at 37 °C with free gas exchange
with atmospheric air in a standard tissue culture incubator.

Preparation of FITC-labeled MBP and
FITC-labeled Anti-Lewis mAbs

FITC-labeled MBP (FITC-MBP) was prepared by conjugating the
purified rabbit serum MBP with FITC (100 pg/1 mg of MBP) in 50 mm
borate buffer, pH 9.2, containing 200 mm NaCl, 20 mm CaCl,, and 100
mM mannose for 18 h at 4 °C. FITC-labeled anti-Lewis mAbs (except for
the FITC-labeled anti-Le* mAb) were prepared as described for the
preparation of FITC-MBP in 50 mM borate buffer, pH 9.2, containing
200 mm NaCl.

Flow Cytometry Analysis: Staining of SW1116 Cells with FITC-
MBP, FITC-anti-Lewis mAbs, and FITC-Plant Lectins

Reseeded SW1116 cells (5 X 106 cells/75 cm? flask) were grown in
Leibovitz’s L-15 medium supplemented with 10% heat-inactivated
FCS at 37 °C for 4-5 days. After washing with PBS (—), the cells were
released from the flask by incubation with trypsin-EDTA for 10 min
at 37 °C. The released cells (1-1.5 X 10° cells/ml) were dispersed as a
homogeneous suspension in buffer A by thorough pipetting. Approx-
imately 1.5 X 10° cells were washed twice with buffer B and then
fixed with 2% paraformaldehyde in PBS (—) for 30 min at room
temperature. After being rinsed once with buffer C and then twice
with buffer D (for staining with FITC-MBP, FITC-plant lectins, and
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FITC-mAbs) or buffer E (as a negative control for FITC-MBP stain-
ing), the fixed cells were incubated with 1.5 ug of each FITC-anti-
Lewis mAb in a final volume of 150 ul of buffer D or 2 pg of FITC-
MBP or FITC-plant lectins in 100 ul of buffer D (or buffer E, for the
negative control for FITC-MBP staining) for 1 h at room temperature.
After washing the cells twice with buffer D or buffer E, followed by
once with buffer D, the cells were suspended in 1.0 ml of buffer D and
then cell staining was analyzed with a FACScan flow cytometer with
CELL Quest software (BD Biosciences).

Inhibition of FITC-MBP Binding to SW1116 Cells by
Plant Lectins and Anti-Lewis mAbs

Cells (1.5 X 10° cells) fixed in 2% paraformaldehyde in PBS (—) as
above were washed twice and then preincubated for 30 min at room
temperature with 30 ug of protein each of various unlabeled plant
lectins, or 30 and 140 pg of protein of unlabeled anti-Lewis mAbs or
isotype control immunoglobulins of the respective mAbs, in 150 ul of
buffer C or buffer D (as a negative control for FITC-MBP staining). To
each of these suspensions, 3 pg of FITC-labeled MBP was added fol-
lowed by incubation for 1 h at room temperature. After washing the
cells twice with buffer D or buffer E, followed by once with buffer D, the
cells (1.0 X 10°) were suspended in 1.0 ml of buffer D, and then cell
staining was analyzed with a flow cytometer as above.

Metabolic Labeling of SW1116 Cells with [?H]Glucosamine

SW1116 cells were grown in Leibovitz’s L-15 medium supplemented
with 10% heat-inactivated FCS with free gas exchange with atmo-
spheric air at 37 °C for 10 days when the cell density reached 70—-80%
confluence (approximately 3.5 X 107 cells/175-cm? culture flask). After
rinsing once with PBS (—), the cells were incubated at 37 °C for 30 min
under a humidified atmosphere containing 5% CO, in 15 ml of a mixed
medium consisting of 98% RPMI 1640 medium without glucose and 2%
Leibovitz’s L-15 medium supplemented with 10% heat-inactivated FCS.
Then, 1.85 MBq of p-[1-*H]glucosamine hydrochloride dissolved in 50 ul
of TBS and 1.65 mg of sodium pyruvate in 150 ul of TBS were added to
the medium, and the cells were incubated at 37 °C for 20 h. *H radio-
activity was determined with a liquid scintillation counter (model
LSC3000; ALOKA Co., Ltd., Tokyo).

Preparation of Cell Lysates from SWI1116 Cells

SW1116 cells were grown in Leibovitz’s L-15 medium containing 10%
heat-inactivated FCS at 37 °C for 2-3 weeks until they reached conflu-
ence through two to five passages. After rinsing the flasks once with
PBS (—) containing 2 mM EDTA and twice with buffer B, the cells were
removed from the flasks with cell scrapers and collected by centrifuga-
tion. The cells were washed three times with 150 mM NaCl and then
homogenized in a glass-made Dounce type homogenizer (tight pestle;
Wheaton Science Products) in buffer C containing 1% Triton X-100
(approximately 1 X 107 cells/ml) on ice. The homogenates were left on
ice for 1 h and then centrifuged at 10,000 X g for 20 min. The super-
natants were stored as the cell lysates at —80 °C.

Preparation of Glycopeptides from SW1116 Cell Lysates

SW1116 cell lysates were thawed and then centrifuged at 10,000 X g
for 20 min, and the resulting supernatants were heated at 100 °C for 7
min and then lyophilized. The dried cell lysates were extracted three
times with 80% ethanol followed by once with 100% ethanol and chlo-
roform/methanol (2:1, v/v) and chloroform/methanol/H,0 (1:2:0.8,
v/vlv), respectively, to remove lipids. The delipidated residues were
lyophilized and digested with Pronase (sample/enzyme, 50:1 by weight)
in 5.0 ml of 0.1 M borate buffer, pH 8.0, containing 10 mm (CH,;CO),Ca
for 72 h at 37 °C under a layer of toluene. During the digestion, Pronase
(1/100 of the starting sample weight) was added to the incubation
mixture at 24 and 48 h, respectively. The digest was centrifuged to
separate a clear supernatant solution from the insoluble materials. The
insoluble materials were digested again with Pronase (1/100 of the
starting sample weight) for 72 h with the addition of the same amount
of Pronase at 25 and 48 h, respectively. The digest was centrifuged to
obtain a clear supernatant. The two clear supernatant fractions ob-
tained after the first and second digestions were combined and lyoph-
ilized. The sample was dissolved in buffer F and then applied to a
Bio-Gel P4 column (1.9 X 98 cm), which had been equilibrated with
buffer F. The flow-through fraction was collected and lyophilized. The
fraction was digested again with 1/100 of the starting sample weight of
Pronase in 2.0 ml of 0.1 M borate buffer, pH 8.0, containing 10 mm
(CH,CO),Ca for 72 h at 37 °C, with the addition of 1/200 of the starting
sample weight of Pronase at 24 and 48 h, respectively. To the digest,

10899

trichloroacetic acid was added to a final concentration of 10%, and then
the digest was left standing on ice for 30 min. The precipitate generated
was centrifuged off at 10,000 X g for 20 min, and the resultant clear
supernatant was mixed with an equal volume of aqueous saturated
diethyl ether to extract the trichloroacetic acid. The extraction was
repeated twice more. The aqueous phase was neutralized with ammo-
nium bicarbonate, concentrated with a SpeedVac, and then applied to a
Bio-Gel P4 column (1.9 X 98 cm). The flow-through fraction was col-
lected as the crude glycopeptide fraction. The glycopeptide fraction was
purified further on a Bio-Gel P10 column (1.9 X 100 cm) that had been
equilibrated with buffer F.

Preparation of Pyridylaminated (PA) Oligosaccharides from
SW1116 Glycopeptides

The glycopeptide fraction was lyophilized, dried in a vacuum desic-
cator over P,O; for 72 h and then subjected to gas phase hydrazinolysis
at 110 °C for 1 h in Hydraclub S-204 (J-OIL Mills, Inc.) to release the
oligosaccharides. The released oligosaccharides were N-acetylated ac-
cording to the manufacturer’s instructions (J-OIL Mills, Inc.), the pH
value of the N-acetylated sample solution was adjusted to 3, and then
the sample was applied to a Dowex 50-X8 column. The flow-through
oligosaccharide fraction from the resin was pooled and reductively
aminated with 2-aminopyridine in a Palstation, model 4000 (TAKARA
BIO, Inc.), using a Palstation pyridylamination reagent kit for oligosac-
charide analysis (TAKARA BIO, Inc.) at 90 °C for 1 h. The PA-derivat-
ized oligosaccharides were purified by extraction with phenol/chloro-
form/isoamylalchol (25:24:1, v/v/v) and with chloroform followed by gel
filtration HPLC on TSKgel G2500PWy; (7.8 mm X 30 c¢cm), which had
been equilibrated and was eluted with 10 mM ammonium acetate
buffer, pH 6.0. HPLC was performed with a Shimadzu LC-6A liquid
chromatograph equipped with a fluorometer (model RF-10AXL) (Shi-
madzu Corp. (Kyoto)). The PA-tagged oligosaccharides were detected
fluorometrically at an excitation wavelength of 320 nm and an emission
wavelength of 400 nm.

Isolation of MBP Ligand Oligosaccharides
on an MBP-Sepharose 4B Column

The lyophilized PA-oligosaccharides were dissolved in buffer G and
then applied to an MBP-Sepharose 4B column (3 ml of gel). The column
was washed with buffer G, and the bound PA-oligosaccharides were
eluted with buffer H. The eluated PA-oligosaccharides were desalted by
passage through a Bio-Gel P4 column (1 X 30 cm) that had been
equilibrated with buffer F, and the purified MBP-binding oligosaccha-
rides were designated as MBP ligand oligosaccharides (MLO).

Separation of Acidic and Neutral Oligosaccharides

The lyophilized PA-tagged MLO were dissolved in H,O and then
applied to a TSKgel DEAE-5PW column (7.8 mm X 7.5 c¢m) that had
been equilibrated with eluent A (aqueous NH;, pH 9.0). After sample
injection, the column was eluted with a linear gradient of 0-50% of
eluent B (0.25 M ammonium acetate, pH 8.0) over 10 min, and then with
eluent A/eluent B (50:50, v/v) for 15 min, followed by 100% eluent B for
35 min at a flow rate of 1.0 ml/min at room temperature. PA-sugar
chain mixture 3, a mixture of a series of oligosaccharides containing
zero to four sialic acid residues/chain, was used as reference sugars.

