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Abstract

COMBINATION THERAPY WITH IRINOTECAN, FLUOROURACIL,
AND I-LEUCOVORIN IN PATIENTS WITH METASTATIC COLORECTAL CANCER

Makoto AKAIKE, Yuji Yamamoro, Makoto TAKAHASHI, Ryuji SHiraisHI, Hiroshi MATSUKAWA,
Tatsuo MaxiNo, Hiroharu Suzuki, Isao Tamura, Yukihiro Ozawa, Yasushi RiNo

Kanagawa Colorectal Cancer Study Group

Object: As a project of the Kanagawa Colorectal Cancer Study Group
we studied the efficacy of using a combination of irinotecan (CPT-11), fluorouracil (FU), and l-leucovorin

(I-LV) to treat metastatic colorectal cancer.

Patients and Methods: We treated PS 0-1 patients with measurable or assessable colorectal cancer who either
had not received preliminary treatment, or were postoperative with metastasis and had undergone radiation ther-
apy or adjuvant chemotherapy before more than 4 weeks, and further had provided written acceptance of our
proposed procedures. The treatment consisted of adding CPT-11 to the basic SLV5FU2 treatment. The amounts
used per square meter of body surface were 2400 mg 5FU as an infusion and 400 mg 5FU as a bolus, plus 200
mg I-LV and 100 mg CPT-11. Tumor response was assessed by RECIST and toxicity by NCI-CTC.

Results: 17 patients meeting our criteria underwent an average of 8 courses of treatment. Objective tumor re-
sponse rate was 17.6%, and disease-control rate was 88.2%. Regarding hematologic toxicity, 7 patients
(41.2%) experienced leukopenia, which developed to grade 3/4 in 4 (23.5%) of them. Another 4 patients ex-
perienced neutropenia (23.5%), which developed to grade 3/4 in 2 (11.8%) of them. Digestive toxic effects

were observed in 5. 9% of the patients.
Conclusion: This clinical study was safely carried out, but median analysis did not show that the combination

of FU and I-LV with CPT-11 increased antitumor efficiency. A probable reason for this is that the dose of CPT-

11 was insufficient.
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Abstract

The structures of acidic glycosphingolipids in colon adenocarcinoma have been analyzed extensively using a number of conventional
methods, such as thin-layer chromatography and methylation analysis, and a variety of acidic glycosphingolipids present in the tissucs
have been reported. However, because of a number of limitations in the techniques used in previous studies in terms of resolution, quan-
tification, and sensitivity, we employed a different method that could be applied to small amounts of tissue. In this technique. the car-
bohydrate moieties of acidic glycosphingolipids from approximately 20 mg of colon adenocarcinoma were released by
endoglycoceramidase 11 and were labeled by pyridylamination. They were separated and structurally characterized by a two-dimensional
HPLC mapping technique, electrospray ionization tandem mass spectrometry (ESI-MS/MS). and enzymatic cleavage. A total of 22
major acidic glycosphingolipid structures were identified, and their relative quantities were revealed in detail. They are composed of 1
sulfated (SM3), 1 lacto-series {SLe"), 6 kinds of ganglio-series, and 14 kinds of neolacto-series glycosphingolipids. They include most
of the acidic glycosphingolipids previously reported to be present in the tissues and two previously unknown fucogangliosides sharing
the same terminal structure: NeuAca2-6(Fucxl-2)GalB1-4GleNAcB1-3Galpl-4Gle, and NeuAcu2-6(Fucal-2)GalBl-4GIcNAcBI-
3GalBt-4(Fucal-3)GlcNAcB1-3-GalB1-4Gle. Thus, this highly sensitive, high-resolution analysis enabled the identification of novel
structures of acidic glycosphingolipids from small amounts of already comprehensively studied cancerous tissues. This method is « -
powerful tool for microanalysis of glycosphingolipid structures from small quantities of cancerous tissues and should be applicable to
different types of malignant tissues.
© 2007 Elsevier Inc. All rights reserved.
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Alterations in glycosphingolipid (GSL)' compositions
on the cell surface of tumors occur in essentially all types
of human cancers [1]. Extensive studies have been per-
formed to analyze the structure of GSLs from a variety
of tumor tissues [2-7]. Furthermore, a series of GSLs
unusually accumulated in cancerous tissues have been suc-
cessfully isolated and characterized [8-11] and reveal that
each type of tumor is characterized by accumulation of spe-
cific types of GSLs. For example, unusual accumulations
of GSLs having type 1 or 2 chain dertvatives (i.e., those
with Le*, Le*, Le”, or dimeric Le* and their sialosyl deriv-
atives) are observed in most human adenocarcinoma [9,11-
13], whereas GD3 is observed in melanoma [3]. However,
due to a number of limitations of the techniques used, these
analyses may be lacking in terms of identification and
quantification. In general, in the techniques apphed previ-
ously, GSLs extracted from cancerous tissues were sepa-
rated by HPLC using organic solvents and traditional
thin-layer chromatography (TLC) methodology where
resolved GSLs were stained with orcinol. A single band
on TLC might not ensure homogeneity, and separation
of GSLs having similar mobility on TLC sometimes may
be difficult even though a variety of separation solvents
are used [13]. Hence, it is possible that certain GSLs having
similar chromatographic behavior on TLC were not

separated to homogeneity and escaped detection even in -

well-studied cancerous tissues. Furthermore, although
quantification of each GSL is important to better under-
stand the precise features of glycosylation of cancerous
tissue, the quantities of individual GSLs in cancer tissues
have not been well defined because quantification by
scanning densitometry of orcinol-stained bands on TLC
is limited by the severe restriction in the linear range due
to variation in band size or geometry following migration.
Thus, more detailed analyses of GSL structures in cancer-
ous tissues using improved methodology that overcomes

