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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 (calculated) Estimated composition
Size (Gu) RP (Gu)
G10-1 4.78 4.09 1223.5 1223.5 [M+Hr NeuAc,Hex;HexNAc;dHex,-PA
G10-2 4.74 5.35 1223.5 1223.5 [M+HT" NeuAc,Hex;HexNAc,dHex,-PA
Gl 4.92 3.77 12233 1223.5 fM+HI" NeuAc;Hex;HexNAc,dHex;-PA
Gl12 5.51 5.64 14424 1442.5 ["M+H]+ NeuAc;Hex;HexNAc;-PA
G13 5.89 4.71 1442.6 1442.5 [M+H]J NeuAc,;Hex;HexNAc,-PA
Gl4-1 6.29 473 1588.4 1588.6 (M+HT NeuAc,Hex;HexNAc,dHex,-PA
G14-2 6.25 4.94 1588.3 1588.6 [M+HT" NeuAc;HexsHexNAc,dHex,-PA
Gl5 6.71 4.19 1588.4 1588.6 [M+H]" NeuAc,Hex,HexNAc,dHex,-PA
Gl6-1 6.90 5.64 1807.1 1807.7 [M+H]+ NeuAc;HexsHexNAc;-PA
G16-2 6.87 6.05 1807.4 1807.7 (M+HT" NeuAc,HexsHexNAc;-PA
G16-3 6.85 6.78 1807.5 1807.7 [M+HT* NeuAc,HexsHexNAc;-PA
Gl17-1 7.04 4.16 17344 1734.7 [M+H]+ NeuAc;HexsHexNAc,dHex,-PA
G172 7.00 5.04 1734.3 1734.7 [M+HT" NeuAc,HexsHexNAc,dHex,-PA
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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, «2,3-sialidase under conditions where the enzyme specifically digests sialic acid in the a2-3 linkage; 2,6-S,
a2,3-sialidase under conditions where the enzyme digests sialic acid in both «2-3 and a2-6 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 «2-6 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 nLcs. On
the basis of these data, G10-2 is estimated to be Neu-
Acu2-6(Fucal-2)GalB1-4GlcNAcB1-3Galp1-4Glc, 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/fz 534, corresponding to [dHex+Hex-Hex-
NAc+Na]t 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 Gl11 (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