Gel Permeation HPLC of MLO

3H-Labeled PA-MLO was analyzed on a tandemly connected dual
TSKgel G3000PWy;, column (7.8 mm X 30 cm x 2) that had been
equilibrated and was eluted with 10 mM ammonium acetate buffer,
pH 6.0, and acetonitrile (70:30, v/v) at a flow rate of 0.5 ml/min at
room temperature.

Amide Column HPLC of MLO

3H-Labeled PA-MLO was applied to an amide column (4.6 mm X
25 cm; PALPAK type S) that had been equilibrated with eluent A (200
mM acetic acid-trimethylamine buffer, pH 7.3, and acetonitrile (35:65,
v/v). Oligosaccharides were eluted with a linear gradient of eluent B
(200 mMm acetic acid-trimethylamine buffer, pH 7.3, and acetonitrile
(50:50, v/v), from 0 to 100%, over 50 min and then 100% of eluent B for
100 min at a flow rate of 1.0 ml/min at 40 °C.

Lectin Affinity HPLC

The oligosaccharide fraction obtained on C18 Sep-Pak cartridge frac-
tionation of the endo-B-galactosidase digest of *H-labeled PA-MLO was
analyzed by lectin affinity HPLC on LA-PHA-E4, LA-PHA-14, and
LA-AAL columns. The eluents used for the LA-PHA-L4 and LA-PHA-E4
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columns were as follows: eluent A, 50 mm Tris-H,SO, buffer, pH 8.0,
and eluent B, 50 mm Tris-H,SO, buffer, pH 8.0, and 0.1 M potassium
tetraborate. The LA-PHA-E4 HPLC column was equilibrated with
eluent A, and the oligosaccharides were eluted with a linear gradient of
0-100% of eluent B in 25 min and 100% eluent B for 15 min at a flow
rate of 0.5 ml/min at room temperature. The LA-PHA-L4 column was
equilibrated with eluent A, and after injection of a sample, the oligo-
saccharides were eluted with 100% eluent A for 5 min, then a linear
gradient of 0—100% of eluent B over 15 min, and finally 100% eluent B
for 10 min at a flow rate of 0.5 ml/min at room temperature. The
fractions were collected at 0.25 ml/tube, and an aliquot of each fraction
was used for determination of *H radioactivity. The LA-AAL column
was equilibrated with eluent A, 50 mm Tris-H,SO, buffer, pH 7.3. After
injection of a sample, the column was eluted with 100% of eluent A for
3 min, then 100% of eluent B (50 mMm Tris-H,SO, buffer, pH 7.3, and 5
mM fucose) from 3 to 13 min, and finally 100% of eluent A from 13 to 50
min at a flow rate of 0.5 ml/min at room temperature. The fractions
were collected at 0.15 ml/tube, and an aliquot of each fraction was used
for determination of *H radioactivity.

Removal of Fucose Residues by HF Treatment

To a lyophilized sample, 20 ul of 48% HF was added, and then the
mixture was left at 4 °C for 48 h. At the end of the reaction, HF was
removed off with N, gas.

Endo-B-galactosidase Digestion of *H-labeled PA-MLO

SH-Labeled PA-MLO (approximately 1 pg of mannose equivalent)
was digested with 25 milliunits of endo-B-galactosidase from E. freundii
in 20 ul of 0.2 M sodium acetate buffer, pH 5.8, containing 20 mm
D-(—)-galactono-1,4-lactone at 37 °C for 48 h under a layer of toluene,
according to the conditions described by Fukuda et al. (19). After heat-
ing at 100 °C for 3 min, the digest was lyophilized.

Fractionation of the *H-labeled PA-MLO on a C18 Sep-Pak
Cartridge after Endo-B-galactosidase Digestion

The digest was applied to a C18 Sep-Pak cartridge that had been
washed sequentially with methanol, acetonitrile, and H,O. The car-
tridge was eluted with 3 ml each of H,0, 50% acetonitrile in 5% acetic
acid, and 100% acetonitrile in 5% acetic acid in that order, each eluate
being pooled and lyophilized.

Neuraminidase Digestion

The acidic fraction of *H-labeled PA-MLO (approximately 2—-3 ug of
mannose equivalent) was digested with 50 milliunits of neuraminidase
(EC 3.2.1.18) from A. ureafaciens in 50 ul of 60 mMm sodium acetate
buffer, pH 4.5, at 37 °C for 18 h. After heating at 100 °C for 3 min, the
sample was lyophilized.

Carbohydrate Analyses of Oligosaccharides

PA-tagged oligosaccharides were subjected to gas phase hydrolysis in
4 N HCl and 4 N trifluoroacetic acid (50:50, v/v) using a glass-made flask
under a N, atmosphere at 100 °C for 4 h, according to information from
TAKARA BIO, Inc. (20), and an aliquot of the hydrolysate was used for
the estimation of PA-tagged reducing terminal sugars. The rest of the
hydrolysate was lyophilized and reductively aminated with 2-aminopy-
ridine in a Palstation under the same conditions as described above
except that samples were heated at 90 °C for 20 min with a Palstation
pyridylamination reagent kit for monosaccharide analysis. Analysis of
PA-monosaccharides was carried out on a TSKgel sugar AXI column
(4.6 mm X 15 cm) essentially according to the method described by
Suzuki et al. (21). The column was equilibrated and eluted with 0.7 m
borate/KOH buffer, pH 9.0, and acetonitrile (9:1, v/v) at 65 °C at a flow
rate of 0.3 ml/min. PA-sugars were detected as fluorescence at an
excitation wavelength of 310 nm and an emission wavelength of 380
nm. Hexose was determined by means of the orcinol reaction (22) with
a slight modification for a small scale sample. Orcin (6.4 mg) was
dissolved in 400 ul of ice-cold H,O, and then the solution was mixed
vigorously with 3.0 ml of ice-cold 60% H,SO, (orcinol reagent). To the
sample dissolved in 5 ul of H,0O, 170 ul of the orcinol reagent was added,
and then the mixture was heated at 80 °C for 15 min. The mixture was
rapidly cooled down to room temperature, and then the absorbance at
425 nm was determined. A standard curve was drawn using 0-1.0 ug of
mannose. Sialic acid was determined by a fluorometric HPLC method
involving N-propionylneuraminic acid as an internal standard accord-
ing to the method of Ito et al. (23). N-Propionylneuraminic acid was
kindly donated by Dr. Kiyoshi Ikeda (University of Shizuoka). Sialic
acid was liberated from oligosaccharides by heating a sample in 0.1 N

Structures of MBP Ligand Oligosaccharides on SW1116 Cells

H,SO, at 80 °C for 1.5 h, and determined using a C18 column (PALPAK
type R, 4.6 mm X 25 cm).

Preparation of MLO for Mass Spectrometric (MS) Analysis

To prepare the PA-tagged MLO samples for MS analysis, SW1116
cells were grown in Leibovitz’s L-15 medium with no radioactive sugar
added. The SW1116 cell lysates prepared from 82 culture flasks (175
cm?, each containing approximately 4.5 X 107 cells) were delipidated,
and the delipidated materials were subjected to extensive digestion
with Pronase as described above. The preparation of PA-tagged MLO
and their subfractions, i.e. neutral (MLO-N) and acidic (MLO-A1) frac-
tions, was carried out as described above for [*H]glucosamine-labeled
PA-tagged MLO. This procedure was repeated two more times. An
aliquot of each of PA-MLO-N and PA-MLO-A1l was subjected to MS
analysis, and another aliquot of PA-MLO (MLO-N and MLO-A1) was
digested with endo-B-galactosidase as described above. The digests
were fractionated into H,O and 50% acetonitrile eluates with a C18
Sep-Pak cartridge and then used for MS analysis. All samples were
permethylated using the NaOH/dimethyl sulfoxide slurry method de-
scribed by Dell et al. (24).

MS Analysis

For MALDI-TOF MS glycan profiling, the permethyl derivatives in
acetonitrile were mixed 1:1 with 2,5-dihydroxybenzoic acid matrix (10
mg/ml in acetonitrile), spotted onto the target plate, air-dried, and
recrystallized on-plate with ethanol whenever necessary. Data acquisi-
tion was performed manually with a benchtop M@LDI LR system
(Micromass) operated in the reflectron mode. For the 2,5-dihydroxyben-
zoic acid matrix, the coarse laser energy control was set at high and
finely adjusted using the percent slider according to the sample amount
and spectra quality. Laser shots (5 Hz, 10 shots/spectrum) were accu-
mulated until a satisfactory signal to noise ratio was achieved when
combined and smoothed. Glycan mass profiling was also performed
with a dedicated Q-TOF Ultima MALDI instrument (Micromass), in
which case the permethylated samples in acetonitrile were mixed 1:1
with a-cyano-4-hydrocinnamic acid matrix (in acetonitrile and 0.1%
trifluoroacetic acid, 99:1, v/v) for spotting onto the target plate. The
nitrogen UV laser (337 nm wavelength) was operated at a repetition
rate of 10 Hz and full power (300 wJ/pulse). MS survey data were
manually acquired, and the decision to switch to the CID MS/MS
acquisition mode for a particular parent ion was made on the fly upon
examination of the summed spectra. Argon was used as the collision gas
with a collision energy manually adjusted (between 50 and 200 V) to
achieve the optimum degree of fragmentation for the parent ion under
investigation.