Y Abbreviations used: GSL, glycosphingolipid; GD3, NeuSAca8NeuSA-
ca3GalB-4GlcCer; TLC, thin-layer chromatography; 2-D, two-dimen-
sional; ESI-MS/MS. electrospray ionization-tandem mass spectrometry;
2-AP. 2-aminopyridine; PA, pyridylaminated; Gu, glucose units; RP,
reversed phase; CID, collision-induced dissociation; asialo GM2, Gal-
NAcB4GalpaGle: asialo GMI, GalB3GalNAcB4GalpdGle; GM3,
NeuSAca3GalB4aGle, GM2, GalNAcB4(NeuSAca3)GalpaGle; GDla,
NeuSAca3GalBiGalNAcB4(NeuSAca3)GalB4Gic; GDIb, GalB3Gal-
NAcp4(Neu5SAca8NeuSAca3)Galp4Glc; GT1b, NeuSAca3Galf3Gal-
NAcB4(NeuSAca8NeuSAca3)Galp4Glc; GQIlb, NeuSAca8NeuSAc
23GalB3GalNAcB4(NeuSAca8Neu5Aca3)GalB4Glc; globotriose, Galad-
Galp4Gle: LeP-hexasaccharide, Fuco2Galp3(Fucod4)GlcNAcP3Galp4aGlc;
A-hexasaccharide, GalNAca3(Fuca2)Galp3GlcNAcB3GalB4Glc; A-hep-
tasaccharide, GalNAca3(Fuca2)GalB3(Fucx4)GlcNAcB3Galp4Gle; 2-
fucosyllactose, Fucx2Galp4Glc; A-tetrasaccharide, GalNAca3(Fuca2)
GalfdGle; SM2.GalNAcB4(HSO)3Galp4GleCer; SM3, HSO*3GalB4Gle-
Cer; H', Fuca2Galp4GlcNAcP3Galp4Glc; Lt GalB3GIcNAcB3IGalp
4Glc; nLc*. GalP4GIcNAcB3IGalp4Glc; Cer, ceramide; LST-c, NeuSAcx6
Galp4GIcNAcB3IGalp4Gle; SPG, sialyl-paragloboside, NeuSAca3GalB4
GlcNAcB3GalB4Glce: LST-a. NeuS5SAca3GalB3GIlcNAcB3Galp4Glc; SLex,
sialyl-Lewis X, NeuSAcoGGalB4(Fuc'13)GlcNAcBBGalB4GlcCer.

the limitations described above may be required, even in
tissues already well studied.

Here we employ a powerful methodology to analyze the
structures of GSLs from small quantities of colon adeno-
carcinoma (~ 20 mg). The techniques are highly sensitive
and capable of separating the major GSLs and analyzing
them quantitatively as well as qualitatively [14]. The meth-
odology employs the use of endoglycoceramidase to release
the carbohydrate moieties of GSLs, fluorescent labeling
with 2-aminopyridine, and HPLC analysis. Furthermore,
each GSL could be identified by a two-dimensional (2-D)
mapping technique together with electrospray ionization—
tandem mass spectrometry (ESI-MS/MS).

Colon adenocarcinoma is one of the most widely exam-
ined tissues in terms of the structures of GSLs of cancerous
tissues [2,8—13,15] and was used as the source of matenial in
this study to allow us to evaluate the effectiveness of the
new techniques through comparison with results reported
previously.

In this study, we focus on the acidic GSLs among the
GSLs and elucidate the fine structures of major acidic
GSLs present in colonic adenocarcinoma tissues more pre-
cisely than reported previously. In particular, we describe
the structure of novel fucosyl gangliosides.

Materials and methods
Isolation of acidic GSLs from colon adenocarcinoma tissues

All patients had undergone simultaneous resections of
primary colon tumors and liver metastases at Osaka Med-
ical Center for Cancer and Cardiovascular Diseases
(Osaka, Japan). Fresh cancerous tissues were frozen with-
liquid nitrogen and stored at —80 °C until use. The samples
were cut to a thickness of 10 pum with a cryostat microtome:
A total of 20 sections were collected, homogenized in 10 ml
of chloroform/methanol (2:1, v/v), and stored for 2 h at
room temperature with 30s of sonication every 30 min.
Then 5 ml of methanol was added, and the sample was cen-
trifuged at 1800 g for 15min. The pellets were homoge-
nized in 10ml of chloroform/methanol/water (1:2:0.8,
v/v/v), stored for 2 h at room temperature, and centrifuged
at 1800 g for 15 min. Both extracts were combined and
evaporated to dryness in a vacuum concentrator. The resi-
due was dissolved in chloroform/methanol/water (30:60:8)
and fractionated by DEAE-Sephadex A25 column chro-
matography into neutral and acidic GSLs.