G12 was digested successfully with «2,3-sialidase in con-
dition 1. In contrast, G13 could not be digested with «2,3-
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
02-6, 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 (%)
Gl HS0,-Galp1-4Glc-PA SM3 1.6
G2 NeuSA ca2-3Galf1-4Glc-PA GM3 58.0
G3 GdNAcﬂl-«;ngl--iGlo-PA GM2 1.9
|
NeuSA co2
G4 Neu5A co2-8Nea 5Aco2-3GalP1-4Glo-PA GD3 0.6
G5 G alf1-3GaINAcB1-4GalB1-4Glc-PA GM1 2.8
3
I
NeuSAco2
G6 NeuSA co2-3Galp14GINAcP1-3GalB1-4Glc-PA SPG 6.5
G7 GalP1-3GaINAcP1-4GalP1-4Glc-PA GDla 29
3 3
| |
NeuSA ca2 NeuSAca2
G8 NeuSA co2-6Galp1-4GIcNAcS1-3Galf1-4Glc-PA IV *NeuAca-nLe, 13.8
G G alB1-3GalNAcP1-4Galp1-4GloPA GDI1b 0.2
3
1
NeuSA co2-8NeuS5Aco2
G10-1 NeaSA ax2-3Gal14GINAcB1-3GalB1-4G1c-PA SLe* 0.4
3
1
Fucad
G102 NeuSA co2-6GalP1-4GINAcB1-3GalB1-4Glc-PA IV?Fuca,IVSNeuAca-nLc, 0.2
2
I
Fucal
Gl11 Neu5A ca2-3Galf1-3GIcN AcB1-3GalB1-4Glc-PA SL¢ 1.3
4
|
Fucal
G12 NeuSA ca2-3Galf1-4G1cNAcB1-3GalB14GINACP1-3GalB1-4Glo-PA VI*NeuAca-nLcg 6.0
G13 NeuSA ca2-6Galf1-4G1eNAcB1-3Galp14GIcNAcP1-3Galp1-4Glo-PA VI®NeuAca-nLcg 1.2
Gl4-1 NeuSA ca2-3Galf14GIcNAcB1-3GalB1-4GINAcf1-3Galf1-4Glc-PA VI*NeuAca JII *Fuca-nLcg 0.1
3
|
Fwal
Gl4-2 Neu5A ca2-3Gal1-4GIcNAcB1-3Galp1 4GINAcB1-3GalBl-4Glo PA VI®NevAca,V *Fuca-nLeg 0.1
3
|
Fucal
G15 NeuSA ca2-6GalP1-4G1cNAcB1-3Galp1-4GIcNAcB1-3Galp1-4Glc-PA VI*NeuAca,II® Fucornle 0.7
3
|
Fucal
G16-1 NeuSA ca2-3Galf1-4HexN Ac 0.1
SHIPL-4GINAP1-3GaB1-4GIc-PA
Galp14GIcNAC1
G16-2 Galpl-4HexNAc 0.2
$alp14GIcNAC1-3Galp14GloPA
NeuSAcaz-GGalﬂl-ﬂtGlcNAcBl/
G163 NeuSA ca2-3Galf1-4GIcNAcP1-(3G dB1-4G1NAcB1),-3G df1-4GloPA VIINeuAco-nLes 1.0
G17-1 NeuSA ca2-3Galp1-4G1cN AcB1-3Galf1-4G1N AcPl1-3GalB1-4Glc-PA VPNeuAca,VPFu co II°Fuca-nLcg 0.2
3 3
’ | |
Fucal Fuecal
G172 VIFuca, VI'NeuAco, IT°Fu ca-nlcg 0.1

NeuSA ca2-6Galf1-4GIcNAcB1-3Galf1-4G1NACP1-3GalB1-4Glo-PA
2 3

| |
Fucol Fucal
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Fig. 4. MS"3 spectra of G10-2 and G11. (A,D) MS' spectra of G10-2 (A) and G11 (D). (B,E) MS? spectra of [M+NaJ" precursor ion at m/z 1245 detected
in MS' of panel A (B) and panel D (E). (C,F) MS3 spectra of {(M+Na)-NeuAc]" 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 P1,4-galactosidase and [-N-acetylhexosaminidase.
The products of both digests corresponded to nlcs on
the map, indicating the structure of both backbones to be
Galpl-4HexNAc-GalB1-4GlcNAcB1-3GalpB1-4Glc. Hydro-
lysis of G12 and G13 with endo-B-galactosidase gave two
peaks by HPLC, corresponding Glc-PA and GlcNAcB1-
3GalB1-4Glc-PA. These results indicate that the subtermi-
nal HexNAc is GIcNAc 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 G15

Sialic acid is linked «2-3 to the terminal residue of
Gl14-1 and Gl14-2 and linked a2-6 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 are the same as in Fig. 3. The triangle represents the reference compound, III*Fuc-nLc6, which was obtained in the analysis

of the structure of G14-1 and G15.