Off-line nanoelectrospray (nano-ESI) using the borosilicate metal-
coated glass capillary option was performed with a Q-TOF Ultima API
instrument (micromass) equipped with a nanoflow source, mainly for
CID MS/MS analysis of permethylated glycan samples. The capillary
voltage was set at about 1.0~1.2 kV. The cone voltage was set at 50 V
for normal operation but increased to 100-150 V to induce source
fragmentation. Either protonated and/or sodiated doubly charged par-
ent ions may be selected for MS/MS, with argon as the collision gas
(~4.0 X 107° mbar). A collision energy setting of 20~40 eV was usually
sufficient for doubly protonated species, but 60~80 eV was needed for
singly and double sodiated parent ions. Permethylated samples were
dissolved in 50% acetonitrile and 0.2% formic acid solvent, and a 2-ul
aliquot was typically loaded into the capillary for nano-ESI analysis.

RESULTS
Characterization of MBP Binding to SW1116 Cells

As we have shown previously, SW1116 cells bind to FITC-
labeled MBP strongly in the presence of 10 mm CaCl,. The
binding is calcium-dependent because the binding is inhibited
completely in the presence of EDTA, and the binding is sugar-
specific because the addition of ligand sugars (mannose and
N-acetylglucosamine, 20 mwm) inhibits the binding strongly,
whereas the addition of a nonligand sugar, N-acetylgalac-
tosamine, at the same concentration does not inhibit the bind-
ing at all (16). These results suggest strongly that there are
carbohydrates on the surface of SW1116 cells which bind spe-
cifically to MBP (MBP ligands).

To understand the properties of MBP ligands on the surface
of SW1116 cells, we carried out FACS analysis. Upon incuba-
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A-1

Fic. 1. Flow cytometry analyses of
FITC-labeled MBP binding to SW1116
cells. A-1, effects of plant lectins on FITC-
MBP binding to SW1116 cells. The cells
were preincubated with 30 ug of plant
lectins (b, ConA; ¢, LCA; d, PNA; e, AAL;
f, LTA) or buffer alone (a, buffer D; g,
buffer E) for 30 min and then stained by
incubation with 3 ug of FITC-MBP in the
presence of 10 mm CaCl, (buffer D) for 1 h
at room temperature. Cell staining was
analyzed with a flow cytometer. A-II, rel-
ative intensity of the cell staining with
FITC-MBP after preincubation with the
various plant lectins, taking the staining
with FITC-MBP preincubated with buffer
D alone as 100%. The symbols in the pan-
els are as given in the legend to A-I. B-I,
effects of anti-Lewis mAbs on FITC-MBP
binding to SW1116 cells. The cells were
preincubated with 140 ug of anti-Lewis
mAbs (b, anti-human Le?; ¢, anti-human

e, d, anti-human Le*; e, anti-human
LeY; f, anti-human sialyl-Le®) or buffer
alone (a, buffer D; g, buffer E) for 30 min
and then stained with 3 ug of FITC-MBP
in the presence of 10 mm CaCl, (buffer D)
for 1 h at room temperature. Cell staining
was analyzed with a flow cytometer. B-II,
relative intensity of the cell staining with
FITC-MBP after preincubation with the
various anti-Lewis mAbs, taking the
staining with FITC-MBP preincubated
with the respective isotype control immu-
noglobulins as 100%. The symbols in the
panels are as given in the legend to B-I.
C-I, expression of Lewis antigens on
SW1116 cells. Cells were incubated with 1.5
g of FITC-antiLewis mAbs (b, anti-human
Le?; ¢, anti-human LeP; d, anti-human Le¥; e,
anti-human Le"; £, anti-human sialyl-Le?) or
3 pg of FITC-MBP in the presence (a, buffer
D) or absence (g, buffer E) of 10 mm CaCl, for
30 min at room temperature. Cell staining
was analyzed with a flow cytometer. C-II,
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legend to C-I.
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tion of SW1116 cells with FITC-labeled rabbit serum MBP
(FITC-MBP) for 1 h at room temperature, the fluorescence
intensity of the cells increased more than several hundred
times over the EDTA control, indicating the strong binding of
MBP to SW1116 cells (Fig. 1A). Then, we tested various plant
lectins as inhibitors of MBP binding, taking advantage of the
carbohydrate binding specificity of plant lectins (25-27). ConA
binds specifically to biantennary type, high mannose type, and
hybrid type N-glycans, which have more than two a-Man with
free C-3, C-4, and C-6 OH residues. LCA recognizes a-Man and
a-Glce residues. PNA binds to Gal residues, exhibiting particu-
larly high affinity to the GalB1-3GalNAc structure. AAL rec-
ognizes the a-Fuc residues in type 1 and 2 structures (see Table
I) and binds strongly to the Fucal—6 structure, followed by the
Fucal-2 and Fucal-3 structures. LTA binds to type 2 chains,

120 120 120
80 80T 80
40 40 + H 40
0agbcdef Oagbcdef Obcdef

strongly to the Le” epitope, and weakly to the Le* epitope, and
essentially does not bind to the type 1 structure, Le® and LeP
epitopes. SW1116 cells were preincubated with these plant
lectins for 30 min at room temperature, prior to the addition of
FITC-MBP. After incubation at room temperature for 1 h,
SW1116 cells were subjected to FACS analysis as described
under “Experimental Procedures.” As might be expected, PNA,
a Gal-specific lectin, did not inhibit the binding at all. However,
to our surprise, lectins that recognize and bind Man residues
such as ConA and LCA did not inhibit the binding significantly.
In contrast, a Fuc-binding lectin, AAL, inhibited the binding
markedly. These results indicated that manno-oligosaccharide
structures, which are frequently the natural ligands on patho-
genic microorganisms, are not associated with the tumor rec-
ognition by MBP, and instead Fuc-containing sugar chains
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TaBLE 1
Structures of the Lewis blood group type epitopes

Type 1 (Galp1-3GlcNAc) Type 2 (Galp1-4GlcNAc)
Le* Le*
GalB1-3GlcNAcp1-
4

| |
Fucal Fucal

GalpB1-4GlcNAcp1-
3

LeP Le¥
GalB1-3GlcNAcp1-
2 4

| | | |
Fucal Fucal Fucal Fucal

GalB1-4GlcNAcp1-
2 3

Sialyl-Le* (CA19-9)
GalB1-3GlcNAcp1-
3 4

| |
NeuAca2 Fucal

such as blood group type substances may play important roles
in the recognition of SW1116 cells. Another interesting point is
the negligible inhibition by LTA compared with that by AAL,
both being Fuc-binding lectins. This difference may be ex-
plained by the linkage specificities of these lectins described
above, suggesting that the MBP ligands on SW1116 cells have
the type 1 structure rather than the type 2 structure. The
results of these inhibition studies were completely consistent
with those of binding studies involving FITC-labeled lectins.
Upon incubation of SW1116 cells with 2 pg of various FITC-
lectins as described under “Experimental Procedures,” the rel-
ative binding activity of AAL was found to be about 3.5 times
higher than that of MBP, whereas those of the other lectins, i.e.
ConA, LCA, and LTA, were less than one-fifth that of MBP, and
PNA did not bind to SW1116 cells at all (data not shown).

In the next experiment, we characterized the nature of the
fucose residues to which MBP is assumed to bind selectively by
using various anti-Lewis mAbs as inhibitors. As shown in Fig.
1B, the anti-Le® mAb inhibited the MBP binding most effec-
tively and dose-dependently, followed by the anti-Le® mAb,
whereas the anti-Le* and anti-Le” mAbs did not inhibit the
binding significantly even when a large amount of antibodies
(140 pg) was added. These results are consistent with the
potent inhibitory activity of AAL, suggesting that MBP recog-
nizes and binds fucose residues that are the constituents of Le®
and Le® blood group epitopes. The fact that Le® and Le?® blood
group epitopes belong to type 1 chains and not to type 2 chains
suggested two possibilities: MBP binds to type 1 chains but not
to type 2 chains, or only type 1 chains are present on the
surface of SW1116 cells. This was examined by measuring the
direct binding of FITC-labeled anti-Lewis mAbs (1.5 ug) to
SW1116 cells, as described under “Experimental Procedures.”
As shown in Fig. 1C, the anti-Le® mAb bound to the cells most
strongly (the binding being almost the same as MBP binding)
giving a single peak with good symmetry. The anti-sialyl-Le®
mAb showed the second highest average binding to SW1116
cells, although the cells were markedly heterogeneous with
respect to the binding levels. The anti-Le®* and anti-Le* anti-
bodies showed almost half the levels of staining with the anti-
Le® mAb, but the histograms were rather broad. The anti-Le¥
mAb showed almost negligible staining. It should be noted here
that equivalent amounts of all isotype controls for these mono-
clonal antibodies, i.e. mouse IgG1, IgG3, and IgM, did not show
any specific interactions with SW1116 cells under the condi-
tions used.

These results together with the inhibition experiments de-
scribed above suggested that SW1116 cells express type 1 sugar
chains as predominant carbohydrate components, which include
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FiG. 2. Anion exchange HPLC of [*Hlglucosamine-labeled
MLO. *H-Labeled MLO was applied to a TSKgel DEAE-5PW column
(7.8 mm X 7.5 cm) that had been equilibrated with eluent A (aqueous
NH,, pH 9.0). The oligosaccharides were eluted with a linear gradient
of eluent B (0.25 M ammonium acetate, pH 8.0), from 0 to 50%, over 10
min, and 50% from 10 to 25 min at a flow rate of 1.0 ml/min at room
temperature. Fractions were collected at 0.5 ml/tube, and an aliquot of
each fraction was used for determination of ®H radioactivity. The neu-
tral fraction (V; retention time, 1.5-3 min) and acidic fraction (AI;
retention time, 5~7 min), as indicated by bars, were separately pooled
and named MLO-N and MLO-A1, respectively. The arrows indicate the
elution positions of reference PA-oligosaccharides, S0, nonsialylated
biantennary oligosaccharide; S1, monosialylated biantennary oligosac-
charide; S2, disialylated biantennary oligosaccharide; S3, trisialylated
triantennary oligosaccharide; S4, tetrasialylated triantennary
oligosaccharide.