Preparation of acidic pyridylaminated oligosaccharides

The acidic GSLs were digested at 37 °C for 16 h with 10
mU of recombinant endoglycoceramidase II from Rhodo-
coccus sp. (Takara Bio, Shiga, Japan) in 50 ul of 0.1 M
sodium acetate (pH 5.0) containing 0.1% taurodeoxycho-
late [16]. Released oligosaccharides were labeled with
2-aminopyridine (2-AP), and excess reagent was removed
by phenol/chloroform extraction [17,18].
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HPLC for pyridylaminated-oligosaccharides separation

Pyridylaminated (PA)-oligosaccharides were separated
on a Shimazu LC-20A HPLC system equipped with a
Waters 2475 fluorescence detector. Size fractionation
HPLC was performed on a TSK gel Amide-80 column
(0.2 x 25 cm, Tosoh, Tokyo, Japan) at 40 °C at a flow rate
of 0.2 ml/min using two solvents: A and B. Solvent A was
acetonitrile/0.5 M acetic acid containing 10% acetonitrile,
adjusted to pH 7.3 with triethylamine (75:15, v/v). Solvent
B was acetonitrile/0.5 M acetic acid containing 10% aceto-
nitrile, adjusted to pH 7.3 with triethylamine (40:50, v/v).
The column was equilibrated with solvent A. After injec-
tion of sample, the proportion of solvent B was pro-
grammed to increase from 0 to 100% in 100 min. The
PA-oligosaccharides were detected by fluorescence with
an excitation wavelength of 310 nm and an emission wave-
length of 380 nm. The molecular size of each PA-oligosac-
charide is given in glucose units (Gu) based on the elution
times of PA-isomaltooligosaccharides. Reversed phase
(RP)-HPLC was performed on a TSK gel ODS-80Ts col-
umn (0.2x15cm, Tosoh) at 30°C at a flow rate of
0.2 ml/min using two solvents: C and D. Solvent C was
50 mM acetic acid, adjusted to pH 6.0 with triethylamine.
Solvent D was 50 mM acetic acid containing 20% acetoni-
trile, adjusted to pH 6.0 with triethylamine. The column
was equilibrated with solvent C. After injection of sample,
the proportion of solvent D was programmed to increase
from 0 to 18% in 54 min. The PA-oligosaccharides were
detected by excitation at 315 nm and emission at 400 nm.
The retention time of each PA-oligosaccharide is given in
glucose units based on the elution times of PA-isomaltool-
igosaccharides. Thus, a given compound from these two
columns provided a unique set of Gu (amide) and Gu
(ODS) values that correspond to coordinates of the 2-D
map. When coordinates are cited in this article, they are
listed in the order of Gu (ODS), Gu (amide).

Glycosidase digestion

Sialyl PA-oligosaccharides were digested with 2 U/ml of
&2,3-sialidase from Salmonella typhimurium (Takara Bio)
or 2 U/ml a-sialidase from Arthrobacter ureafaciens (Naca-
lai, Kyoto, Japan). in 100 mM sodium acetate buffer (pH
5.5) for 2 h at 37 °C (condition 1}. Under these-conditions,
a2,3-sialidase specifically digests sialic acid «2-3 linked to
the terminal residue but not sialic acid with a «2-6 linkage,
whereas Arthrobacter a-sialidase digests both linkages inde-
pendent of the linkage position. However, under conditions
using 10 U/ml for 16h (condition 2), even so-called
a2,3-sialidase can hydrolyze sialic acid a2-6 linked to the
terminal residue but not sialic acid linked to a nonterminal
residue. Hence, we were able to conclude the linkage posi-
tion of sialic acid using these two enzymes as follows. First,
when sialyl. PA-oligosaccharide was cleaved by a2,3-siali-
dase in condition 1, sialic acid was concluded to be linked
to the terminal residue through an «2-3 linkage: Second,

when sialyl PA-oligosaccharide was cleaved by «2,3-siali-
dase in condition 2 but not in condition 1, sialic acid was
concluded to be linked to the terminal residue through an
a2-6 linkage. Third, when sialyl PA-oligosaccharide was
cleaved by Arthrobacter a-sialidase in condition 1 but not
by «2,3-sialidase even in condition 2, sialic acid was
concluded to be linked to a nonterminal residue.
The enzyme specificity was demonstrated using the
following model substrates: NeuAco2-3GalBl1-4Glc-
NAcB1-3GalB1-4Glc-PA (sialylparagloboside), NeuAco2-
6Galp1-4GlcNACcP1-3Galpl-4Glc-PA (LS-tetrasaccharide
¢), Galpl-3(NeuAca2-6)GIcNAcB1-3Galpl-4Glc-PA (LS-
tetrasaccharide &), and GalB1-3GalNAcBI1-4(NeuAca2-
3)GalB1-4Glc-PA (GM1).

In other glycosidase digests, PA-oligosaccharides were
digested with (i) 0.2 mU/ml of al,3/4-fucosidase from
Streptomyces sp. 142 (Takara Bio) in 100 mM sodium ace-
tate buffer (pH 5.5) for 2 h at 37 °C, (ii) 0.4 U/ml Bl 4-
galactosidase from Streptococcus pneumonia (Prozyme,
San Leandro, CA, USA) in 100 mM sodium citrate buffer
{pH 6.0) for 2 h at 37 °C, (iii) 10 U/ml of B-N-acetylhexosa-
minidase. from jack bean (Seikagaku Kogyo, Tokyo,
Japan) in 100 mM sodium citrate buffer (pH 5.0) for 16 h
at 37 °C, (iv) 4 U/ml of al,2-fucosidase from Corynebacte-
rium sp. (Takara Bio) in 100 mM sodium phosphate buffer
(pH 8.5), (v) 0.5U/ml of endo-B-galactosidase from
Escherichia freundii (Seikagaku Kogyo) in 100 mM sodium
acetate buffer (pH 5.8) for 16 h at 37 °C, and (vi) 10 U/ml
of a-fucosidase from bovine kidney (Sigma, St. Louis, MO,
USA) in 100 mM sodium acetate buffer (pH 5.8) for 16 h at
37 °C. All of the reactions were terminated by boiling the
solutions for 3 min at 100 °C.

