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neutral
N1 GalB1-4Glc-PA lactose 29 4.6
N2 Galod-4GalB1-4Glc-PA Gb; 3.8 1.9
N3 GalNAcB1-3Galal-4GalB1-4Gle-PA Ghy 24 06
N4 GalB1-3GIcNACB1-3Galp1-4Glc-PA Le, 269 614
N5 GalB1-4GleNAcB1-3GalB1-4Glc-PA nLcy 25 3.7
N6-1 Fucal-2GalB1-3GIeNAcB1-3Gal1-4Gle-PA TypelH 335 5.2
N6-2 Fuco1-2GalB1-4GIeNAcB1-3Gal1-4Gle-PA Type2H 0.3 14
Galp1-4GIcNAcB1-3GalB1-4Gle-PA
N7-1 3 Le* 57 49
Fucoal
GalB1-3GIcNAcB1-3GalB1-4Glc-PA
N7-2 0 Le* 02 02
Fucol
Fuco1-2GalB1-4GleNAcB1-3GalB1-4Gle-PA
N8 ? Le' 47 04
Fucal
Fuco1-2GalB1-3GleNAcf1-3GalB1-4Gle-PA
N9-1 4 Le 01 01
Fucal
N9-2 GalB1-3GIcNAcB1-3GalB 1-3GleNA cB1-3GalB1-4Glc-PA Lcg 1.0 2.8
N13 GalB1-4GIeNACB1-3GalB1-4GIeNAch1-3GalB1-4Glc-PA nLc, 0 1.7
GalB1-4GIeNAcB1-3GalB1-4GleNAcP1-3Galp1-4Gle-PA
N10-1 3 V*Fuco-nLes 04 02
Fucal
GalB1-4GIcNAcB1-3GalB1-3GleNAcB1-3GalB1-4Gle-PA
N10-2 3 V3Fucor; Leq 08 18
Fucol
GalB1-4GIcNAcB1-3GalB1-4GleNAcp1-3GalB1-4Gle-PA
3 2.
NI : 3 VPFuco,V Fuco-nLeg 01 0
Fucal Fucal
GalB1-4GIcNAcB1-3GalB1-4GlcNAcB1-3Galp1-4Gle-PA
NI2 3 7 VFuco,IIFFuca-nLe 16 05

Fucol Fucol

Lewis-negative individuals, very low levels of Le* (N7-2) and
Le® (N9-1) were observed in normal epithelial cells of some
Lewis-negative individuals (Figure 1A, Table II). This is
probably because the highly sensitive methods employed in
our study to analyze the oligosaccharide structures facilitated
the detection of minute levels of Lewis antigens, which
would otherwise be undetectable using conventional proce-
dures. Secondly, a relatively high level of Le® (N9-1) was
found in cancer cells but not normal epithelial cells of some
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Lewis-negative individuals (Figure IB, ¢, Table III). A mo-
lecular mechanism by which cancer cells of Lewis-negative
individuals synthesize high levels of Le® is proposed in the
Discussion.

Structure of A8-2

Although A8-2 was expressed in three adenocarcinoma cells, it
did not match any of the reference compounds on the 2D map
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accumulated prior (o our studies. MS/MS (MS?) analysis revealed
that A8-2 is monosialylated monofucosylated hexasaccharide
GSL having a tetrasaccharide backbone, Hex-HexNAc-Hex-
Hex-PA. Hence, four GSLs, SLe*, SLe", III°NeuAca,III*Fu-
ca-Ley, and ST2H were reasoned to be candidates of A8-2.
However, the position of A8-2 on the 2D map did not match
any of the four corresponding standards (Figure 2, closed and

open circles). A8-2 was digested with neuraminidase from Ar-
throbacter ureafaciens and the products of the digestion
subjected to 2D mapping. Analysis of the results showed that
the products corresponded to reference compound TypelH but
not the other monofucosylated pentasaccharides, Type2H, Le®,
and Le* (Figure 2, closed and open triangles). From this result,
the structure of A8-2 is tentatively predicted to be a sialylated

Table I11. Estimated structures of acidic and neutral PA-oligosaccharides from pancreatic cancer and normal pancreatic epithelial cells of case 6 (C, cancer cells; N,

normal epithelial cells)

Ratio (%)

Fraction Structure Abbreviation
C N
acidic
Al NeuSAco2-3GalB1-4Gle-PA GM3 29.0 63.7
A2 NeuSAco2-8NeuSAco2-3GalB1-4Gle-PA GD3 0.6 0
GalB1-3GalNAcB1-4GalB1-4Glc-PA
All 7 GM1 0.5 0
NeuSAco2
A3 NeuSAco2-3GalB1-3GleNAcB1-3Gal1-4Gle-PA SLe* 0.5 0.4
GalB1-3GalNAcP1-4GalB1-4Gle-PA
A4 3 ) GDIa 12 04
NeuSAco2 NeuSAco2
A6 Neu5Ac0o2-6GalB1-4GleNAcB1-3GalB1-4Gle-PA LST-¢ 1.5 0
NeuSAco2-3GalB1-3GIeNAcB1-3GalB1-4Gle-PA
A7 6 IV’NeuAco,III'NeuAcorLes 0.6 18
NeuSAco2
NeuSAca2-3GalB1-4GIeNAcB1-3GalBl-4Glc-PA
A8-1 ? SLe* 0.4 0
Fucal
NeuSAco2-6GalB1-3GleNAcB1-3Gal1-4Glc-PA
A8-2 2 STIH 0.3 0
Fucol
Al3 Neu5Aco2-3GalB1-3GalNAcB1-3Galal-4GalB1-4Gle-PA V3NeuAca-Gb5 0 0.9
NeuSAco2-3GalB1-3GalNAcB1-3Galol-4GalB1-4Gle-PA
Al4 ¢ V*NeuAco, IV'NeuAco-Gbs 0 0.9
Neu5Aco2
neutral
N1 GalB1-4Gle-PA lactose 1.6 0.6
N2 Galal-4GalB1-4Gle-PA Gb; 2.7 7.9
N3 GalNAcB1-3Galal-4GalB1-4Glc-PA Gby 1.5 1.5
N4 GalB1-3GIcNAcB1-3GalB1-4Gle-PA Ley 04 0.5
N5 GalB1-4GlcNAcB1-3GalB1-4Gle-PA nLcy 1.0 0.2
N6-1 Fucal-2GalB1-3GleNAcB1-3GalB1-4Gle-PA TypelH 433 1.6
1600
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GalB1-4GIcNAcB1-3GalB1-4Gle-PA
3