TaBLE II
Carbohydrate compositions and reducing end sugars of MLO-N

1 pg (mannose equivalent) of PA-tagged MLO-N was subjected to gas
phase acid hydrolysis in 4 N HC] and 4 N trifluoroacetic acid (50:50, v/v).
An aliquot of the hydrolysate was used for the determination of reduc-
ing terminal PA-sugars on a TSKgel sugar AXI column. The rest of the
hydrolysate was pyridylaminated, and PA-monosaccharides were ana-
lyzed on the same column. These data have been corrected for destruc-
tion of sugars during hydrolysis, taking into account the results of an
experiment involving PA-sugar chain 001 (TAKARA BIO, Inc.) as a
control.

mol of sugar per

Reducing end sugars Total sugars mol of reducing

relative ratio relative ratio

end GleNAc
% %

GalNAc 1] 0 0
GleNAc 90.4 39.7 26.1
Gal 0 33.5 22.1
Fuc 0 22.0 14.5
Man 0 4.8 3.1
Unidentified 9.6 0 0

100 100 65.8

the sialyl-Le?, Le?, and Le® epitopes, and also type 2 sugar chains
as minor components, which include the Le* epitope. MBP binds
selectively to fucose residues in type 1 carbohydrate chains, and
the presence of sialic acid at a proximal position strongly atten-
uates the binding activity of the Le® epitope. The preferential
binding of MBP to type 1 chains rather than type 2 chains
described here is consistent with the results of previous specific-
ity studies involving neoglycolipids (28).

Isolation of MBP Ligands from SW1116 Cells

To understand more clearly the properties of MBP ligands on
the surface of SW1116 cells, we isolated the MBP ligands,
initially by means of metabolic radiolabeling, and subsequently
on a larger scale without radiolabeling for chemical and mass
spectrometry analyses. Typically, SW1116 cells metabolically
labeled with p-[1-*H]glucosamine for 20 h were collected from
34 culture flasks (175 cm?), and the lysates were delipidated
with organic solvents and then digested extensively with Pro-
nase. The digests were applied to a Bio-Gel P4 column, and the
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Fic. 3. Molecular size distribution 100

10903

of intact MLO-N, as estimated by am-

ide column HPLC and MALDI-TOF

MS analysis. A, [*H]glucosamine-labeled 80
MLO-N was applied to an amide HPLC
column (4.6 mm X 25 cm, PALPAK type
S) that had been equilibrated with eluent
A (200 mMm acetic acid-triethylamine
buffer, pH 7.3 and acetonitrile, 35:65,
v/v). The oligosaccharides were eluted
with a linear gradient of eluent B (200 mm
acetic acid-triethylamine buffer, pH 7.3
and acetonitrile, 50:50, v/v), from 0 to
100%, over 50 min and then 100% of 0
eluent B, from 50 to 150 min, at a flow

rate of 1.0 ml/min at 40 °C. Fractions

were collected at 1.0 ml/tube, and an ali- 100
quot of each fraction was used for deter-

mination of ®H radioactivity. Arrows indi-

cate the elution positions of reference PA-

glucose oligomers, G6, 6mer of glucose

unit; GI11, 11mer of glucose unit; G22,

22mer of glucose unit. B, nonradiolabeled,

permethylated intact MLO analyzed by o |
MALDI-TOF MS in the linear mode,

showing the complexity of signals at m/z

4200-9000 with distinctive mass inter-

vals corresponding to Fuc, and Hex-Hex-

NAc differences, as shown in an expanded

view (inset), for the signal clusters peak-

ing at around m/z 6200. The signals were

not of sufficient quality, resolution, and

accuracy in the linear TOF mode to allow

molecular composition assignment.

*H (dpm/ml)
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= =
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glycopeptide fraction eluted at the void volume was then frac-
tionated on a Bio-Gel P10 column. Essentially all radioactivity
was recovered as a single peak at a slightly retarded position,
with significant tailing. The corresponding glycopeptide frac-
tions were pooled and subjected to hydrazinolysis followed by
pyridylamination as described under “Experimental Proce-
dures.” After purification by gel filtration on a TSKgel
G2500PWy;, column, the purified PA-oligosaccharides were
subjected to affinity chromatography on an MBP-Sepharose 4B
column in the presence of 20 mm CaCl,, (buffer H). A predom-
inant portion of the radioactivity was recovered in the pass-
through fraction, but a definite amount of radioactivity (ap-
proximately 5.9%) was bound to the column and eluted with the
elution buffer (buffer I). This fraction is designated as MBP
ligand oligosaccharides (MLO).

Upon ion exchange chromatography on a DEAD-5PW col-
umn, MLO was fractionated into a neutral pass-through frac-
tion (MLO-N, 38% by radioactivity) and two or three acidic
fractions, the elution position of the major acidic component
(MLO-A1, 36% by radioactivity) corresponding to that of the
monosialylated oligosaccharide, as shown in Fig. 2. The sugar
compositions and reducing terminal sugars of these fractions
were then analyzed (Table II). More than 90% of the reducing
terminal sugar was identified as GlcNAc, indicating that
MLO-N consists mostly of N-glycans. The major constituents
are GlcNAc, Gal, and Fuc in a molar ratio of 39.7%, 33.5%, and
22.0%, respectively, whereas Man is present as a minor com-
ponent (4.8%). Thus, there are 26, 22, 15, and 3 mol of GlcNAc,
Gal, Fuc, and Man, respectively, per mol of reducing end Glec-
NAc, suggesting that MLO have unusually long carbohydrate
chains. For a nonradiolabeled sample, ~1.72 mg of mannose
equivalent of glycopeptides was isolated from SW1116 cells
collected from 82 culture flasks (175 cm?). Upon fractionation
on an affinity column of MBP-Sepharose, 41 pug of mannose
equivalent of PA-MLO was isolated, of which 18 ug of mannose
equivalent was recovered as MLO-N and 13 pg as MLO-A1.
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Characteristics of Intact MBP Ligands

Molecular Size Distribution—HPLC analysis on an amide
column (Takara PALPAK type S) revealed that MLO-N com-
prised a series of oligosaccharides with slightly different mo-
lecular sizes in the high molecular weight range of over 20
glucose units (Fig. 3A). More indicative estimation of size was
possible by MALDI-MS analysis of the intact MLO-N sample
after permethylation. In the high mass range with the linear
mode, a cluster of signals was observed between m/z 4200 and
9000 (Fig. 3B). Throughout this region, peaks differing by a Fuc
or Fuc-(Hex-HexNAc) unit difference were observed (Fig. 3B,
inset). Because of the extreme heterogeneity and compositional
permutation, further compounded by the possibility of in
source prompt fragmentation, the exact molecular composition
of each of the detected peaks could not be deduced accurately.
However, assuming a basic PA-tagged trimannosyl core struc-
ture, the m/z values at around 4200 correspond to about 5
Gal-GlcNAc with 4 Fuc, whereas those extending to about m/z
9000 can correspond to a maximum number of 13 Gal-GlcNAc
with 11 Fuc. These values translate into a molecular mass
distribution of about 3400-7400 Da for the native, nonmethy-
lated MLO-N, peaking at about a molecular size corresponding
to ~25-35 glycosyl residues.

Nonreducing Terminal Sequence—In the lower mass range,
prompt fragment ions were afforded on direct MALDI-MS anal-
ysis of permethylated MLO-N, which, with a MALDI-Q/TOF
instrument, could be further selected for CID MS/MS. Alterna-
tively, by raising the cone voltage, source fragmentation could
also be induced with an off-line nanospray source, which could
likewise be selected for CID MS/MS with an ESI-Q/TOF. The
latter tends to give clearer signals for the low mass end com-
pared with the spectrum afforded on MALDI-MS, which gave
instead more distinctive fragment ion signals at higher m/z, i.e.
up to about m/z 3000. Combining the two sets of data, a series
of fucosylated, nonreducing terminal oxonium type fragment
ions (29) including up to 5 Hex-HexNAc units was detected
(Fig. 4). The signal at m/z 464 corresponds to terminal Hex-
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Fic. 4. Nonreducing terminal fragment ions afforded on MS analyses of intact, permethylated MLO-N. A, cone voltage fragmentation by
off-line nano-ESI-MS gave singly charged oxonium type ions for Fuc,_,Hex,HexNAc, " at m/z 464, 638, and 812, and Fuc, ,Hex,HexNAc, " at m/z 1087, and
1261, respectively. Larger fragments occurred as doubly charged, sodiated oxonium ions, e.g. at m/z 954 and 1178 for Fuc,(Hex-HexNAc), ,*, respectively.
B, in source prompt fragmentation afforded on MALDI-MS analysis, which gave singly charged oxonium type fragment ions similar to in A but up to a mass
range of m/z 3000. The signals at m/z 1536, 1710, 1884, and 2059 correspond to Fuec, ,(Hex-HexNAc),", those at m/z 2160, 2334, 2508, and 2682 to
Fuc, ;(Hex-HexNAc),", and those at m/z 2784 and 2958 to Fuc, ,(Hex-HexNAc);, respectively. Signals at 14 units lower than these assigned could be
attributed to secondary loss of glycosyl residue(s) from a larger fragment. The fragment ions are further alluded to under “Results” and in Fig. 5.

HexNAc* and was relatively much less abundant compared
with mono- and difucosylated terminal Hex-HexNAc™ (m/z 638,
812). Larger fragment ions could be assigned to additional
internal Hex-(*Fuc)HexNAc repeating units, as confirmed by
further MS/MS analyses.