of G1S5, as determined by o2,3-sialidase digestion as
described above. After sialidase digestion, G14-1 and
G15 had the same elution position (2.51, 6.23), whereas
the coordinates of the desialylated product of Gl4-2
were (2.49, 6.12). These results indicate that the desialy-
lated structures of G14-1 and G15 are the same but are
different from desialylated G14-2. After sequential diges-
tion with f1,4-galactosidase, B-N-acetylhexosaminidase
and al,3/4-fucosidase, the digestion products of G15
changed into the reference compound nLcs. From these
results, the structure of G15 is tentatively predicted to
be NeuAca2-6Galfl-4HexNAc-GalB1-4(Fucal-3)Glc-
NAcB1-3GalB1-4Glc. After the fucosyl residue linked
to the proximal GlcNAc of GI5 was digested with
bovine kidney fucosidase, the defucosylated product of
G15 was cleaved by endo-B-galactosidase. The products
of the digestion showed two peaks by HPLC, corre-
sponding to Glc-PA and GIcNAcB1-3Galpl1-4Glc-PA.
The estimated structures of G15 and Gl4-1 are pre-
sented in Table 3. On «l,3/4-fucosidase digestion, the
coordinates of desialylated G14-2 coincided with those
of Galpl1-4GlcNAcB1-3GalB1-4GlcNAcB1-3Galp1-4Glc
(nLcg), as was determined in the above experiment,
suggesting the structure of Gl4-2 to be NeuAca2-
3Galp1-4(Fucal-3)GIcNAcB1-3GalB1-4GIlcNAcB1-3Galp1-
4Glc (Table 3). These structures are consistent with MS/
MS analysis data (data not shown).

Structure of G16-1, G16-2, and G16-3

Sialic acid is linked a2-3 to the terminal residue of G16-
1, G16-2, and Gl16-3, as determined by «2,3-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 PB1,4-galactosidase and B-N-acetylhexosa-
minidase twice. The first and second sequential digests gave
products that corresponded to nLcg and nLc,, respectively.
This result indicated the structure of G16-3 to be Neu-
Aca2-3Galpl-4HexNAc-GalP1-4GlcNAcB1-3Galp1-4Glc-
NAcB1-3GalB1-4Glc. Endo-B-galactosidase treatment of
G16-3 produced two major peaks by HPLC, corresponding
to GIcNAcB1-3Galpl-4Glc-PA and GIcNAcB1-3Galpi-
4GIcNAcB1-3GalB1-4Glc-PA. These results indicate that
the subterminal HexNAc is GIcNAc 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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galactose of nLcy. When intact G16-2 was trimmed on a
nonsialylated branch with B1,4-galactosidase and pB-N-acet-
ylhexosaminidase, the product was identical to G12. These

pound nlc, These results indicate that G16-1 and G16-2
contain two side chains, NeuAca2-3GalpBl-4HexNAc and
Galp1-4HexNAc, which are linked together to the terminal
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Fig. 6. MS'? spectra of G17-1 and G17-2. (A,D) MS' spectra of G17-1 (A) and G17-2 (D). (B,E) MS? spectra of [M+Na]" precursor ion at m/z 1756
detected in MS! of panel A (B) and panel D (E). (C,F) MS? spectra of [(M-+Na)-NeuAc]* precursor ion at m/z 1465 detected in MS? of panet B (C) and
panel E (F). Mass spectra in panels C and F are magnified to demonstrate clearly the minor product ions such as at m/z 534, 1157, and 1303. The y axes in
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were assigned as shown in Fig. 4.
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results suggest the position of sialylation in G16-2 to be at
the terminal galactose of the Galp1-4GlcNAc chain on the
side of the B1-3 linkage. In G16-1, the position of sialyla-
tion is at the terminal galactose of another Galfi-4Hex-
NAc chain (Table 3). We speculate another HexNAc to
be GIcNAc and B1-6 linked to galactose; however, from
the results of this study, we are unable to demonstrate this
unambiguously. The structures of G16-1, G16-2, and G16-
3 are consistent with MS/MS analysis data (data not
shown).