N7-1 I
Fucal
GalNAcal-3GalB1-3GleNAcB1-3GalB1-4Glc-PA
N14 2
Fucal
Fucal-2GalB1-4GlcNAcB1-3GalB1-4Gle-PA
3
N8 I
Fucal
Fucal-2GalB1-3GIcNAcB1-3Galp1-4Gle-PA
N9-1 4
Fucol
GalNAcal-3GalB1-4GleNAcB1-3GalB1-4Gle-PA
2 3
NI15 A
Fucal Fucal
GalB1-4GlcNAcB1-3GalB1-4GleNAcB1-3GalB1-4Gle-PA
3 3
N12 | |

Fucal Fucal

Novel ganglioside in cancer cells of Lewis-negative patients

Le* 32 0.7
TypelA 3.6 133
Le 3.1 1.3
Le" 4.9 0
ALe' 0 44
V*Fuco,III’Fuco-nLeg 0.2 0

form of Fuca1-2GalR 1-3GlcNAcPB 1-3Gal3 1-4Glc (sialylated
typelH). A8-2 was digested with a-fucosidase from bovine kid-
ney, and the product of the digest did not coincide with the
position of the any monosialylated pentasaccharide reference
compound, SLe‘, LST-b, LST-c, SPG, or GM1 (Figure 2, closed
and open diamonds). Linkage position of sialic acid could be
determined by the specificity of a2,3-silalidase digestion as
described in Materials and methods. Defucosylated product
of A8-2 could not be digested with «2,3-sialidase under con-
ditions where the enzyme specifically cleaves the a2-3
linkage (condition 1). However, digestion did occur with
a2,3-sialidase under conditions where the enzyme cleaves
the a2-3 and «2-6 linkages (condition 2). These results indi-
cate that sialic acid is «2-6 linked to the terminal residue. In
addition, the defucosylated desialylated product of A8-2 cor-
responded to Lcy but not other neolacto and ganglio series
tetrasaccharides, nLcy, asialo GMI1 on the 2D map (Figure 2,
closed and open squares). Hence, the structure of A8-2 is pre-
dicted to be NeuAca2-6(Fuca1-2)Gal3 1-3GIcNAcp 1-3Galp 1-
4Glc (2-6 sialylated typelH, abbreviated as ST1H), which
has not been reported previously. This structure is consistent
with the result from tandem mass analysis (Figure 3). The
presence of a fragment ion at m/z 622 corresponding to
[NeuAc+dHex+Hex+Na]" in the MS? spectra of A8-2 indi-
cates that a fucose and sialic acid residues are linked to the
outermost Hex residue. This structure has not been found in
any normal colorectal and pancreatic epithelial cells, similar to
ST2H.

Discussion

In our previous study, we found a novel GSL in colon cancer,
NeuAca2-6(Fucal-2)Galp1-4GlcNAcp 1-3Galp1-4Glc
(ST2H), which is expressed in colorectal and pancreatic can-
cer cells in about half of the patients, regardless of Lewis
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type (Korekane et al. 2007). In addition to ST2H, we also
found a novel fucoganglioside, NeuAca2-6(Fucal-2)Galp1-
3GIcNAcp1-3Gal1-4Gle (ST1H). Unlike ST2H, ST1H is
believed to accumulate principally in cancer cells from Lewis-
negative patients. Although there is a degree of similarity be-
tween STIH and ST2H, the two molecules are fundamentally
different. The terminal structure of both GSLs is the same,
namely, sialic acid and fucose residue is linked to galactose
via an a2-6 linkage and «1-2 linkage, respectively. However,
the crucial difference is that the galactose of STIH and
ST2H is linked to GlcNAc via a B1-3 (typel) linkage and
{1-4 (type2) linkage, respectively. This structural difference
is similar to that between SLe" and SLe*, i.e., a sialic acid
of both SLe" and SLe* is attached to the terminal galactose
of Le* (type 1) and Le* (type 2) via an «2-3 linkage.

ST1H was found in cancer cells from two of 60 cases of co-
lorectal cancer and one of five cases of pancreatic cancer. The
incidence of this moiety in cancer cells appears to be very low.
However, taking into consideration the highly likely possibility
that this substance is preferentially synthesized in cancer cells
of Lewis-negative patients, the incidence cannot be considered
low. Specifically, this unique structure was found in two of four
colorectal cancer patients and one of two pancreatic cancer pa-
tients that were Lewis-negative.

STIH was not detected in normal colorectal and pancreatic
epithelial cells. However, analyzed subjects were limited to
cancer and normal epithelial cells of colorectal and pancreatic
tissues. In future, the subject of analysis needs to be expanded
to other tissues including fetal tissues, hyperplasia, adenoma,
and inflammatory tissues to investigate whether STI1H is an
oncofetal antigen.

Although the expression level of STIH is quite low com-
pared with major GSLs, it is nevertheless comparable with
that of SLe* (Tables Il and 11I). Moreover, SLe* is a well-
known tumor-associated carbohydrate antigen, which has
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Fig. 2. Sequential digestion of A8-2. Circles, diamonds, triangles, and squares mark the positions of sialylated fi lated hexasaccharides,
monosialylated ides, fucosylated p ides, and harides, respectively. Closed marks indicate A8-2 (closed circle) and change after

glycosidase digestion of A8-2 (closed triangle, diamond, and square). Open marks represent the positions of the standard compounds (shown as abbreviations).

Lines indicate the direction of the change afier glycosidase digestion of A8-2. Glycosidases are shown beside each line. Enzyme abbreviations are:

(neuraminidase) from Arthrobacter ureafaciens; F,
the enzyme digests sialic acid at both a2-3 and a2-6 linkages.

been used as a serum tumor marker, and functions as a ligand
for selectins. Therefore, the low level of STIH expression per
se does not necessarily imply an insignificant role in terms of
cancer biology.

In addition to identifying novel structures in cancer cells of
Lewis-negative mdmduals we also found relamely high levels
of expression of Le® (N9-1) in some cancer cells (Figure 1B, c,
Table 111) even though they are judged to be Lewis-negative.
Specifically, no or trace levels of Le” expression were found in
cancer cells and normal epithelial cells, with an undetectable
level of CA19-9 in serum, null FUT3 (Lewis) gene and an un-
detectable level of a1-4 fucosyltransferase activity with Lc, (see
Results section). We propose that FUTS5, but not null FUT3,
might be responsible for this reaction. FUT5 has predominantly
al-3 fucosyltransferase activity with type 2 chain acceptors,
such as nLc, and type 2 disaccharide, and only a very low level
of a1-4 fucosyltransferase activity with type 1 chain acceptors,
such as Lcy and type 1 disaccharide (Weston et al. 1992; Nguyen
etal. 1998). However, FUTS showed comparable levels of a1-4
fucosyltransferase activity with Type 1H to convert to Le® to
FUT3 (Oulmouden et al. 1997). Furthermore, previous work
suggests a requirement of Type 1H structures for FUTS5 as pre-
cursors for type 1 Lewis antigen biosynthesis in cultured cells
(Holgersson and Lofling 2006). Hence, even though FUT3 is
inactivated, Le” can be generated by FUTS in the cells in which
Type 1H is dominantly expressed, such as cancer cells of Lewis-
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, a-sialidase

a-fucosidase from bovine kidney; 2.6-S, a2,3-sialidase from Salmonella typhimurium under mndllmns where

negative individuals as described below (N6-1, Figure 1A and
B). In agreement with this speculation, cancer cells of case 6
possess undetectable levels of a1-4 fucosyltransferase activity
with Lcy to form Le®. However, these cancer cells exhibited
quite low, but nevertheless detectable, levels of a1-4 fucosyl-
transferase activity with Type 1H to form Le® (data not shown).