Exemplary MS/MS spectra for (Hex-HexNAc);* with 2, 3,
and 4 Fuc are shown in Fig. 5. In general, the more abundant
species carried the same number of Fuc as the number of
Hex-HexNAc units. Maximal fucosylation occurred when all
internal Hex-HexNAc units were monofucosylated and were
terminated at the nonreducing end with a difucosylated unit.
“Under”-fucosylated fragments can have one or more Fuc
missing in any one of the internal Hex-HexNAc units, but the
nonreducing terminal units were shown by MS/MS to be
mostly mono- or difucosylated, giving ions at m/z 638 and
812, respectively. Accompanying signals that correspond to
further elimination of a Fuc 3-linked to the HexNAc oxonium
(m/z 432 and 606, from m/z 638 and 812, respectively) were
barely detected, indicating the presence of a small amount of
nonreducing terminal Le*¥ unit. In contrast, an intense frag-
ment ion was observed at m/z 402 on direct MS (Fig. 4A) and
all MS/MS analyses, attributable to elimination of a 3-linked
substituent from a fucosylated HexNAc oxonium, which could
be derived from any of the Le® units along the chain, includ-
ing the terminal Le®®. These pseudo MS? analyses of the
terminal sequence of MLO-N therefore firmly established its
highly fucosylated nature, with predominantly the Le®"
epitope at the termini, consistent with the results of the
initial inhibition studies on MBP binding to SW1116 cells by
plant lectins and anti-Lewis mAbs.

The importance of a fucose residue for MBP binding was
confirmed further by chemical defucosylation of MLO-N. After
selective cleavage of fucosyl linkages with HF, a predominant
portion of MLO-N no longer bound to an AAL column, concom-
itant with loss of binding to an MBP column (data not shown).
Upon gel filtration on a TSKgel G3000PWx;, column, the defu-
cosylated MLO-N was eluted as a single peak at a position only
slightly retarded compared with that of the untreated MLO-N
(data not shown), suggesting that the main backbone chain was
not significantly affected, and only branched fucoses were re-
leased on this treatment.

Chemical and Functional Analysis of Endo-
B-galactosidase-digested MLO-N

The chemical data and physicochemical properties of MLO-N
described above suggested that MLLO-N may have high molec-
ular mass complex type N-glycans, with terminal Le*® epitopes
on variably fucosylated type 2 polylactosamine structures
(GalB1-4GlcNAc),, or extended type 1 chains (Galpl-
3GlcNAc),, or a hybrid of the two. To delineate its fine struc-
ture further, MLO-N was digested with E. freundii endo-p-
galactosidase, which only cleaves type 2 chains without a Fuc
on the GleNAc immediately adjacent to the cleavage site Gal,
and the digest was analyzed by gel filtration on a TSKgel
G3000PWy;, column. The digestion was carried out according
to the conditions of Fukuda et al. (19), using a higher concen-
tration of the enzyme, with which not only linear chains but
also branched chains of poly-LacNAc can be degraded. As
shown in Fig. 64, after digestion, the elution profile of [*H]glu-
cosamine-labeled MLO-N exhibited a heterogeneous distribu-
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Fic. 5. MALDI-CID MS/MS analyses of prompt fragment ions afforded on permethylated intact MLO-N. Three representative MS/MS
spectra are shown for (Hex-HexNAc)," containing 2, 3, and 4 Fuc, respectively (A-C). Assignments of major MS/MS ions are illustrated
schematically, and the symbols used are shown as an inset. Further elimination of a 3-linked Fuc (minus 206 units) is indicative of terminal Le*¥
or internal Le*, e.g. m/z 432 (from m/z 638), 606 (from m/z 812), 1041/1055 (from m/z 1247/1261), 1229 (from m/z 1435), 1490 (from m/z 1696), 1678

(from m/z 1884), and 1853 (from m/z 2059), whereas similar elimination of the 3-linked substituent from Le®"

or any internal Le® would yield m/z

402. The corresponding loss of terminal Fuc-Gal- from terminal Le¥ would give the ion at m/z 420. Signals at 14 units lower than those assigned
reflected an additional free OH group and hence were derived through further secondary cleavage, as shown schematically for m/z 624, 450, and

1247.

tion as to molecular size distinct from the single peak before
digestion, suggesting that there are some GalB1-4GlcNAc
linkages in MLO-N. Redigestion of fraction a (dotted area) with
the endo-B-galactosidase did not cause any significant further
changes in the elution profile (data not shown), suggesting that
a minor fraction with a molecular size corresponding to that of
the undigested MLO-N remained resistant to the enzyme.
Loss of MBP Binding Functions—Interestingly, the major
portion of the digest, i.e. fraction b, almost completely lost the
ability to bind to an MBP column (Fig. 6B). This could not be
explained by an accidental loss of fucose residues during the
endo-B-galactosidase digestion because, as shown in Fig. 6C,
essentially all of the radioactivity was bound to an LA-AAL
column and eluted with a buffer containing fucose. It should be
pointed out here that the binding affinity of carbohydrate li-
gands to MBP is known to depend markedly on the clustering
or the topological pattern of the ligand sugars (3, 4). Therefore,
it was speculated that the loss of the binding to the MBP
column after endo-B-galactosidase treatment might be caused
by degradation of MLO-N into oligosaccharide fragments, the
size of which is below a critical value necessary for the high
affinity recognition by MBP. To examine this hypothesis, we
examined the molecular sizes of the digest, fraction b, in Fig.
6A on an HPLC-amide column. As shown in Fig. 6D, fraction b
exhibited a distribution of molecular sizes that were much
smaller than those of the original MLO-N (see Fig. 3A). A
similar situation was observed for fraction a in Fig. 6A. Upon
fractionation on an MBP column, only approximately 38% of
the [®Hlglucosamine retained its original ability to bind to the

column, whereas a major part of the fraction a lost the binding
ability and was eluted in the pass-through fraction, although
the pass-through fraction from the MBP column still bound to
an AAL column (data not shown).

Identification of Released Terminal Structures—To identify
the released fragments that contributed to MBP binding as
well as to characterize further the endo-B-galactosidase-resist-
ant product, the digest was fractionated on a reverse phase C18
Sep-Pak cartridge and then permethylated for MS analysis
(Fig. 7). Because MLO-N was originally tagged at the reducing
end with PA, the released oligosaccharides were expected to be
in the washed-through fraction, whereas the PA-tagged core
portion should be eluted in the 50% acetonitrile fraction. As
shown in Fig. 7A, the aqueous wash fraction afforded a series of
molecular ion signals that could be assigned as [M+Na]* of
*Fuc-Hex-[(Fuc)HexNAc-Hex],,, where the reducing terminal
Hex corresponds to the p-Gal at which endo-B-galactosidase
cleaved. Such nonreducing terminal structures containing up
to 4 Lewis units could be detected. To facilitate sequence as-
signment, the sample was reduced further to convert the oli-
gosaccharides into oligoglycosyl alditols and permethylated be-
fore selecting the sodiated precursors for MALDI MS/MS
analyses. In addition, protonated precursors were also detected
and selected for MS/MS in the nano-ESI mode to provide com-
plementary data.

These MS/MS analyses clearly revealed a predominance of
Le®-galactitol and LeP-galactitol structures for the smallest
fragments released by endo-B-galacosidase, based on the major
sodiated fragment ions detected (data not shown). Further
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Fic. 6. Gel permeation HPLC and lectin affinity chromatogra-
phy of [*Hlglucosamine-labeled MLO-N after endo-B-galactosid-
ase digestion. A, ?H-labeled MLO-N after endo-B-galactosidase diges-
tion was applied to a tandemly connected dual TSKgel G3000PW;
column (7.8 mm X 30 cm X 2), equilibrated, and eluted with 10 mm
ammonium acetate buffer, pH 6.0 and acetonitrile, 70:30, v/v at a flow
rate of 0.5 ml/min at room temperature. The oligosaccharide fractions
(retention time 29.6 ~ 36 min, fraction b), which shifted to lower
molecular positions on digestion, were pooled, as indicated by the
shaded area. The dotted line trace shows the elution pattern of the
3H-labeled MLO-N before endo-B-galactosidase digestion, which was
size-calibrated against the elution positions of reference substances, as
denoted by arrows: 1, polyethylene oxide (molecular weight, 250,000); 2,
polyethylene glycol (7,500); 3, polyethylene glycol (1,000); 4, ethylene
glycol (62). B, the lower molecular size fractions (fraction b in A) were
applied to an MBP-Sepharose 4B (0.5-ml gel) column, which had been
equilibrated with buffer H. The bound oligosaccharides were eluted
with buffer I at a flow rate of 4.8 ml/h at room temperature. The arrow
denotes the start point of elution with buffer I. The MBP-nonbinding
fraction (fraction p) was pooled as indicated by a bar. C, lectin affinity
HPLC of MBP-nonbinding fractions (fraction p in B) on an LA-AAL
column (4.6 mm X 15 cm). The column was equilibrated with eluent A
(50 mm Tris-H,SO, buffer, pH 7.3) and developed with 100% of eluent
A for 3 min, then 100% of eluent B (5 mMm fucose and 50 mwm Tris-H,SO,
buffer, pH 7.3) from 3 to 13 min, and 0% eluent B and 100% eluent A
from 13 to 50 min at a flow rate of 0.5 ml/min. Fractions were collected
at 0.15 ml/tube. The arrows indicate the elution positions of reference
PA-oligosaccharides, 10 pmol of each of which was injected into the
columns. b, agalactotetraantennary core fucosylated decasaccharide; f,
asialo, agalactotetraantennary nanosaccharide; g, asialotetraanten-
nary 3'-N-fucosyl-GlcNAc tetradecasaccharide; h, lacto-N-fucosyl pen-
tasaccharide. For the structures of reference PA-oligosaccharides, see
the legend to Fig. 10. D, amide column (type S) HPLC of the MBP-
nonbinding fraction (fraction p in B), performed as described in the
legend to Fig. 3.

evidence was provided by nano-ESI-MS/MS analysis of the
protonated parents, in which the relative abundance of termi-
nal Le?/Le* was indicated by the relative abundance of ions at
mlz 402/432 (Fig. 8A) and that of Le®/Le” by ions at m/z 402/606
(Fig. 8B).