Structure of G17-1 and G17-2

Sialic acid is linked a2-3 and a2-6 to the terminal resi-
dues of G17-1 and G17-2, respectively, as demonstrated
by sialidase digestion as described above (Fig. 5). Desialy-
lated G17-1 could be digested with al,3/4-fucosidase. In
contrast, desialylated G17-2 could be digested with al,2-
fucosidase but not with ol,3/4-fucosidase. The products
of both digests were identical to Galpl1-4GlcNAcBI-
3Galp1-4(Fucal-3)GIcNAcB1-3GalB1-4Glc-PA, which
was determined as described above (Fig. 5). The digestion
product from G17-1 was sequentially digested with Bl1,4-
galactosidase, B-N-acetylhexosaminidase, and al,3/4-fuco-
sidase to yield a product identical to nLcy (Fig. 5). From
these results, the structures of G17-1 and G17-2 are esti-
mated to be as shown in Table 3. The structure of G17-2
has the same terminal structure as GI10-2, NeuAco2-
6(Fucal-2)GalB1-4GlcNAcpBl, and has also not been
reported previously. These structures were also confirmed
by MS/MS analysis. Product ions in MS? spectra revealed
the core structure of G17-1 and G17-2 to be Hex-HexNAc-
Hex-HexNAc-Hex-Hex-PA (Fig. 6). Fucosylation of the
inner HexNAc residue of G17-1 and G17-2 was suggested
by the detection of a characteristic product ion at m/z 792,
corresponding to [dHex-HexNAc-Hex-Hex-PA+Na]" in
MS3 spectra of G17-1 and G17-2. The position of attach-
ment of the remaining fucose residue is also demonstrated
by careful examination of product ions of MS* spectra.
Product ions at m/z 1303, corresponding to [dHex-Hex-
NAc-Hex-(dHex-)HexNAc-Hex-Hex-PA+Na]", and at
mfz 534, corresponding to [Hex-HexNAc-dHex+Nalt,
were detected in MS> spectra of G17-1, suggesting that
the remaining fucose is linked to the subterminal HexNAc
in G17-1. In contrast, in MS? spectra of G17-2, the product
ion at m/z 1303 was not detected; instead, a product ion at
mfz 1157, corresponding to [HexNAc-Hex-(dHex)Hex-
NAc-Hex-Hex-PA], was detected, suggesting the attach-
ment of the remaining fucose is to the outermost Hex in
G17-2.

Discussion

Enzymatic release of carbohydrate moieties and fluores-
cent labeling, followed by 2-D mapping, MS/MS, and gly-
cosidase digestion, revealed the structures of major acidic
GSLs in colon adenocarcinoma. We were able to identify

22 kinds of acidic GSLs from approximately 20 mg of tis-
sue. One of those identified is sulfated (G1), and the others
are sialylated, including ganglio-series (G2, G3, G4, GS,
G7, and G9), lacto-series (G11), and neolacto-series (G6,
G8, G10-1,2, G12, Gl13, Gl4-1,2, G15, G16-1,2,3, and
G17-1,2) GSLs. The structures of acidic GSLs in colon
adenocarcinoma have been widely studied using a number
of conventional methods, such as TLC and methylation
analysis, and various kinds of acidic GSLs have been
reported to be present in the tissues [8,11,13,15]. The acidic
GSLs identified in this study include most of the acidic
GSLs previously reported to be present in the tissue. For
example, as major components, GM3 (G2), SPG (G6),
IV®NeuAca-nLc, (G8), SLe* (G10-1), SLe? (G11), VI’Neu-
Aca-nLcg (G12), and VI®NeuAca-nLcg (G13) were identi-
fied, whereas VI*NeuAcallI’Fuca-nLcg (G14-1), VI®Neu
AcallPFuca-nlcg (G15), and VINeuAca,V>Fucalll®
Fuca-nLcg (G17-1) were present as minor components.
SM3 (G1) and GD1b (G9) have not been detected in the
tissues in the previous studies. Furthermore, it is notewor-
thy that 2 novel fucogangliosides, G10-2 and G17-2,
having a common carbohydrate moiety at their termini,
namely NeuAca2-6(Fucal-2)GalB1-4GIcNAc, were identi-
fied. To our knowledge, this unique structure has not been
found in glycoproteins as well as in GSLs. In addition to
G10-2 and G17-2, the structure of G16-1 has not been
reported previously. Although the structures of G16-1
and G16-2 were not unambiguously determined in the
current study, it is most likely that the undetermined
HexNACc residue is GlcNAc linked B1-6 to terminal galact-
ose of nLcy Assuming the above to be correct, G16-2 has
been previously isolated from human erythrocytes [21],
but G16-1 has not been isolated from any source. Several
acidic GSLs, such as sulfatide and disialosyl lacto-series
gangliosides (reported to be present in colon cancer tissues
[11,13,15]), were not detected in this study. Sulfatide could
not be detected in this study because of its high level of
resistance to endoglycoceramidase II [16]. The reason for
the lack of detection of the other gangliosides is not clear
but may arise from sample variation.