Proposed synthetic pathways for the major groups of GSLs in
cancer cells and normal epithelial cells are outlined in Figure 4.
Based on the findings of our previous work (Misonou et al.
’009) and this study, we believe that the reason that STIH
is likely to be syntheSlzed in cancer cells of Lewis-negative
patients is as follows. Le® and Le® are the major products,
and TypelH and Lc, are very minor in normal epithelial cells
from Lewis-positive individuals (highlighted by square wnh
thick line, Figure 4). Even though the levels of Le and Le®
decrease in carcinogenesis, the levels of Lc, and TypelH do
not increase and remain quite low. ST1H is scarcely synthe-
sized in cancer and normal epithelial cells from Lewis-
positive individuals probably because active Lewis enzyme
much prefers to act on TypelH (a precursor of STIH) over
a2-6 snalyltransferase the pathway would ﬂow to the synthesis
of Le® but not STIH. a2-6 Sialylated Le® and Le* was not
detected in our study. This is probably because a2-6 sialyl-
transferase cannot act on the terminal galactose of a type-1
lactosamine chain when the adjacent GlcNAc is fucosylated.
While Le,, TypelH, and TypelH derivatives (Type 1A and/
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Fig. 3. MS' and MS? spectra of A8-2. (A) MS' spectra of A8-2. (B) MS® spectra of [M+Na]' precursor ion at m/z 1245 detected in MS' of panel A. Fragment ions

with numbered mass
HexNAc, open squa

: sialic acid, open star; dHex, open triangle.

or B) are the major products, Le* and Le” are absent or pres-
ent at very low levels in normal epithelial cells from Lewis-
negative individuals due to the lack of Lewis enzyme activity
(highlighted by square with thin line, Figure 4). The common
feature of the oligosaccharide structures of the three cancer
cells (cases 1, 4, 6) expressing STIH is that Type 1H is mark-
edly increased to become the most abundant species
(Figure 1A and B, N6-1). The marked increase in the level
of TypelH from colorectal cancer cells is thought to be due
to the elevation of activity of al-2 fucosyltransferase during
carcinogenesis (Misonou et al. 2009). However, the detailed
mechanism of the upregulation of TypelH in pancreatic cancer
cells of Lewis-negative patients is not clear. Furthermore, aug-
mentation of the activity of «2-6 sialyltransferase during
malignant transformation in colorectal cancer cells was demon-
strated previously (Misonou et al. 2009). A similar elevation in
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alues in panel B are sodium adduct ions. The MS/MS fragment ions were assigned as shown schematically. Symbols: Hex, open circle;

the activity of a2-6 sialyltransferase in pancreatic cancer cells
was also confirmed in our study (data not shown). Hence, the
pathway would flow to the synthesis of STIH in cancer cells
from Lewis-negative individuals.

Because Lewis-negative individuals cannot produce the SLe”
epitope (CA19-9 epitope), serum levels of CA19-9 in these indi-
viduals is either undetectable or very low (i.e., under | U/mL).
DU-PAN-2 (SLe® epitope), which is a precursor structure of SLe®,
is another well-known tumor marker (Figure 4). Hence, measure-
ment of CA19-9 and DU-PAN-2 is recommended to apply for
Lewis-positive and Lewis-negative individuals, respectively
(Narimatsu et al. 1998) (Figure 4). Both antigenic epitopes are
known to be carried on mucins that are secreted into the plasma
by cancer cells. Although the unique epitope of STIH (NeuA-
ca2-6(Fuca1-2)Galp 1-3GIcNAcp 1-R) was found in GSLs in
this study, it is highly possible that the ST1H epitope is also car-

1603

0L0Z ‘L JoquienopN uo AyisieAlun exesQ Je 6o sjeunolpiojxo qooA|6 woly papeojumoq



K Shida et al.

Type-1 aF
—| @1O® | ————»
. Lc, y E e
, ..3S
| o A xen00 -
SLe® (DU-PAN-2) SLe® (CA19-9)
4F
Type-2 K XType1H XE Le®)
N
1 WXDO@
STiH
3F
------ >
nke,~~.__ 38 Le*
L TN wopoe-e
2F, 65, SPG SLe
\ a
\ HOTHO®
1 LST-c

3F
gTypegH"-> EE Le¥
[N ﬂ-gl:loe
ST2H

Fig. 4. Proposed synthetic pathways for major groups of GSLs in cancers and normal epithelial cells. Arrows indicate the pathways predominating in normal
epithelial cells. Broken arrows indicate the pathways that are i d in carci is. Abbreviations: 4F, a1-4 fucosylation of GleNAc (Lewis enzyme activity);
3F, al-3 fucosylation of GleNAc; 2F, a1-2 fucosylation of galactose; 3S, a2-3 sialylation of galactose; 6S, a2-6 sialylation of galactose. The structures of GSLs in
normal epithelial cells from Lewis-positive individuals are composed of mainly Le® and Le” (highlighted by square with thick line). By contrast, the structures of
GSLs in normal epithelial cells from Lewis-negative individuals are composed of mainly Ley and TypelH (highlighted by square with thin line). In malignant
transformation, the type-2 ratio, a2-3 and/or a2-6 sialylation, and «1-2 fucosylation are i d. These result in i in the amounts of, or the
appearance of, a variety of oligosaccharides, such as Le*, Le*, LST-¢, SLe", and ST2H as type 2 oligosaccharides, Type 1H, SLe", SLe¢, and ST1H as type |
oligosaccharides. Note the difference in of typel oli; ides between cancer cells from Lewis-positive and negative individuals, i.e., synthesis of
SLe" is increased in carcinogenesis and SLe” becomes one of the major components of cancer cells from Lewis-positive individuals. However, SLe" is not
synthesized in cancer cells and normal epithelial cells from Lewis-negative individuals, but the levels of SLe® and/or ST1H are increased in carcinogenesis. SLe"
epitope (NeuAca2-3Galp 1-3(Fucal-4)GIcNAcf 1-R) and SLe¢ epitope (NeuAca2-3Galj31-3GIcNAcf 1-R) are recognized by CA19-9 and DU-PAN-2 antibodies,
respectively. Schemes of representative oligosaccharides are shown. Symbols: open circle with a dot inside, glucose; open circle, galactose ({31-4 linkage, type 2);
closed circle, galactose ((31-3 linkage, type 1); open square, GIcNAc; open star, sialic acid («2-6 linkage); closed star, sialic acid («2-3 linkage); open triangle,

fucose.