For larger fragments, the presence of internal type 1 or Le®
units was indicated by the corresponding ¢ and z ion pairs
observed on MALDI-MS/MS analyses of the sodiated parents
(Fig. 8, C-F). Detection of z ion, in particular, is diagnostic of a
3-linkage which favors the elimination of the glycosyl substit-
uent, be it an entire chain or a single Fuc substituent from the
HexNAc, but the MS/MS data cannot exclude the coexistence of
type 2 chains or Le*. Taken together with the data obtained on
MS and MS/MS analysis of intact MLO-N described in previous

Structures of MBP Ligand Oligosaccharides on SW1116 Cells

sections (Figs. 4 and 5), it can be firmly concluded that the
nonreducing terminal epitopes of MLO-N were predominantly
Le® and Le®. A significant portion of these terminal epitopes
appeared to be carried on extended chains carrying internal
Le® units. Although the exact distribution pattern of internal
type 1 and 2 units remains to be established, it is clear that the
majority of the terminal Le™? epitopes that contributed to MBP
binding were attached via nonfucosylated internal type 2 Lac-
NAc units to the core structure and were thus susceptible to
release on endo-B-galactosidase digestion.

Characterization of the Core Structure—MALDI-MS analysis
of the C18 Sep-Pak retained fraction, in which the endo-g-
galactosidase-resistant, PA-tagged core structures were ex-
pected to be recovered, afforded several major peaks that could
be readily assigned (Fig. 7B). The [M+Na]* molecular ion
signals at m/z 1519, 1694, 2144, 2319, and 2767 were the same
as those detected for the released fragments in the washed-
through fraction, some of which were carried over to the next
eluted fraction. The signals at m/z 1261, 1435, 1885, and 2682
correspond to oxonium type in source prompt fragment ions,
similar to those afforded on direct MALDI-MS analysis of in-
tact MLO-N (Fig. 4). These fragment ions indicated that a
significant amount of the resistant core structures still carried
poly-Le®* antennae and that the apparent lack of under-fuco-
sylated internal LacNAc is consistent with it being otherwise
susceptible to release by endo-B-galactosidase.

The rather heterogeneous nature of the resistant core struc-
tures was reflected by the multitude of molecular ion signals
afforded in the mass range of m/z 2200-5000. Among the more
prominent ones, the major signal at m/z 2419 could be assigned
to [M+Na]™ of a fucosylated trimannosyl core with an addi-
tional 4 nonreducing terminal GlcNAc attached. The same core
with only 3 GlcNAc attached was detected at m/z 2174, which
is clearly not as abundant as m/z 2419. This core structure
was variably extended by a combination of Fuc, Hex, and
HexNAc increments, representing residual Le¥? or type 1
units resistant to digestion. Specifically, an increment of
Fuc,Hex,HexNAc,, which would extend one of the antennae to
Fuc,(Hex-HexNAc), , afforded the next major peak at m/z
3422, whereas a further increment of Fuc,Hex,HexNAc, on the
latter gave rise to the signal at m/z 4425.

MALDI MS/MS of the core structure at m/z 2419 (Fig. 9A)
revealed a sequential loss of nonreducing terminal GlcNAc
from the parent ion and the corresponding b ion without the
reducing end PA-tagged fucosylated GlcNAc (m/z 1874) to yield
eventually a sodiated trimannosyl core ion, Hex;HexNAc™, at
m/z 838 with 4 exposed free OH groups, consistent with either
a tetraantennary or bisected triantennary core structure (see
schematic drawing in Fig. 9A4). MS/MS of m/z 3421 demon-
strated that the additional Hex-HexNAc-Hex- unit was ex-
tended from only one antenna, as shown by its facile loss, to
give a prominent y ion at m/z 2160 (Fig. 9B). This antenna was
difucosylated, and the MS/MS data indicated that two alterna-
tive sequences, Fuc-Hex-(Fuc)HexNAc-Hex-HexNAc and Hex-
(Fuc)HexNAc-Hex-(Fuc)HexNAc, coexist. The nonfucosylated
Gal-GlecNAc unit in the former would most likely be type 1 to
make it resistant to endo-B-galactosidase digestion, whereas
the internal Hex-(Fuc)HexNAc unit in the latter could be either
Le® or Le*. Although the m/z 838 ion was not apparent, ions
common to those afforded by the trimannosyl core structures
(Fig. 94) including m/z 2160, 1901, 1615, 1356, 1097, and 907
nevertheless firmly established a similar tetraantennary or
bisected triantennary structure.

To distinguish further between the two possibilities, the
[’H]glucosamine-labeled endo-B-galactosidase-resistant core
structures were analyzed by lectin affinity HPLC (Fig. 10),
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Fic. 7. MALDI-MS analyses of the permethylated, endo-B-galactosidase-digested products of MLO-N. The digest was separated into
washed-through and retained fractions on a C18 Sep-Pak cartridge. A, the aqueous wash fraction contained the released nonreducing terminal
fragments, terminating with a nonsubstituted §-Gal at the free reducing end. The signals at m/z 896, 1519, 2144, and 2768 correspond to [M+Na]*
of [Hex-(Fuc)HexNAc],_,Hex, respectively, whereas those at m/z 1070, 1694, and 2319 reflected an additional Fuc, at 174 units higher. B, the 50%
aqueous acetonitrile-eluted fraction contained resistant core structures that could be assigned as variably trimmed, PA-tagged tetraantennary
trimannosyl core structures. Two of the more prominent signals further subjected to MS/MS analyses (Fig. 9) were m/z 2419 and 3422, both of
which could be similarly extended with a Hex (m/z 2623, 3626), a HexNAc (m/z 2664, 3667), a Fuc,Hex, (m/z 2797, 3800), a Hex,HexNAc, (m/z 2868,
3871), a Fuc,Hex,HexNAc, (m/z 3043, 4046), a Fuc,Hex,HexNAc, (m/z 3248, 4250), and a Fuc,Hex,HexNAc, (m/z 3422, 4425). These highly
heterogeneous core structures afforded several prompt fragment ions similar to those detected for intact MLO-N (Fig. 4). Molecular ion signals
corresponding to released oligosaccharides similar to those detected in the wash fraction (A) were also found for this fraction.

taking advantage of the oligosaccharide binding specificity of
plant lectins. PHA-E4 binds to biantennary and triantennary
N-glycans with the third branch on C-3 of g-Man and particu-
larly strongly to those with bisecting GlcNAc (27). In contrast,
PHA-L4 binds to triantennary N-glycans with the third branch
on C-6 of B-Man, and tetraantennary N-glycans (27). The PA-
tagged core portion obtained on endo-B-galactosidase digestion
of [*'H]glucosamine-labeled-PA-MLO-N was applied to PHA-E4
and PHA-L4 columns, the results being shown in Fig. 10 to-
gether with the elution positions of some reference PA-N-gly-
can chains. On a PHA-E4 column, neither radioactivity nor a
PA signal was detected at the elution position of the standard
triantennary bisected core N-glycan (Fig. 10A), suggesting the
absence of biantennary glycan chains in the core portion of
MLO-N. In contrast, on a PHA-L4 column, a significant portion
of the PA signals as well as radioactivity was found at a slightly
retarded position on the column (Fig. 10B), suggesting the
presence of tetraantennary N-glycans in the core portion of
MLO-N. Similar lectin HPLC analysis with an AAL column
(Fig. 10C) revealed that the PA-tagged core portions obtained
on endo-B-galactosidase digestion were almost completely
bound to the column and eluted at the position of a-Fucl-6-
linked N-glycans, consistent with the MS data that indicated
that almost all of the N-glycans are core-fucosylated. Using the
same AAL column, it was further demonstrated that essen-
tially all of the radioactivity in the C18 Sep-Pak cartridge H,O
wash fraction containing the endo-p-galactosidase-released
terminal fragments of MLO-N was retained (Fig. 10D) and

eluted as multiple peaks with a buffer containing 5 mm Fuc.
The results therefore further confirmed the highly fucosylated
nature of MLO-N carbohydrate chains.

MS Analysis of Monosialylated MLO-A1

On anion exchange chromatography, the majority of the
acidic MLO was eluted at a position corresponding to monosia-
lylated oligosaccharide, designated as MLO-A1 (Fig. 2). Sugar
analysis and quantification indicated that the total glycan con-
tent of MLO-A1 was about the same as that of MLO-N, but the
additional presence of approximately 1 mol of sialic acid/10 mol
of neutral sugars considerably increased the structural heter-
ogeneity. Direct MS analysis of the permethylated intact
MLO-A1 was not successful in giving intact molecular ions, but
induced cone fragmentation by nano-ESI-MS yielded fragment
ions similar to those observed for MLO-N (Fig. 4A). Notably,
two additional ions were observed at m/z 999 and 1622, corre-
sponding to NeuAc-Hex-(Fuc)HexNAc* and NeuAc-Hex(Fuc)-
HexNAc-Hex-(Fuc)HexNAc™, respectively (data not shown).
MALDI-MS/MS of the more abundant prompt fragment ions at
m/z 1261, 1435, 1710, and 1884 gave spectra identical to those
acquired for MLO-N, with an abundance of m/z 402. The data
are therefore consistent with the nonreducing terminal struc-
tures of MLO-A1 being very similar to those of MLO-N, with
the exception that a portion of the antennae was capped with
sialic acid. Because sialyl-Le® is known to be expressed by
SW1116 cells but sialic acid did not contribute to MBP binding,
it is reasoned that the presence of a single sialic acid on
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Fic. 8. MS/MS analyses of the endo-B-galactosidase released nonreducing terminal fragments from MLO-N. The C18 Sep-Pak wash
fraction containing the released fragments was reduced and then permethylated. Protonated oligoglycosyl alditols were detected by nano-ESI-MS
and selected for CID MS/MS (only the MS/MS spectra for Le®-galactitol (A) and LeP-galactitol (B) are shown). In separate analyses, sodiated
parents were detected by MALDI-MS and selected for CID MS/MS, four representative spectra (C-F) being shown. Assignments of major fragment
ions observed are illustrated by schematic drawings using symbols similar to those adopted for Fig. 5. Glycosidic oxygen was shown to distinguish
z and c ion pairs from the more common cleavage producing the b and y ion pairs. Two major isomers of Fuc,(Hex-HexNAc),-Gal-itol are shown
in C, together with a schematic drawing illustrating the origin of the linkage-specific ¢ and z ions. z and y ions corresponding, respectively, to
elimination (minus 206 units) and loss of Fuc (minus 188 units) from parent ions and other primary fragment ions (e.g. m/z 898) could be
additionally detected. The secondary cleavage ion at m/z 602 is associated with m/z 676.