Electrospray ionization MS"

PA-oligosaccharides were analyzed by LC/ESI-MS/
MS. HPLC was performed on a Paradigm MS4 equipped
with a Magic C18 column (0.2 x 50 mm, Michrome BioRe-
source, Auburn, CA, USA). Each PA-oligosaccharide was
injected with a flow rate of 2 pl/min. for 3 min and eluted
with 50% methanol for 10 min.

MS analyses were performed using an LCQ ion trap
mass spectrometer (Thermo Finnigan, San Jose, CA,
USA) equipped with a nano-electrospray ion source
(AMR, Tokyo, Japan). The nanospray voltage was set to
1.8 kV in the positive ion mode. The heated desolvation
capillary temperature was set to 180°C. In the LCQ
method file, the LCQ was set to acquire a full'MS scan
between m/z 400 and 2000 followed by MS/MS or MS/
MS/MS scans in a data-dependent manner. Relative colli-
sion energy for collision-induced dissociation (CID) was set
to 30% with a 30-ms activation time for MS? and MS?
experiments. MS? and MS? were performed with an isola-
tion width of 4.0 u (range of precursor ion + 2.0). Proton-
ated ions were subjected to a further product ion scan for
nonfucosylated PA-oligosacéharides.vH;owever_, sodiated
ions were subjected to a further product ion scan for
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fucose-containing PA-oligosaccharides because intramolec-
ular fucose rearrangements have been found in the CID
spectra of protonated ions (but not in sodiated ions) pro-
duced from oligosaccharides derivatized at their reducing
termini with aromatic amines, such as 2-aminobenzamide,
which may lead to erroneous conclusions about oligosac-
charide sequence [19].

Standard P A-oligosaccharides

Standard PA-oligosaccharides, including PA-lactose,
PA-asialo GM2, PA-asialo GMI1, PA-GM3, PA-GM2,
PA-GMI1, PA-GDla, PA-GD1 b, PA-GD3, PA-GTlb,
PA-GQlb, PA-globotriose, PA-globotetraose, PA-Forss-
man pentsaccharide, PA-lactoneotetraose, PA-lactotetra-
ose, PA-lactofucopentaose I, PA-lactofucopentaose II,
PA-lactofucopentaose III, PA-LeP-hexasaccharide, PA-A-
hexasaccharide, PA-A-heptasaccharide, PA-2-fucosyllac-
tose, and PA-A-tetrasaccharide, were purchased from
Takara Bio. Glycolipids SM2 and SM3 were kindly
donated by Koichi Honke (Kochi University Medical
School). Sialylated Le* glycolipid was purchased from
Wako Pure Chemicals (Tokyo, Japan). Oligosaccharides,
including LS-tetrasaccharide «, LS-tetrasaccharide b, and
LS-tetrasaccharide ¢, were purchased from Prozyme, and
Lewis Y hexasaccharide was purchased from Sigma.
SM3, SM2, sialylated Le*, LS-tetrasaccharide «, LS-tetra-
saccharide b, LS-tetrasaccharide ¢, and Lewis Y hexasac-
charide were pyridylaminated as described above. PA-H;
was obtained from PA-Lewis Y hexasaccharide by releas-
ing the fucosyl residue linked to the third GIcNAc by
al,3/4-fucosidase digestion. PA-sialylparagloboside was
prepared from human erythrocytes using the following
procedure. Acidic GSLs were extracted from 3 ml of
human erythrocytes, pyridylaminated, and resolved by size
fractionation HPLC as described above. Sialylparaglobo-
side was most abundant in acidic GSLs of erythrocytes.
Fractions corresponding to PA-sialylparagloboside were
collected and further purified by RP-HPLC. The structure
of PA-sialylparagloboside was unambiguously confirmed
by enzymatic digestion and MS. GlcNAcB1-3Galp1-4Glc-
PA and GIcNAcB1-3GalB1-4GlcNAcB1-3GalB1-4Glc-PA
were prepared as standard compounds for endo-B-galacto-
sidase treatment by digestion of PA-nLc; and PA-nLcg,
respectively, with pl,4-galactosidase (see Results).
Although 2-D mapping techniques have been widely used
for the analysis of structures of N-glycans, the technique
seldom has been applied to the analysis of structures of
GSLs. Hence, prior to analysis of cancerous tissues, we
evaluated the potential of the method by analyzing all of
the PA-oligosaccharides prepared in this study, including
16 acidic.and 18 neutral oligosaccharides, by HPLC using
the two types of column (ODS and amide). All of the
PA-oligosaccharides except PA-lactofucopentaose II (Le?)
and PA-lactofucopentaose III (Le*) were clearly separated
on the map under the chromatographic conditions used in
this study (data not shown). PA-Le® and PA-Le” could be

discriminated following «l,3/4-fucosidase  digestion
because the digestion products, namely PA-lactotetraose
(Lcy) and PA-lactoneotetraose (nLcg), elute at positions
with distinct glucose units on both columns (Table I).
Hence, we concluded that the 2-D mapping technique
was also applicable for the analysis of structures of GSLs.
The structures, abbreviations, and glucose units of authen-
tic PA-oligosaccharides used in this study are listed in
Table 1. ‘