ried on the mucins, similar to SLe" and SLe® epitopes. Further-
more, the synthetic flow of DU-PAN-2 and ST1H are different;
i,e, DU-PAN-2 and ST1H are synthesized by «2-3 sialylation of
Lc, and a2-6 sialylation of TypelH, respectively (Figure 4). The
combination of STIH and DU-PAN-2 determinants could serve
as a highly sensitive tumor marker, especially for Lewis-negative
individuals.

Materials and methods

All human specimens were obtained from Osaka Medical Cen-
ter for Cancer and Cardiovascular Diseases. This study was
approved by the Local Ethics Committee of Osaka Medical
Center for Cancer and Cardiovascular Diseases. Informed con-
sent was obtained from the patients. The majority of
experimental procedures including purification of cancer cells,
isolation of GSLs, preparation and separation of PA-oligosac-
charides, and mass spectrometry have been reported previously
(Misonou et al. 2009). In brief, in order to improve the accu-
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racy of analyses, cancer cells were highly purified from
primary lesions of colorectal cancers and pancreatic cancers
using the epithelial cell marker, CD326, and magnetic beads.
The tissues were dissected into small blocks and incubated in
DMEM/F12 medium containing 2 mg/mL collagenase (Sigma-
Aldrich, St Louis, MO). The digested cells were resuspended
in phosphate-buffered saline containing 2 mM EDTA and
0.5% bovine serum albumin, and CD326 positive cells were
positively selected using magnetically labeled microbeads
(Miltenyi Biotec GmbH, Bergisch-Gladbach, Germany) ac-
cording to the manufacturer’s protocol.

The neutral and acidic GSLs were extracted from the cells and
digested with recombinant endoglycoceramidase II from
Rhodococcus sp. (Takara Bio Inc. Shiga, Japan) (Ito and
Yamagata 1989). Released oligosaccharides were labeled with
2-aminopyridine (Natsuka and Hase 1998).

PA-oligosaccharides were separated on a Shimadzu LC-20A
HPLC system equipped with a Waters 2475 fluorescence detec-
tor. Normal-phase HPLC was performed on a TSK gel Amide-
80 column (0.2 x 25 cm, Tosoh, Tokyo, Japan). The molecular
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size of each PA-oligosaccharide is given in glucose units (Gu)
based on the elution times of PA-isomaltooligosaccharides.
Reversed-phase HPLC was performed ona TSK gel ODS-80Ts
column (0.2 x 15 e¢m, Tosoh). The retention time of each PA-
oligosaccharide is given in glucose units based on the elution
times of PA-isomaltooligosaccharides. Thus, a given compound
on these two columns provides a unique set of Gu (amide) and
Gu (ODS) values, which correspond to coordinates of the 2D
map. PA-oligosaccharides were analyzed by LC/ESI MS/MS.
High-performance liquid chromatography was performed on a
Paradigm MS4 equipped with a Magic C18 column (0.2 x
50 mm; Michrome BioResource, Auburn, CA). Mass spectrom-
etry (MS) analyses were performed using a LCQ ion trap mass
spectrometer (Thermo Finnigan, San Jose, CA). In the LCQ
method file, the LCQ was set to acquire a full MS scan be-
tween 400 and 2000 m/z followed by MS/MS scans in a data-
dependent manner. Protonated ions were subjected to a further
product ion scan for nonfucosylated PA-oligosaccharides. How-
ever, sodiated ions were subjected to a further product ion scan
for fucose containing PA-oligosaccharides because of the fol-
lowing reason: intramolecular fucose rearrangements have
been found in the CID spectra of protonated ions (but not
in sodiated ions) produced from oligosaccharides derivatized
at their reducing termini with aromatic amines, such as 2-
aminobenzamide, which may lead to erroneous conclusions
about oligosaccharide sequence (Harvey et al. 2002).

Standard PA-oligosaccharides

The structures, abbreviations, and glucose units of authentic
PA-oligosaccharides used in this study are listed in Supplemen-
tal Table 1, which include PA-oligosaccharides purchased from
a commercial source, kindly donated, or prepared during our
previous study. Type 1-type 2 hybrid hexasaccharide, Gal®1-
4GIcNACcR 1-3Galp 1-3GleNAcR 1-3Galp 1 -4Glc are abbreviated
as j,Llce, in order of linkage type of the fourth and sixth
galactoses.

Glycosidase digestion

Sialyl PA-oligosaccharides were digested with 2 U/mL of
«2,3-sialidase from Salmonella typhimurium (Takara Bio
Inc.) or 2 U/mL of a-sialidase (neuraminidase) from 4.
ureafaciens (Nacalai, Kyoto, Japan) in 100 mM sodium acetate
buffer, pH 5.5, for 2 h at 37°C (condition 1). Under these con-
ditions, «2,3-sialidase specifically digests sialic acid a2-3
linked to the terminal residue but not sialic acid with an a2-6
linkage, while Arthrobacter a-sialidase digests both linkages in-
dependent of the linkage position. However, under conditions
using 10 U/mL for 16 h (condition 2), even so-called «2,3-
sialidase can hydrolyze sialic acid a2-6 linked to the terminal
residue but not sialic acid linked to a non-terminal residue.
Hence, we were able to conclude the linkage position of sialic
acid using these two enzymes as follows: (1) When sialyl PA-
oligosaccharide was cleaved by «2,3-sialidase in condition 1,
sialic acid was concluded to be linked to the terminal residue
through an «2-3 linkage. (2) When sialyl PA-oligosaccharide
was cleaved by «2,3-sialidase in condition 2 but not in condi-
tion 1, sialic acid was concluded to be linked to the terminal
residue through an «2-6 linkage. (3) When sialyl PA-oligosac-
charide was cleaved by Arthrobacter a-sialidase in condition 1
but not by «2,3-sialidase in condition 2, sialic acid was conclud-
ed to be linked to a non-terminal residue.
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PA-oligosaccharides were digested with 10 U/mL of a-fuco-
sidase from bovine kidney (Sigma-Aldrich) in 100 mM sodium
acetate buffer, pH 5.5, for 16 h at 37°C. All the reactions were
terminated by boiling the solutions for 3 min.