MLO-A1 did not interfere with its binding to MBP, which was
largely contributed to instead by the nonsialylated, highly fu-
cosylated antennae identical to those carried by MLO-N.

To obtain supporting evidence for similar multiantennary
core structures, MLO-A1 was treated similarly by endo-B-ga-
lactosidase digestion, but after desialylation and aqueous HF
defucosylation to allow maximum digestion. Under the condi-
tions employed, core a6-Fuc is known to be relatively resistant
to HF treatment compared with «2,3/4-Fuc on the peripheral
and terminal sequences, which are readily removed.
MALDI-MS analysis of the permethylated digestion products
afforded molecular ion signals for both the released fragments
as well as the resistant core (Fig. 11). For the nonfucosylated
type 2 chain, endo-B-galactosidase should in principle yield

only Gal-GleNAc-Gal (m/z 722) and GlcNAc-Gal (m/z 518) from
the nonreducing termini and internal sequence, respectively.
Any Hex-HexNAc extension from these two basic units implies
the presence of a type 1 Gal-GlcNAc unit that is resistant to
endo-B-galactosidase. Thus, the additional presence of molecu-
lar ion signals at m/z 1171 and 1621 corresponding to Gal-
(GleNAc-Gal)g 3, and m/z 967 and 1417 corresponding to Gle-
NAc-Gal-(GlcNAc-Gal), , implied an extended type 1 chain,
although the possibility of incomplete digestion precluded a
firm conclusion. It was also noted that similar digestion of
non-HF-treated MLO-N did not give any significant amount of
released fragments derived from the internal sequence (Fig. 4),
i.e. all major fragments detected had either a Gal or fucosylated
Gal at the nonreducing end. The data thus suggested that there

6002 ‘6T aunr uo AusIaAlun uemie] jeuonen e B10°oqmmm woly papeojumoq


http://www.jbc.org

ASBMVIB

The Journal of Biological Chemis

Structures of MBP Ligand Oligosaccharides on SW1116 Cells 10909
100~ 24193
566.3 1615 2160.1
A 1166
—» 838
.7% J 1615.8 PA
i \ﬁ‘l—‘ 1356 > 568
HD. 1901
% H > 907 1874.9 _
1007 13566 (16178 [M+Na]+ = 2419
' ' 19011
2281 i
234.0 907.4
22412 piids | adod| 13887 ' [M+Na]* = 3420
1 : 3161
| |'l[ Lyl .||.| 0y TN | VR | B T
o J'I ' y Y ! . 834 2877
-
100, B 566.3 1901 433 | 1283 PA
b 566
1450
ze0
} PA 2609 .
196.1 . i
13%6.7 L 2160 el
2160.1 A
| 8453 3161.7
%- | 2281
( wiss 18158 jap10 2783 946
1087.5 LBy
603 12636 26183 28775
SRAT | 2902.7
1709.9 26103 27834 - 32146
14907 16409 | 1 805.0| 19800 z2402 zma\J I ( rey
PP | 00 P I Y0 AV POl Y [ P | o | e | e

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400

Fic. 9. MALDI-MS/MS of the two major core structures resistant to endo-p-galactosidase digestion. Assignments of major fragment
ions afforded by the sodiated parent ions are schematically illustrated. A, fucosylated trimannosyl core with four exposed nonreducing terminal
GlcNAc. Sequential loss of the terminal GlcNAc occurred for the parent and primary b ion at m/z 1874. B, the same core structure as in A but
extended at a single antenna with a difucosylated (Hex-HexNAc),. Direct loss and elimination of Fuc from the parent ion yielded the ions at m/z
3232 and 3214, respectively. Sequential loss of the terminal GlcNAc (minus 259 units) and/or the terminal Gal-(Fuc)GlcNAc unit from the parent
ion, as well as other more prominent primary ions, also occurred readily. The location of the single extended antennae is not specified in the

schematic drawing.

was no significant amount of punctuated gaps in nonfucosyl-
ated LacNAc units to allow efficient endo-B-galactosidase di-
gestion without first removing the Fuc. Alternatively, frag-
ments such as (GlcNAc-Gal), (m/z 967) may be derived through
nonspecific HF degradation of the nonreducing terminal Gal of
a Gal-(GlcNAc-Gal), fragment (m/z 1171).

In the higher mass range, a cluster of signals was detected of
which the more prominent ones at m/z 2245 and 2419 could be
assigned as [M+Na]* of the resistant trimannosyl core with 4
GlcNAc attached, with and without core fucosylation (Fig. 11,
inset). The basic core structures of MLO-A1 are therefore sim-
ilar to those of MLO-N, which were identified as the tetraan-
tennary, fucosylated trimannosyl core. A single Hex extension
constituted the other major component (m/z 2449 and 2623),
corresponding to having a Hex-HexNAc unit on one of the
antennae. Unlike the case of MLO-N, further extension with
Lewis units was not apparent because more complete endo-g-
galactosidase digestion of defucosylated, desialylated MLO-A1
would have trimmed off the terminal unit attached to the core
via a susceptible LacNAc.

The overall picture is therefore supportive of multiantennary
N-glycans being the MBP ligands in both the neutral and acidic
fractions (Fig. 12). The antennae were extended with highly
fucosylated polylactosamine structures, a significant propor-
tion of which terminate at the nonreducing end as the Le®"
epitope and are attached to the core via a nonfucosylated,
endo-B-galacosidase-susceptible type 2 LacNAc unit.

DISCUSSION

MBP has been shown to bind only a limited number of
endogenous glycoproteins, even though the ligand sugars, i.e.
Man, GleNAc, and Fuc, are rather common constituents of
various types of glycoproteins and glycolipids. In addition,
there has been no report describing the isolation of endogenous
oligosaccharides on an MBP affinity column. In this respect,

MBP is markedly different from plant lectins, many of which
are routinely used as tools for the separation and isolation of
oligosaccharides released from various glycoproteins from dif-
ferent sources. During the course of the study on the recogni-
tion mechanism of SW1116 cells by MBP, we succeeded in
isolating an endogenous oligosaccharide ligand from SW1116
cells with an MBP affinity column, providing us a unique
opportunity to study the structure of the endogenous ligand.
The elucidated structure was novel and unique, and it repre-
sents a new family of tumor-associated carbohydrate antigens.

The initial inhibition studies involving plant lectins and
anti-Lewis mAbs of the MBP binding to SW1116 cells sug-
gested strongly that the ligands on the cell surface contain LeP
and Le* epitopes. To understand the chemical nature of the
MBP ligands on the surface of the cells, living cells were sur-
face labeled with biotin, and the biotin-labeled compounds were
isolated with an avidin column. Among the surface proteins
isolated, a couple of proteins were shown to bind to an MBP
column. Interestingly, a predominant portion of these ligands
disappeared on treatment with N-glycanase, indicating that
most of the ligands are carried by N-glycans rather than O-
glycans.2 We therefore focused on the N-glycans, and our cur-
rent studies showed that the MBP ligands, MLO-N, are large
neutral oligosaccharides and highly heterogeneous in molecu-
lar size distribution.

N-Glycans of comparable sizes had been described for lac-
tosaminoglycan of band 3 protein isolated from human eryth-
rocytes (30). However, neither band 3 protein isolated from
human erythrocytes nor lactosaminoglycan isolated therefrom
binds to MBP at all (data not shown). This should be explained
by the fact that MBP requires either Man or GlcNAc or Fuc at

2 R. Inoue, K.-H. Khoo, M. Terada, Nana Kawasaki, B. Y. Ma, S. Oka,
T. Kawasaki, and Nobuko Kawasaki, manuscript in preparation.
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Fic. 10. Elution profiles of the endo-B-galactosidase digests of [’H]glucosamine-labeled MLO-N on lectin affinity HPLC columns.
The resistant core structures eluted from C18 Sep-Pak in the 50% acetonitrile fraction were fractionated on A, an LA-PHA-E4 column (4.6 mm X
15 cm), equilibrated with eluent A (50 mm Tris-H,SO, buffer, pH 8.0), and developed with a linear gradient of 0-100% of eluent B (50 mm



http://www.jbc.org

ASBMB

The Journal of Biological Chemis

Structures of MBP Ligand Oligosaccharides on SW1116 Cells 10911
100, 7227
2418.8
2244.8 2448.8
1171.9
«3
5104 o
2500 2750 3000
13460 1417.0

= okttt e s e S adiana e
600 800 1000 1200 1400 1600 1800 2000 2200
Fic. 11. MALDI-MS analyses of the permethylated, endo-B-galactosidase-digested products of desialylated and defucosylated
MLO-A1. MLO-A1 was defucosylated with HF and then desialylated with neuraminidase before being subjected to endo-B-galactosidase digestion.
The digest was fractionated on a C18 Sep-Pak cartridge similar to for the preparation of MLO-N but eluted with 5% acetonitrile after an aqueous

wash. The released fragments were detected in both the wash and 5% acetonitrile fractions, whereas the core structures were only detected in the
latter fraction, as shown by the magnified view in the inset.
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Fic. 12. Summary of the MLO structure. A, MLO-N. B, MLO-A1. R denotes the reducing terminal core structure. The MBP ligands on
SW1116 cells are mostly composed of tetraantennary core fucosylated N-glycans with highly fucosylated polylactosamine type structures. The
nonreducing terminal unit is mostly Le®?, a substantial portion of which is carried on extended type 1 chains as multimeric Le* units (n, the
maximum number of the repeating Le® units detected is 4). The inner units are likely to be dominated by type 2 chains and not fully fucosylated
(2, the number of the Le* units is not identified, see “Discussion”). The overall carbohydrate structures of the neutral and acidic MBP ligands are
very similar except in the nonreducing termini. The acidic ligands are capped with sialic acid to form the sialyl-Le* structure. Almost equivalent
amounts of neutral and acidic fractions could be isolated.
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the nonreducing termini of the oligosaccharides chains, but
none of these sugars was the major constituent of band 3
carbohydrates, which are composed of a repeating N-acetyllac-
tosaminyl structure of (GalBl-4GlcNAcB1-3),. In contrast,
SW1116 MBP ligands have very high fucose content, and a
predominant portion of the poly-LacNAc type units seems to
have a fucose branch. The crucial role of Fuc in the MBP
binding was shown clearly by the complete loss of MBP binding
activity of MLO-N on chemical defucosylation. However, the
presence of the fucosylated branch is not sufficient for MBP
binding. Thus, upon digestion of MLO-N with E. freundii endo-