Results

Preparation and separation of acidic PA-oligosaccharides
from colon adenocarcinoma

Acidic GSLs from three cases of primary colonic ade-
nocarcinoma and hepatic metastasis were extracted.
Acidic glycans from the ceramide (Cer) moieties were
released by endoglycoceramidase II treatment. Efficiency
of release of glycans from the ceramide moiety by endo-
glycoceramidase IT has been reported to be greater than
95% [20]. To detect sugars with high sensitivity, the reduc-
ing ends of thé released oligosaccharides were tagged with
the fluorophore 2-AP. Qualitatively similar, but quantita-
tively slightly different, chromatographic profiles of acidic
PA-oligosaccharides were obtained from six samples: the
primary colon cancer and liver metastatic deposits from
three patients. In this article, we show the most represen-
tative data from the liver metastatic deposit of one partic-
ular patient. The acidic PA-oligosaccharides from a liver
metastatic deposit of a colon adenocarcinoma were ana-
lyzed by size fractionation HPLC in which separation
depends on the molecular size of the oligosaccharides
(Fig. ). A total of 17 peaks (G1-Gl17) were obtained
(Fig. 1), with each peak being further purified by RP-
HPLC. Peaks G10, G14, and G17 were separated into
two major components, and G16 was separated into three |
major components, each designated G10-1, G10-2, Gi4-1,
Gl14-2, Gl6-1, Gl16-2, G16-3, G17-1, and G17-2, in RP-
HPLC. In addition, purified acidic PA-oligosaccharides
were subjected to LC/ESI-MS/MS, where product ion
spectra of the precursor ions were acquired data-depen-
dently. Peaks marked by an open arrowhead in Fig. 1
contained neutral PA-oligosaccharides, as determined by
MS analyses. This probably is due to desialylation of
PA-oligosaccharides during the process of pyridylamina-
tion. Elution positions of G1 to G17-2 on size fraction-
ation and RP-HPLC are summarized in Fig. 2 as a 2-D
map. -

Structure of Gl to G9.

From: comparison of the positions on the map with the
positions of standard acidic PA-oligosaccharides, G1, G2,
G3, G4, G5, G7, G8 and G9 are predicted to be SM3,
GM3, GM2, GD3, GMI1, GDla, LST-c, and GDIb,
respectively. Strong candidates for the identity of G6 are

—313-



Novel fucogangliosides in hunian colon adenocarcinoma | H. Korekane et al. | Anal. Biochem. 364 (2007) 37-50 41

Table 1"~
Structures and elution positions in HPLC of standard PA-oligosaccharides

Abbreviation Structure Elution position in HPLC
Size (Gu) RP (Gu)
SM3 HSO0,-GalB1-4Glc-PA 1.19 2.60
GM3 _ ' NeuSA ca2-3Galp1-4Glc-PA 2.46 3.00
GM2 ' G alNA cB1-4Galp1-4Glc-PA
‘ 3 297 3.01
NeuSA ca2
GM1 G alp1-3GalNAcP1-4GalB1-4Glc-PA
| 3 3.85 292
_ NeuSA ca2
GD3 NeuSA ca2-8NeuSAco2-3Galfl-4GicPA 331 450
GDla Galp1-3GalNAcB1-4Galf1-4Glc-PA
3 3 4.10 503
NeuSAca2 NeuSAca2
GD1b G alp1-3GalNAcP1-4GalB1-4Glc-PA .
3 4.64 3.96
Neu5A ca2-8NeuSAca 2 ’
SPG : Neu3A ca2-3GalB1-4G1cN AcB1-3GalB1-4Gle-PA 4.02 452
LST-a NeuSA co2-3GalB1-3GIcN AcB1-3Galp1-4Glc-PA 4.01 4.69
LST-c NenSA co2-6Galf1-4GIcNA cB1-3Galp1-4Glc-PA 4.40 3.76
New5A ca2-3Galp1-4GIcNAcP1-3GalB1-4Gic-PA
SLe* | } 4.75 4.08
- .
Fucal
Les G alf1-3GIcNAcB1-3GalB1-4Gle-PA 3166 250
nlcy Galp1-4GINAcB1-3GalB1-4Glc-PA ‘ 3.74 2.16
H ' F uca1-2GalB1-4GIcNA cB1-3GalB1-4Gle-PA 4.15 3.80
G alf1-3GINAcp1-3GalB1-4GlePA
LFP 11 (Le®) 4 : 451 2.01
Fucal
G alf1-4GIcNAcB1-3Galp1-4Glc-PA
LFP T (Le®) o3 4.51 1.99

Fucot

SPG and LST-a (Fig. 2). After a2,3-sialidase digestion, G6
was converted to nLcs but not Lcg, indicating that G6 is
SPG. The structures of Gl to G9 were also confirmed by
MS/MS. Fractions eluting later than G9 on the amide col-
umn, with the exception of G10-1, do not match any of the
reference compounds on the 2-D map (Fig. 2). In the fol-
lowing sections, the structures of acidic PA-oligosaccha-
rides with the same monosaccharide compositions are
explained in detail. Elution positions, mass data, and esti-
mated composition of G10-1 to G17-2 ‘are presented in
Table 2. '

Structure of G10-1, G10-2, and G!]