Molecular cloning of Lewis gene (FUT3) alleles

PCR was used to amplify the coding region of the Lewis
gene along with the flanking regions immediately 5’- and
3’- of the gene from six patients using the sense primer
5'-GAAACAGGAATAATAGCAGCTCC-3’ and antisense
primer 5'-GTTGGCCACAAAGGACTCCAG-3’. Genomic
DNA was extracted from normal rectal and pancreatic tissues
with the QIAamp DNA Micro Kit (Qiagen, Hilden, Germany).
Polymerase chain reactions consisted of 1x PCR buffer
(TOYOBO, Osaka, Japan), 1 mM MgSQy,, 0.2 mM dNTP each,
0.02 U/uL KOD Plus DNA polymerase (TOYOBO), 0.5 uM
each of sense and antisense primer, and Genomic DNA in a 20-
pL reaction volume. The PCR program included hot start at 94°C
for 2 min, followed by 35 cycles with 15 s at 94°C, 30 s at 56°C,
and 1 min at 68°C. The PCR products were sequenced directly in
their entirety using the BigDye Terminator Cycle Sequencing Kit
(version 3.1; Applied Biosystems, Foster City, CA) with the 3100
Genetic Analyzer (Applied Biosystems). Furthermore, PCR pro-
ducts from a heterozygote were ligated into pTA2 TA-cloning
vector (TOYOBO) according to the manufacturer’s protocol.
Positive clones were selected by blue-white screening, and both
strands of their inserts were sequenced. We used oligonucleotides
corresponding to flanking plasmid sequences and primers
corresponding to internal sequences of the wild-type FUT3.

Lewis enzyme (a1-4 fucosyltransferase) activity

Highly purified cancer and normal epithelial cells were
washed with phosphate-buffered saline, resuspended in
50 pL of 1% Triton X100, 20 mM HEPES (pH 7.4) and then
subjected to sonication to obtain the cell homogenate. After
centrifugation at 12,000 x g for 10 min, the supernatants were
used as enzyme sources. The supernatants (1 pL) were as-
sayed for fucosyltransefarse activities in 50 mM cacodylate
buffer, pH 6.5, 5 mM ATP, 25 mM MnCl,, 10 mM L-fucose,
75 uM GDP-fucose, and 1 mM PA-Lc¢, (a total volume of
5 pL). The reaction mixtures were incubated at 37°C for
2 h and terminated by boiling for 3 min. After centrifugation
at 12,000 x g for 10 min, the supernatants were subjected to
size fractionation HPLC.

Supplementary data

Supplementary data mentioned in the text is available to sub-
scribers in Glycobiology online.

Acknowledgments

This study was supported by the Program for Promotion of
Fundamental Studies in Health Sciences of the National
Institute of Biomedical Innovation (NIBIO) and Grant-in-Aid
from Japan Foundation for Applied Enzymology. We thank Dr.
Shunji Natsuka and Dr. Koichi Honke for useful discussions
and critical comments on the manuscript.

1605

0L0Z ‘v JequienoN uo Aysiaaiun exesQ je Bio'sieuwnolpiojxo qooA|6 wouy pepeojumoq



K Shida et al.

Abbreviations

GSL, glycosphingolipids; Gu, glucose units; SLe", sialyl Le";
SLe*, sialyl Le*; STIH, a2-6 sialylated typelH; ST2H, a2-6
sialylated type 2H.

References

Elmgren A, Mollicone R, Costache M, Borjeson C, Oriol R, Harrington J,
Larson G. 1997. Significance of individual point mutations, T202C and
C314T, in the human Lewis (FUT3) gene for expression of Lewis antigens
by the human alpha(l, 3/1, 4)-fucosyltransferase, Fuc-TIII. .J Biol Chem.
272(35):21994-21998.

Fukuda M. 1996. Possible roles of tumor-associated carbohydrate antigens.
Cancer Res. 56(10):2237-2244.

Hakomori S. 1989. Aberrant glycosylation in tumors and tumor-associated car-
bohydrate antigens. Adv Cancer Res. 52:257-331.

Hakomori S. 1996. Tumor malignancy defined by aberrant glycosylation and
sphingo(glyco)lipid metabolism. Cancer Res. 56(23):5309-5318.

Hakomori S. 1999. Antigen structure and genetic basis of histo-blood groups
A, B and O: their changes associated with human cancer. Biochim Biophys
Acta. 1473(1):247-266.

Hakomori S. 2002. Glycosylation defining cancer malignancy: new wine in an
old bottle. Proc Natl Acad Sci USA. 99(16):10231-10233.

Harvey DJ, Mattu TS, Wormald MR, Royle L, Dwek RA, Rudd PM. 2002.
“Internal residue loss™ rearrangements occurring during the fragmenta-
tion of carbohydrates derivatized at the reducing terminus. Anal Chem.
74(4):734-740.

Holgersson J, Lofling J. 2006. Glycosyltransferases involved in type 1 chain
and Lewis antigen biosynthesis exhibit glycan and core chain specificity.
Glycobiology. 16(7):584-593.

Ito M, Yamagata T. 1989. Purification and ization of glycosp
pid-specific endogl| i (endogl i ) from a mutant strain
of Rhodococcus sp. Evidence for three molecular species of
amidase with different specificities. J Biol Chem. 264(16):9510-9519.

annagl R, Izawa M, Koike T, Miyazaki K, Klmum N. 2004. Carbohydrate-
cell adh in cancer and i Cancer Sci.
95(5):377-384.

Korekane H, Tsuji S, Noura S, Ohue M, Sasaki Y, Imaoka S, Mlyamolo Y.

missense mutation A385T in Japanese nonsecretor individuals. J Biol
Chem. 271(16):9830-9837.

Kukowska-LavalIo JF, Larsen RD, Nair RP, Lowe JB. 1990. A cloned human
cDNA d ion of a mouse stage-specific embryonic antigen
and the Lewis blood group alpha(1, 3/1, 4)fucosyltransferase. Genes Dev.
4(8):1288-1303.

Misonou Y, Shida K, Korekane H, Seki Y, Noura S, Ohue M, Miyamoto Y.
2009. C hensive cll il ic study of 16 cancer speci-
mens: elucidation of aberrant glycosylation and its mechanistic causes in
colorectal cancer cells. J Proteome Res. 8(6):2990-3005.

Mollicone R, Reguigne I, Kelly RJ, Fletcher A, Watt J, Chatfield S,
Aziz A, Cameron HS, Weston BW, Lowe JB. 1994. Molecular basis
for Lewis alpha(l, 3/1, 4)-fi 1 fe gene defici (FUT3)
found in Lewi tive Inds ian pedi J Biol Chem. 269(33):
20987-20994.