B-galactosidase, which cleaves only type 2 chain (GalBl-
4GlcNAc) linkages without a Fuc on the GleNAc, MLO-N lost a
large amount of their MBP binding activity, even though they
still retained Fuc residues (see Fig. 6C). This loss of binding
activity on endo-B-galactosidase digestion can be ascribed to
the partial cleavage of the backbone polyLacNAc structure
(compare Fig. 3A and Fig. 6D). Defucosylation of MLO-N by HF
prior to the endo-B-galactosidase digestion increased the radio-
activity in the H,O eluate from 32 to 57%, suggesting that
approximately one-half of the GalB1-4GlcNAc linkage was
masked by a Fuc on the GlcNAc residue.

Tris-H,SO, buffer, pH 8.0, and 0.1 M potassium tetraborate) over 25 min and 100% B from 25 to 40 min at a flow rate of 0.5 ml/min; B, an
LA-PHA-L4 column (4.6 mm X 15 cm), equilibrated with eluent A (50 mm Tris-H,SO, buffer, pH 8.0) and developed with 100% eluent A for 5 min,
and then with a linear gradient of 0—100% of eluent B from 5 to 20 min, and 100% eluent B from 20 to 30 min at a flow rate of 0.5 ml/min; and
C, an LA-AAL column (4.6 mm X 15 cm). D, the wash fraction containing the released oligosaccharides was also fractionated on the same LA-AAL
column, as in C, both being performed as described in the legend to Fig. 6C. In B and C, the fractions were collected at 0.25 ml/tube, and an aliquot
of each fraction was used for determination of *H radioactivity. In A, B, C, and D, solid lines show the PA fluorescence detected at an excitation
wavelength of 320 nm and an emission wavelength of 400 nm; closed circles show the °H radioactivity, and the arrows indicate the elution positions
of reference PA-oligosaccharides, 10 pmol of each being injected into the columns. E, structures of reference PA-oligosaccharides. a, asialo, agalacto,
bisected triantennary nanosaccharide; b, agalactotetraantennary core fucosylated decasaccharide; c, asialotetraantennary core fucosylated tetra-
decasacharide; d, asialotriantennary undecasaccharide; e, trisialylated triantennary tetradecasaccharide; f, asialo, agalactotetraantennary
nanosaccharide; g, asialotetraantennary 3'-N-fucosyl-GlcNAc tetradecasaccharide; &, lacto-N-fucosyl pentasaccharide.
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Detailed structural analysis of intact MLO proved to be
difficult, and our strategy relied instead on detecting the non-
reducing terminal sequences and the trimannosyl core struc-
tures separately. MS analyses of the latter were relatively
straightforward and, in combination with lectin chromatogra-
phy, have shown that both neutral and acidic MLO are based
on mostly tetraantennary complex type structures. Bi- and
triantennary structures either do not carry terminal MBP-
binding epitopes or do not exhibit sufficient binding affinity or
valence for them to be retained on an MBP column. Analysis of
the nonreducing terminal epitopes was based on detecting both
the fragment ions afforded on direct MS analysis of intact MLO
and the oligosaccharide fragments released by endo-B-galacto-
sidase. In both cases, facile sequencing was possible by low
energy CID MS/MS of permethyl derivatives with Q/TOF type
MS instruments. Sodiated parents gave abundant b and y ions
resulting from glycosidic cleavage at HexNAc and, notably,
additional ¢ and z ion pairs resulting from cleavage at Gal
3-linked to GlcNAc in type 1 units, if present. A limitation of
the current MS/MS sequencing strategy, as applied to isomeric
parents, is the lack of specific cleavage at 4 linkages as in type
2 units. Thus, although the presence of the internal type 1 unit,
or Le?, could be determined by detecting the corresponding ¢ and
z ions, the coexistence of the type 2 unit, or Le*, in the isomeric
mixtures, could not be ruled out. The presence of the Le* epitope
tends to be indicated by the facile elimination of the Fuc 3-linked
to GleNAc (minus 206 units), but such elimination could occur for
any of the multiple Le* units along the chain.

Taking this limitation into consideration, it is clear that
internal type 1 or Le® units were present in the antennary
chains of MLO, but our data could not establish unambiguously
whether these were contiguous sequences or sequences punc-
tuated by type 2 units. Irrespective of the internal stretch, a
majority was clearly attached to the core via nonfucosylated
type 2 units and therefore susceptible to endo-B-galactosidase
digestion. Consistent with this conclusion, the fragments re-
leased by endo-B-galactosidase or those remaining attached to
the core were found to be mostly fucosylated at every HexNAc
(Fig. 7). In contrast, the fragment ions directly afforded by
intact MLO (Fig. 4) reflected more underfucosylated LacNAc
units, particularly but not exclusively at the reducing end.
More importantly, our data clearly revealed the nonreducing
terminal Lewis unit to be predominantly Le® and Le?, as indi-
cated by the high abundance of m/z 402 relative to m/z 432 and
606 afforded on MS/MS analyses of the *Fuc-Gal-(Fuc)Glc-
NAc* oxonium ion from the intact MLO-N and the protonated
*Fuc-Gal-(Fuc)GlecNAc-galactitol parent ions (Fig. 8, A and B).
MS/MS analyses of the sodiated parents also firmly established
that a substantial portion of the MLO antennae were capped by
terminal Le®®-Le® and that these single and extended type 1
terminal units were directly linked to the core via nonfucosy-
lated type 2 units or with an additional internal type 1/type 2
sequence of variable length. Taken together, the major conclu-
sions with respect to the fine structural details of the MBP
ligands on SW1116 cells may be summarized as in Fig. 12.

Because MBP recognizes and binds to some colorectal carci-
noma cell lines such as SW1116, LLS180, and Wider (9), and
Colo 205, Colo 201, and DLD-1 (17), but does not bind to normal
mammalian cells such as circulating blood cells, it may be
reasonable to assume that the MBP ligands characterized in
this study represent a tumor-specific carbohydrate antigen. In
fact, aberrant glycosylation has been found in essentially all
tumor cells so far examined. These antigens include the T
(GalB1-3GalNAcal-O-Ser/Thr), Tn (GalNAcal-O-Ser/Thr),
and sialyl-Tn (NeuAca2-6GalNAcal-O-Ser/Thr) epitopes, the
sialyl-Le* (NeuAca2-3Galp1-3[Fucal-4]GlcNAcp1-3Galpl-
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R) and sialyl-Le®* (NeuAca2-3GalBl-4[Fucal-3]GlcNAcB1-
3GalB1-R) epitopes, and extended type 2 chains such as Le*-Le*
(dimeric Le*; Galpl-4[Fucal-3]GlcNAcB1-3GalpB1l-4[Fucal—
3]GlcNAcB1-3GalB1-4Glep1-1Cer) and LeY-Le* (trifucosyl
Le¥; Fucal-2Galpl-4[Fucal-3]GlcNAcB1-3GalBl-4[Fucal—
3] GlIcNAcB1-3Galp1-4GleB1-1 Cer) (31). In contrast to type 2
chains, which are present as either branched or unbranched
poly-LacNAc, type 1 chains (Le®) have been suggested to exist
only at the periphery of type 2 chains (32). However, in later
studies, repetitive type 1 chain carbohydrates such as Le®-Le*
(33) and LeP-Le® (34) were found in the glycolipid fraction of
Colo 205 cells.

The structures of MLO are very unique and distinct from those
of previously reported tumor-specific carbohydrate antigens.
First, MLLO are present as N-glycans but not as glycolipids or
O-glycans. Second, the tandem repeat region of MLO is much
longer than the dimeric or trimeric structure. Third, the tandem
repeat consists of the Le® structure rather than the Le* structure,
particularly at or near the nonreducing termini. Because of these
characteristics, the MLO should be considered as representative
of a new family of tumor-associated carbohydrate antigens. An-
other interesting point is the possible relationship with the ob-
servation that tetraantennary N-linked structures resulting from
the addition of side chain GlcNAcB1-6Manal—6Man are corre-
lated with the degree of malignancy in essentially all types of
cancer (35, 36). The MLO are most likely extended at this par-
ticular side chain, and the interaction of MBP with a ligand may
be the mechanism associated with the recognition of the tumor
cells by a host defense factor, MBP.

Finally, it is interesting to note the differences in the modes
of recognition of oligosaccharides by anti-Le* mAb and MBP.
Anti-Le®* mAb recognizes Le® trisaccharide, 3Galp1-3[Fucal—
4]GlcNAcB1, whereas MBP requires the tandem repeat struc-
ture of a Le® trisaccharide for the recognition. These results are
consistent with the theory of C. A. Janeway in that the target
of recognition in innate immunity (e.g. MBP ligands on the
SW1116 surface, mannan) represent molecular patterns, called
PAMPs for pathogen-associated molecular patterns, rather
than particular structures, and receptors that can specifically
recognize PAMPs are referred to as pattern recognition recep-
tors (PRRs) (e.g. MBP) (4, 37).
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