G10-1 and G11 were digested with «2,3-sialidase in con-
ditions in which this enzyme specifically cleaves the o2,3
linkage (condition 1). The products.of both digests corre-
sponded to either Le* or Le* on the map (thick-line and
thin-line arrows in Fig. 3). The desialylated products from
G10-1 and G11 were digested with al,3/4-fucosidase, and
the positions of the products of the digests corresponded
to nLcy and Lc,, respectively. These results suggest that
the structure of G10-1 is SLe* and the structure of Gl11 1s
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Fig. 1. Elution profile of the acidic PA-oligosaccharide mixtures obtained from colon adenocarcinoma tissue on the amide column. Relative fluorescence
of the highest peak, G2, was set to 100%. A total of 17 peaks, which are predicted to be acidic PA-oligosaccharides by MS analysis, are termed Gl to G17
and highlighted with arrows. Numbered closed arrowheads indicate the elution positions of PA-isomaltooligosaccharides with the corresponding degree of
polymerization. The peaks marked by the open arrowheads contained neutral PA-oligosaccharides.
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Fig. 2. Two-dimensional map of acidic PA-oligosaccharides. The elution positions of each acidic PA-oligosaccharide on the size fractionation and RP-
HPLC are expressed in glucose units based on the elution times of the PA-isomaltooligosaccharides and plotted on the map. Circles indicate the positions
of the acidic PA-oligosaccharides from colon adenocarcinoma tissue. Xs indicate the positions of the standard acidic PA-oligosaccharides.

SLe® (Table 3). These structures are consistent with the
structures deduced by MS/MS analysis (Fig. 4, right, with
only MS' spectra of G11 shown in the figure). In contrast
to G10-1 and G11, G10-2 could not be digested with a2,3-

sialidase in the conditions where this enzyme specifically
cleaves the a2-3 linkage (condition 1) but could be digested
with o2,3-sialidase in the conditions where this enzyme
cleaves the 02-3 and o2-6 linkages (condition 2). These

—315—



Table 2

Novel fucogangliosides in human colon adenocarcinoma | H. Korekane et al. | Anal. Biochem. 364 (2007) 37-30 43

Elution positions in HPLC and mass analysis of acidic PA-oligosaccharides from colon adenocarcinoma tissue eluted later than G9 on the amide column

Fraction Elution position in HPLC Mass (observed) Mass (calcplated) Estimated composition
Size (Gu) RP (Gu)
G10-1 4.78 4.09 1223.5 1223.5 [M+H]* NeuAc,Hex;HexNAc,dHex,-PA
G10-2 4.74 5.35 1223.5 1223.5 [M+H]J* NeuAc;HexsHexNAc,dHex,-PA
Gl1 492 3.77 12233 1223.5 [M+HT" NeuAc,Hex;HexNAc,dHex,-PA
Gl12 5.51 5.64 1442.4 1442.5 [M+HT" NeuAcHex;HexNAc--PA
Gl13 5.89 471 1442.6 1442.5 [M+H]* NeuAc HexsHexNAc,-PA
Gl4-1 6.29 4.73 1588.4 1588.6 [M+H]" NeuAc,HexsHexNAc,dHex,-PA
Gl14-2 6.25 494 1588.3 1588.6 [M+H)" NeuAc,HexsHexNAc.dHex,-PA
Gli5 6.71 419 1588.4 1588.6 [M-H-I]+ NeuAc,HexsHexNAc,dHex,-PA
Gl6-1 6.90 5.64 1807.1 1807.7 [M+HTJ* NeuAc;HexsHexNAc;-PA
Gl16-2 6.87 6.05 1807.4 1807.7 [M+H]* NeuAc HexsHexNAc;-PA
G16-3 6.85 6.78 1807.5 1807.7 [M+HT" NeuAc,HexsHexNAc;-PA
G17-1 7.04 4.16 1734.4 1734.7 [M+HT" NeuAc Hex,HexNAc,dHex,-PA
Gl17-2 7.00 5.04 1734.3 1734.7 [M+H]' NeuAc, HexsHexNAc,dHex,-PA
6

3
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a 5 O
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Fig. 3. Sequential digestion of PA-oligosaccharides G10-1, G10-2, and G11. Circles indicate the positions of G10-1, G10-2, and G11. Thick-line. dotted-
line, and thin-line arrows indicate the directions of the changes after glycosidase digestion of G10-1, G10-2, and G11, respectively. Glycosidases are shown
beside each line. Enzyme abbreviations: 2,3-S, a2,3-sialidase under conditions where the enzyme specifically digests sialic acid in the %2-3 linkage: 2,6-S,
a2,3-sialidase under conditions where the enzyme digests sialic acid in both «2-3 and o2-6 linkages; 1,3/4-F, al,3/4-fucosidase; 1,2-F, al,2 fucosidase. Xs

mark the positions of the standard compounds.