Narimatsu H, Iwasaki H, Nakayama F, Ikehara Y, Kudo T, Nishihara S, Sugano
K, Okura H, Fujita S, Hirohashi S. 1998. Lewis and secretor gene dosages
affect CA19-9 and DU-PAN-2 serum levels in normal individuals and colo-
rectal cancer patients. Cancer Res. 58(3):512-518.

Narimatsu H, Iwasaki H, Nishihara S, Kimura H, Kudo T, Yamauchi Y,
Hirohashi S. 1996. Genetic evidence for the Lewis enzyme, which
synthesizes type-1 Lewis antigens in colon tissue, and intracellular local-
ization of the enzyme. Cancer Res. 56(2):330-338.

Natsuka S, Hase S. 1998. Analysis of N- and O-glycans by pyridylamination.
Methods Mol Biol. 76:101-113.

Nguyen AT, Holmes EH, Whitaker JM, Ho S, Shetterly S, Macher BA. 1998.
Human alphal, 3/4 1 1. Identi ion of amino acids in-
volved in acceptor binding by site-directed is. J Biol
Chem. 273(39):25244-25249.

Nishihara S, Hiraga T, Ikehara Y, Iwasaki H, Kudo T, Yazawa S, Morozumi K,
Suda Y, Narimatsu H. 1999. Molecular behavior of mutant Lewis enzymes
in vivo. Glycobiology. 9(4):373-382.

Nishihara S, Narimatsu H, Iwasaki H, Yazawa S, Akamatsu S, Ando T, Seno T,
Narimatsu 1. 1994. Molecular genetic analysis of the human Lewis histo-
blood group system. J Biol Chem. 269(46):29271-29278.

Oulmouden A, Wierinckx A, Petit JM, Costache M, Palcic MM, Mollicone R,
Oriol R, Julien R. 1997. Mo]ecular cloning and expression of a bovine alpha
(1, 3) gene b to a putative ancestor gene of the
human FUT3-FUT5-FUT6 cluster. J Biol Chem. 272(13):8764-8773.

Weston BW, Nair RP, Larsen RD, Lowe JB. 1992. Isolation of a novel human
alpha (1, 3)f y gene and molecular comparison to the human
Lewis blood group alpha (1, 3/1, 4)fucosyltransferase gene. Syntenic, ho-

2007. Novel fucogangliosides found in human colon tis-
sues by means of glycomic analysis. Anal Biochem. 364(1):37-50.

Kudo T, Iwasaki H, Nishihara S, Shinya N, Ando T, Narimatsu I,
Narimatsu H. 1996. Molecular genetic analysis of the human Lewis
histo-blood group system. II. Secretor gene inactivation by a novel single

1606

1 nonallelic genes encoding enzymes with distinct acceptor
substrate specificities. J Biol Chem. 267(6):4152-4160.
Yazawa S, Nishihara S, Iwasaki H, Asao T, Nagamachi Y, Matta KL, Narimatsu
H. 1995. Genetic and enzymatic evidence for Lewis enzyme expression in
Lewis-negative cancer patients. Cancer Res. 55(7):1473—1478.

565

0102 ‘¥L JaquianoN uo Ausianiun e3eso je B1o°sjeuinolpioxo qooA|B wouy papeojumod



J. Biochem. 2010;148(3):359-370 doi: 10.1093/jb/mvq077

THE JOURNAL OF
BIOCHEMISTRY

Involvement of ST6Gal | in the biosynthesis of a unique human
colon cancer biomarker candidate, 2,6-sialylated blood

group type 2H (ST2H) antigen

Received June 16, 2010; accepted July

Hiroaki Korekane Akio Matsumoto"*,
Fumi Ota’, Tomoko Hasegawa' 2
Yoshiko Mlsonou Kyoko Shida?,
Yasuhide Mlyamoto and

Naoyuki Taniguchi'>*

'Department of Disease Glycomics (Seikagaku Corporation),

The Institute of Scientific and Industrial Research, Osaka
University, 8-1 Mihogaoka, Ith'\k' 567-0047; *Department
of Immunology. Os: ncer and
Cardiovascular Dise shinari-ku, Osaka
537-8511; and obiology Research Group, Advanced
Science Institute, Chemical Biology Department, RIKEN, 21-1
Hirosawa Wako. Saitama 351-0198, Japan

*Present address: Department of Pharmacology, Chiba University
Graduate School of Medicine, 1-8-1 Inohana, Chuo-ku,

Chiba 260-8670, Japan

"Naoyuki Taniguchi. Department of Disease Glycomics (Seikagaku
Corporation), The Institute of Scientific and Industrial Research,
Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan.
Tel./Fax: +81 6 6879 8413, Email: tani52(@ wd5.so-net.ne.jp

The o2,6-sialylated blood group type 2H (ST2H)
antigen (Fucal-2(NeuAca2-6)Galp1-4GlcNAcp1-
3Galp1-4Gle-Cer) is a fucoganglioside found in
human colon cancer tissues. To elucidate an enzyme
responsible for the ST2H antigen formation, we
screened some partially purified candidate enzymes,
a2,6-sialyltransferases, ST6Gal 1 and ST6Gal II, and
al,2-fucosyltransferases, FUT1 and FUT2 for
their activities towards pyridylaminated type 2H
(Fuca1-2Galp1-4GleNAcp1-3GalB1-4Gle-PA) or LS-
tetrasaccharide ¢ (LST-c: NeuAco2-6Galf1-
4GIcNAcp1-3Galp1-4Glc-PA) as acceptor substrates.
Here we show the ST6Gal I transfers NeuAc from
the donor CMP-NeuAc to the terminal Gal of
PA-type 2H, which formed the ST2H antigen, but
the others could not synthesize it. Using a recombinant
ST6Gal 1, enzymatic reactions with two types of ac-
ceptors, PA-type 2H and PA-lacto-/N-neotetraose
(LNnT), were kinetically analysed. On the basis of
catalytic efficiency (Vyax/Kw), the specificity of
ST6Gal I towards the PA-type 2H was estimated to
be 42 times lower than that for PA-LNnT. The
overexpression of ST6Gal I in human colon cancer
DLD-1 cells effectively resulted in the ST2H antigen
formation, as judged by LC-ESI-IT-MS. Many lines of
evidence suggest the up-regulation of ST6Gal 1
in human colon cancer specimens. Collectively, these
findings indicate that ST6Gal 1 is responsible
for ST2H antigen biosynthesis in human colon cancer
cells.

4, 2010; published online July 23, 2010

Keywords: ol,2-fucosyltransferase/a2,
6-sialyltransferase/colon cancer/fucoganglioside/
ST2H antigen.