There are two possible reasons why the newly identified
acidic GSLs, G10-2, G16-1, and G17-2, have been undis-
covered previously. One is that the quantities of these gan-
gliosides are quite small. However, this is unlikely given
that G17-1, which is present in this tissue at nearly equiva-
lent levels to the newly characterized acidic GSLs seen in
this analysis, previously have been isolated and character-
ized from adenocarcinoma of colon metastases to liver,
that is, the same sample used in this study. The other pos-
sibility is the potential error in identifying acidic GSLs by
TLC. These acidic GSLs might not be separated and puri-
fied to homogeneity by HPLC using organic solvents and
TLC, probably due to the existence of one or more other
components, such as their isomers, with identical chro-
matographic behavior. Even in our study, G10-2, G16-1,
and G17-2 coeluted on the size fractionation column with
their isomers, G10-1, G16-2, and G17-1, respectively.
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It was only through the use of another chromatography
method (an ODS column) that the species could be sepa-
rated from each other. These results show that the high-res-
olution techniques employed here, consisting of
pyridylamination of carbohydrate moieties of acidic GSLs
followed by separation on two different kinds of chroma-
tography column (amide and ODS), enabled the isolation
and characterization of novel GSLs even in a comprehen-
sively studied tissue. Therefore, the results encourage us
to look for unique structures that may be present in other
types of tumor tissues using this assay. However, it should
be noted that of the 22 kinds of GSLs identified in this
analysis, 12 did not match to standard oligosaccharides
previously prepared and analyzed on the 2-D map. To gen-
erally apply the method used in this study to a variety of
cancerous tissues, the number of prepared standard oligo-
saccharides would seem to be insufficient, and it is essential
to obtain many more standard PA-oligosaccharide libraries
for 2-D mapping. Furthermore, libraries of multistage MS”
spectra of N-linked oligosaccharides have been constructed
and have served to identify structures [22,23]. A similar
approach might also be necessary for the glycomic analysis
of GSLs.

Two a2-6-sialyltransferases, ST6Gal-I [24] and ST6Gal-
II [25], and two a-2-fucosyltranserases, FUT I and FUT 11
[26], are the candidate enzymes for the biosynthesis of the
unique terminal structures of G10-2 and G17-2. It is neces-
sary to clarify the specificities of the a2-6-sialyltransferases
and the a-2-fucosyltranserases to elucidate the involvement
of these glycosyltransferases in forming these carbohydrate
structures. Furthermore, it is also important to determine
whether or not the newly characterized G10-2 and G17-2
are tumor-associated antigens. Preparation of antibodies
recognizing the unique structure common to their termini,

_NeuAca2-6(Fucal-2)Galp1-4GIlcNAc, may be useful for
immunohistochemical analysis of cancerous and normal
tissues.

The relative quantities of each acidic GSL were revealed
in detail, showing ranges from 0.1 to 58.0% of the total.
However, in the previous studies, it was impossible to ana-
lyze the quantity precisely because they were analyzed by
densitometry or estimated from the density of orcinol-
stained bands. We believe that the accumulation of more
precise quantitative data of the kind presented here from
various other tumors and normal tissues will help in under-
standing the characteristic features of the carbohydrate
structures in individual tumors.

In summary, this study has demonstrated that the tech-
niques used are sensitive enough and have enough resolv-
ing power to find novel acidic GSL structures from small
quantities of already well-studied cancerous tissues The
structural analysis of acidic GSLs in malignant tissues
has been performed mainly in adenocarcinoma, whereas
other types of malignant tumor, such as squamous cell car-
cinoma and sarcoma, have not been studied in detail.
Application of the methods used in this study to these
tumors will be important and will lead to the discovery

of novel carbohydrate structures and reveal characteristic
features of individual tumors.
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