results suggest that sialic acid is a2-6 linked to the terminal
residue (see Materials and Methods). In addition, the desi-
alylated product of G10-2 corresponded to H; on the 2-D
map (dashed-line arrows in Fig. 3). After desialylation,
G10-2 could be digested with al,2-fucosidase but not with
al,3/4-fucosidase, and the position of the product of the
digest on the map corresponded with that of nlcy. On
the basis of these data, G10-2 is estimated to be Neu-
Acau2-6(Fucal-2)Gal1-4GIcNAcB1-3Galpl1-4Glc, a struc-
ture that has not been reported previously (Table 3).
These structures are consistent with the results from MS/
MS analysis (Fig‘. 4, left). The mass spectrum of MS? of
G10-2 revealed it to have a core tetrasaccharide structure:
Hex-HexNAc-Hex-Hex-PA. The presence of a fragment
ion at m/z 534, corresponding to [dHex+Hex-Hex-
NAc+NaJ" in the MS? spectra of G10-2, indicates that a
fucosyl residue is linked to the outermost Hex or HexNAc
residue. However, the characteristic product ion at m/z

792,  corresponding to  [dHex-HexNAc-Hex-Hex-
PA-+NaJ", was observed in the MS* spectrum of G10-1
and Gl1 (Fig. 4, right) but not in the MS® spectra of
G10-2, suggesting that a fucosyl residue is linked to the
outermost Hex residue but not the HexNAc residue in
G10-2.

Structure of G12 and G13

(12 was digested successfully with o2, 3-s1alidase in con-
dition 1. In contrast, G13 could not be digested with a2 3-
sialidase under the same conditions, but could be digested
in condition 2. Both desialylation products had very similar
behavior on the HPLC eluting at the same positions (2.93,
5:38), indicating that G12 and G13 have the same struc-
tural backbone and that sialic acid is linked @2-3 and
o2-6, respectively, to the terminal residue. Desialylated
products from G12 and G13 were sequentially digested
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Table 3
Estimated structures of acidic PA-oligosaccharides from colonic adenocarcinoma
Fraction Structure Abbreviation Ratio (%)
Gi HSO0,-GalB1-4Gle-PA SM3 1.6
G2 Neu5A ca2-3GalBl-4Glc-PA GM3 58.0
G3 GaINAcBl-4G§lBl-4GIc-PA GM2 1.9
NeuSAcaIZ
G4 Neu5A co2-8Neu5Aca2-3Galf1-4Glc-PA GD3 0.6
Gs Galﬂl-3GalNAcﬂl-4Gngl-4Glc-PA GM1 28
NeuSAca‘Z
G6 NeuSA ca2-3Galf14GINAcP1-3Galf 1-4Glc-PA ‘'SPG 6.5
G7 Gglﬂl-3GaWAcﬁl-4G§lbl-4Glc-PA GDla 2.9
NeuSAcu.|2 NeuSAcaIZ
G3 NeuSA co2-6Galpl4GIdNAcB1-3Galf1-4Glc-PA IV *NeuAca-nlec, 138
G9 Ga]Bl-SGalNAcﬁl-‘tG:;lBl-‘tGloPA GDI1b 02
Neu5A caZ-SNeuSAca.lZ
G10-1 Neu5A ax2-3Galp14GlcNAcB1-3GalB1-4Glc-PA SLe” 0.4
3: . .
Fucal
G10-2 NeuSA ca2-6GalB1-4G1cNAcP1-3Galp1-4Glc-PA IVFuca,IV®NeuAca-nLec, 0.2
i
Fucal
Gl Neun5SA ca2-3Galf1-3GlcN Acf1-3Galf1-4Glc-PA SLé 1.3
4|
Fucal
G12 NeuSA ca2-3GalB1-4G1cNAcB1-3Galp1-4GINACP1-3GalB1-4Glc-PA: VI*NeuAca-nLc, 6.0
G13 NeuSA ca2-6Galf1-4GIcNAcB1-3Galf 14GIN AcBl1-3Galf1-4Glc-PA VI®NeuAco.-nLc, 1.2
Gld-1 NeuSA ca2-3Galf14GIcNAcB1-3GalBl 4GIcNAcB1-3Gal1-4Glc-PA VI®NeuAca Il *Fuco-nLe, 0.1
1
Fuwal
G14-2 Neu$A ca2-3Galf1-4GlcNAcB1-3Galft-4GINAcB1-3GalB1-4Glc-PA VI*NeuAca,V *Fuca-nLc, 0.1
:'5
Fucal
G15 Neu5A ca2-6GalB1-4GlcN AB1-3GalB1-4GIN AcPl1-3Galp1-4GlePA VI*NeuAcat,II* Fucoi-nLe,, 0.7
Fucad
Gl6-1 Neu5A ca2-3Galf1-4HexN Ac 0.1
GAalBL-4GIN AcB1-3Galp1-4Glc-PA
» GalBl-4GlcNAcﬂl/
G16-2 Galf1-4HexNAc \ 0.2
3Galﬁl-4GI::NAcﬁl-:!Galﬂl-tiGl(:-I’A
NeuSA ca2-3GalB1-4GlcNAcB1 / »
G163 NeusA €a2-3GalB1-4GINACB1-(3G dB1-4GINAcp1),-3G dB1-4Glc-PA VI *NeuAca-nLey 1.0
G17-1 NeuSAgul-SGalﬁl-«ilcNAcﬁl-3GalBl4Gld‘lAcﬂ1‘-3(;alﬁ]-4Glc-PA VPNeuAca,VFu ca TP Fucornles 0.2.
Fucal Fucal
G17-2 - . VI*Fuco, VI®NeuAca, ITI°Fu co-nLcg 0.1