Abbreviations: CID, collision-induced dissociation;
EDTA, cthylenediaminctetraacetic acid; ESI, electro-
spray jonization; FUT, fucosyltransferase; GD3,
NeuAca2-8NeuAca2-3GalB1-4Gle; IT, ion trap; LC,
liquid chromatography: Le®, GalBl-3(Fucal-
4)GleNAc:Le®, Galpl-4(Fucal-3)GlcNAc; Le¥
Fucal-2Galpl-4(Fucal-3)GlcNAc; MS, mass
spectrometry; nlLcy, lactoneotetraosyl-ceramide; NP,
normal phase; PNGase F, peptide N-glycosidase F;
RP, reversed phase; SDS—PAGE, sodium dodecyl
sulphate-polyacrylamide gel electrophoresis; SH, 02,
6-sialylated blood group H; ST2H, «2.6-sialylated
blood group type 2H (Fucal-2(NeuAca2-6)Galpl-
4GIcNACcB1-3GalB1-4Gle); ST6Gal, B-galactoside
o2,6-sialyltransferase; Type 1, Galp1-3GlcNAc;
Type 2, Galp1-4GlcNAc.

It is well known that glycans on a cell surface or in
extracellular space play important roles in cellular dif-
ferentiation, adhesion and proliferation (/, 2). The bio-
synthesis of glycans is tissue-specific and is regulated
under physiological and pathological conditions (3—5).
Alterations in the oligosaccharide structures of glyco-
sphingolipids (GSLs) in tumour cells occur in essential-
ly all types of human cancer (6, 7). A series of GSLs
aberrantly accumulated in cancerous tissues have been
isolated and characterized (8—77) and it has been re-
vealed that each type of tumour is characterized by an
accumulation of specific types of GSLs having types |
or 2 chain derivatives such as Lewis" (Le"), Lewis®
(Le"), Lewis® (Le*) or dimeric Le* and their sialylated
derivatives, observed in most human adenocarcinomas
(9, 11—13), while GD3 has been observed in melan-
omas (/4). A subsequent series of studies have indi-
cated the functional significance of aberrant
gycosylation in cancer malignancy, such as metastasis
and invasion (6, 7, 15). Furthermore, our previously
designed studies showed that a unique human colon
cancer biomarker candidate, «2,6-sialylated blood
group type 2H. the ST2H antigen [Fucal-2
(NeuAca2-6)GalB1-4GlcNAcB1-3GalB1-4Gle-Cer],

was first found in human colon cancer tissues (/6) and
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Fig. 1 Hypothetical pathway for ST2H antigen biosynthesis. Solid and dotted arrows indicate the pathways that are already known and
unknown, respectively. Both FUT1 and FUT2 enzymes are active on the type 2 lactosamine chain structure and capable of making the
type 2H structure, but FUT2 is known to show a little activity on the type 2 chain and a strong preference for the type 1 chain (37).

accumulated in colon cancer cells (/7). The ST2H anti-
gen was detected in the cancer cells of all 5 patients
having liver metastasis and 4 other patients in whom
liver metastasis had not been found, out of a total of
16 patients, though the biosynthetic process and the
functional significance of this antigen has not yet
been made clear. In view of its simple sugar chain
structure, the biosynthetic pathway of the ST2H
antigen is casily predicted. as shown in Fig. 1. Two
B-galactoside o2,6-sialyltransferases, ST6Gal I (/8) and
ST6Gal 11 (19, 20), and two P-galactoside ol.2-
fucosyltransferases, FUT1 and FUT2 (21), are candi-
date enzymes for the ST2H antigen biosynthesis. There
are two possible routes for the ST2H antigen forma-
tion. One is that FUT1 and/or FUT?2 initially act on
the nLcy structure, forming an «1,2-fucosylated nLcs
(type 2H) structure. ST6Gal I and/or ST6Gal II sub-
sequently act on the formed type 2H structure, result-
ing in the formation of the ST2H antigen. The other
possibility is that ST6Gal I and ST6Gal 11 initially act
on the nLcy as opposed to the first predicted route,
forming an o2.6-sialylated nLc; (LST-c) structure.
FUTI and/or FUT2 subsequently act on the LST-c
structure, resulting in the formation of the ST2H anti-
gen. Though the first steps of these two possible path-
ways, namely the processes of type 2H and LST-c
formations, are already well known (22, 23), the final
steps of the pathways, that is, ST2H antigen formation
by a2,6-sialylation of type 2H or al,2-fucosylation of
LST-c by the candidate enzymes, are really hypothet-
ical and have not yet been characterized. Thus, it is
unclear which pathway actually works in an in vivo
situation.

In this study, we screened the candidate enzymes,
ST6Gal I, ST6Gal 11, FUT1 and FUT2, for their activ-
ities in making the ST2H antigen as to whether or not
the enzymes actually exhibit such an activity to form
the ST2H antigen. Among the four glycosyltrans-
ferases screened, ST6Gal T was found to possess an
activity that transfers a NeuAc from a donor CMP-
NeuAc to the terminal Gal of a pyridylaminated (PA)
type 2H structure in an o2,6-linkage, resulting in the
formation of a PA-ST2H antigen. Using a purified
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recombinant ST6Gal 1. kinetic parameters related to
ST2H antigen formation were also compared with
those associated with LST-¢ formation. The ST2H
antigen expression was found to be induced by over-
expressing the ST6Gal I in the human colon cancer cell
line, DLD-1I cells. An activity forming the ST2H anti-
gen, that is, o2,6-sialylation of the terminal position of
Gal in PA-type 2H, was found to be certainly detect-
able in the homogenate of human colon cancer tissue.
ST6Gal 1 is likely to be responsible for the formation
of the ST2H antigen in human colon cancer tissue.

Experimental procedures

cotetraose  (LNnT,  Galpl-4GIcNAcB1-3Galp1-4Glc),
ucopentaose 1 (LNFP I, Fucal-2GalBl-3GlcNAcf1-
3GalBl-4Gle), Lewis-Y hexasaccharide (Le¥ H. Fucal-2Galpl-
4(Fucx1-3)GIeNAcB1-3Galpl-4Gle)  and  LS-tetrasaccharide ¢
(LST-¢, NeuAca2-6Galpl-4GleNAcBI-3Galp1-4Gle) were pur-
chased from Dextra Laboratories Ltd (Reading, UK). Cytidine 5'-
monophospho-N-acetylneuraminic acid (CMP-NeuAc), Guanosine
5'-diphospho-B-L-fucose (GDP-Fuc), the anti-FLAG M1 antibody
and FLAG peptide were from Sigma-Aldrich Co. (St Louis, MO,
USA). Glycosyltransferase affinity Gel-cytidine 5'-diphosphate
(CDP-Gel, ligand concentration: 15 pmol/ml) was acquired from
Calbiochem-Novabiochem International Inc. (La Jolla, CA, USA).
PNGase F came from Roche (Basel, Switzerland). Other common
chemicals were obtained from Wako pure chemicals (Osaka, Japan)
or Nacalai Tesque (Kyoto, Japan) unless otherwise specified.