NeuSA ca2-6GalB1-4GlcNAcB1-3Galf1-4GIcdNAcB1-3GalB1-4Glc-PA
2 3

! . I
Fucal Fucal
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Fig. 4. MS'? spectra of G10-2 and Gi1. (A D) MS' spectra of G10-2 (A) and G11 (D). {B,E) MS? spectra of [M+Na]" precursor ion at m/z 1245 detected
in MS' of panel A (B) and panel D (E). (C.F) MS? spectra of [(M-+ Nu)-NcuAc]F precursor ion at m/z 954 detected in MS? of panel B (C) and panel E (F).
Fragment ions numbered mass values in panels B. C. E. and F are sodium adduct ions. The MS/MS fragment ions were assigned as shown schematically.
Symbols: open circle, Hex: open square. HexNAc: open star, sialic acid; open triangle, dHex.

with Bl,4-galactosidase and B-N-acctylhexosaminidase.
The products of both digests corresponded to nLcy on
the map, indicating the structure of both backbones to be
GalB1-4HexNAc-GalB1-4GIcNAcB1-3Galf1-4Glc. Hydro-
lysis of G12 and G13 with endo-B-galactosidase gave two
peaks by HPLC, corresponding Glc-PA and GlcNAcpl-
3GalB1-4Glc-PA. These results indicate that the subtermi-
nal HexNAc is GlcNAc linked B1-3 to galactose. Hence,

the structures of G12 and G13 are estimated to be as shown
in Table 3. These structures are consistent with tandem
mass analysis data (data not shown).

Structure of G14-1, G14-2, and GI3

Sialic acid is linked a2;3 to the terminal residue of
Gl4-1 and Gl4-2 and linked «2-6 to terminal residue
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Fig. 5. Sequential digestion of PA-glycans G17-1 and G17-2. Circles indicate the positions of G17-1, G17-2, and their digests. Thick-line and thin-line
arrows indicate the directions of the changes after ‘glycosidase digestion of G17-1 and G17-2, respectively. Glycosidases are shown beside each line.
Enzyme abbreviations and Xs arc the same as in Fig. 3. The triangle represents the reference compound, II*Fuc-nLc6, which was obtained in the analysis

of the structure of G14-1 and G15.

of G135, as determined by o2,3-sialidase digestion as
described above. After sialidase digestion, Gl14-1 and
G15 had the same elution position (2.51, 6.23), whereas
the coordinates of the desialylated product of G14-2
were (2.49, 6.12). These results indicate that the desialy-
lated structures of Gl4-1 and G15 are the same but are
different from desialylated G14-2. After sequential diges-
tion with Pl,4-galactosidase, B-N-acetylhexosaminidase
and «l,3/4-fucosidase, the digestion products of G15
changed into the reference compound nLcs. From these
results, the structure of GI15 is tentatively predicted to
be NeuAco2-6Galpl-4HexNAc-GalB1-4(Fucal-3)Glc-
NAcB1-3Galpl-4Glc. After the fucosyl residue linked
to the proximal GlcNAc of G5 was digested with
bovine kidney fucosidase, the defucosylated product of
G15 was cleaved by endo-pB-galactosidase. The products
of the digestion showed two peaks by HPLC, corre-
sponding to Glc-PA and GlcNAcP1-3Galpl-4Gle-PA.
The estimated structures of G5 and Gl4-1 are pre-
sented in Table 3. On «al,3/4-fucosidase digestion, the
" coordinates of desialylated G14-2 coincided with those
of Galpl-4GlcNAcBI-3GalBi-4GlcNAcBI-3GalB1-4Glc
(nLcg), as was determined in the above experiment,

suggesting the structure of Gl4-2 to be NeuAcau2-

3Galpl-4(Fucal-3)GIcNAcB1-3GalB1-4GIcNAcB1-3Galpl-
4Glc (Table. 3). These structures are consistent with MS/
MS analysis data (data not shown).

Structure of Gl16-1, G16-2, und G16-3

Sialic acid is linked a2-3 to the terminal residue of G16-
1,- G16-2, and G16-3, as determined by o2, 3-sialidase -
digestion. After sialidase digestion, G16-1 and G16-2 were
converted to species with the same coordinates (3.66, 6.88)
and G16-3 was converted to a species with coordinates
(4.20, 6.88). These results indicate that G16-1 and G16-2
have the same backbone structure, which is different from
‘that of G16-3. Desialylated G16-3 was sequentially
digested with Pl,4-galactosidase and B-N-acetylhexosa-
minidase twice. The first and second sequential digests gave
products that corresponded to nlLcg and nlcy, respectively.
This result indicated the structure of G16-3 to be Neu-
Aca2-3GalBl-4HexNAc-GalB1-4GlcNAcB1-3Galp1-4Gle-
NAcB1-3GalB1-4Glc. Endo-B-galactosidase treatment of
G16-3 produced two major peaks by HPLC, corresponding
to GIcNAcB1-3Galpl-4Glc-PA and GIcNAcB1-3Galpl-
4GIcNACcB1-3GalB1-4Glc-PA. These results indicate that
the subterminal HexNAc is GlctNAc linked B1-3 to galact-
ose. On the basis of these results, the structure of G16-3 is
estimated to be as listed in Table 3.

Sequential digestion of desialylated G16-2 with B1,4-
galactosidase and then B-N-acetylhexosaminidase released
two galactose and two HexNAc residues, respectively, as
measured by MS (data not shown). The products of these
digests coincided with the position of the reference com-
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