Colon cancer tissue

The patients involved in this study had undergone simultaneous re-
sections of primary colon tumours and liver metastases at Osaka
Medical Center for Cancer and Cardiovascular Diseases (Osaka,
Japan). The cancerous tissues were rapidly frozen with liquid nitro-
gen and stored at —80°C until use. All the studies that used clinical
human samples in this study were carried out at Osaka Medical
Center for Cancer and Cardiovascular Diseases. This study was
approved by the Local Ethics Committee of Osaka Medical Center
for Cancer and Cardiovascular Diseases. Informed consent was
obtained from the patients.

Preparation of crude enzyme extract and partially purified
glycosyltransferases

Frozen human colon cancer tissue was cul to a thickness of 20 pm
with a cryostat microtome (CM 1900, Leica, Milton Keynes, UK).
Twenty sections were collected and homogenized in 150 pl of 10mM
Tris—=HCI (pH 7.4), and 0.25M sucrose, supplemented with a
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complete protease inhibitor cocktail (EDTA-free, Roche). After cen-
trifugation at 600g for Smin at 4°C. the resulting supernatant was
used as a crude enzyme extract for the assay of the activity making
the ST2H antigen structure. When full-length human ST6Gal I and
ST6Gal IT were transiently transfected into COS-1 cells, the majority
of the enzyme activities expressed were found to be secreted out of
the cells. as previously reported in the case of ST6Gal 1 transfected
into COS-7 cells (24). Therefore, a conditioned medium of COS-1
cells transfected with each enzyme cDNA was used as an enzyme
source for partial purification. Briefly, COS-1 cells were transiently
transfected with pcDNA3.1/neo-hST6Gal 1 or pcDNA3.I/
neo-hST6Gal 11 by electroporation (950V, 99ps, two times,
Electro Cell Manipulator ECM 200, BTX, Holliston, MA, USA)
in DMEM. Three days after transfection, the conditioned me-
dium was collected and the protein porlion was concentrated by
ammonium sulphate precipitation (70% saturation). The resulting
precipitate was dissolved in a small volume of 10mM 2-(N-morpho-
lino)ethanesulphonic acid (MES)-NaOH buffer (pH 7.0) containing
ImM MnCl,, 0.1% CHAPS and 20% glycerol, followed by desalt-
ing with a HiTrap desalting column (Sml, GE Healthcare UK Ltd,
Buckinghamshire, UK) that had been equilibrated with the same
buffer. The desalted fraction was further concentrated with an
Amicon Ultra-4 centrifugal filter device (Millipore Co., Billerica,
MA. USA) and then incubated with CDP-Gel (50 ul) with gentle
rotation at 4°C for 4h. The gel was thoroughly washed with the
buffer and the bound proteins were eluted with a buffer containing
I'M NaCl. The eluted fraction was desalted and concentrated with a
Microcon YM-10 centrifugal filter device (Millipore Co.) and then
used for the activity assay. For the preparation of FUTI and FUT2
fractions, the conditioned medium of HEK293 cells stably trans-
fected with pFLAG-CMV-3-Dest-human FUTI or human FUT2
was collected and the protein portion was fractionated by ammo-
nium \UlphdlL precipitation (50—70% saturation). The fraction was
dissolved in a small volume of phosphate-buffered saline (PBS) (—)
followed by desalting with a HiTrap desalting column (Sml),
pre-equilibrated with PBS (—). The desalted fraction was further
concentrated with an Amicon Ultra-4 centrifugal filter device and
the resulting concentrate was used for the act. assay. As a control
fraction for each a: a protein fraction was prepared [rom cor-
responding parental cells for each transfectant using the same pro-
cedure described earl The protein concentration was determined
with a BCA protein y kit (Pierce Biotechnology, Rockford, 1L,
USA) using bovine serum albumin (BSA) as standard.

Glycosyltransferase activity assays

Glycosyltransferase activities were assayed using PA-oligosaccharide
substrates. The enzyme fractions were incubated in an appropriate
reaction mixture for the determination of each enzyme activity. In
the assay using a crude extract of human colon cancer tissue, the
activity making the ST2H antigen was assayed in a final volume of
20yl consisting of S0mM MES-NaOH buffer (pH 6.0), | mM
MnCl,, 100mM 1r-Fue, 1% Triton X-100, 1mM CMP-NeuAc,
10 uM PA-type 2H and 10 pl of the tissue extract. When the partially
purified soluble FLAG-tagged FUTI and FUT2 fractions were
assayed, the reaction was carried out in a final volume of 10pl
using a reaction mixture consisting of S0mM MES-NaOH buffer
(pH 6.0), 10mM MnCl,, 0.1% Triton X-100, I mg/ml BSA, 5pM
PA-LNnT and | mM GDP-Fuc. The soluble ST6Gal I and ST6Gal
11 fractions were assayed in a final volume of 10 pl using a reaction
mixture consisting of 50mM MES-NaOH buffer (pH 6.0), | mM
MnCl,. 0.1% Triton X-100, 1 mg/ml BSA, 5uM PA-LNnT and
ImM CMP-NeuAc. Screening of these glycosylt fe for

ST6Gal | possesses activity forming ST2H antigen

El ionization MS"

Mass speclm of PA-oligosaccharides were obtained on a Finnigan
LCQ Deca XP ion-trap mass spectrometer (ThermoFischer
Scientific, Waltham, MA, USA) equipped with a nanoESI device
(AMR, Inc., Tokyo. Japan) connected to a Paradigm MS4 uHPLC
system (Michrom BioResources, Inc., Auburn, CA, USA) equipped
with a Magic C18 column (0.2 x 5em, Michrom BioResources, Inc.)
as described earlier (/7). and MS® of fucose containing
PA-oligosaccharides were performed using sodiated ions instead of
protonated ions because intramolecular fucose rearrangements have
been found in the CID spectra of protonated ions, but not in
sodiated ions produced from oligosaccharides derivatized at their
reducing termini with aromatic amines, such as 2-aminobenzamide,

4

that may lead to erroncous conclusions about the oligosaccharide
sequence (25).
ific of soluble human ST6Gal |

COS-1 cells were transfected with the pFLAG-CMV-3-Dest-human
ST6Gal I and sclected for clones stably express the gene, based on
resistance to 300 pg/ml of geneticine. The conditioned medium
(300ml) containing the soluble FLAG-tagged human ST6Gal I
(FLAG-hST6Gal 1) secreted from the clones was collected and the
protein portion was concentrated by ammonium sulphate precipita-
tion (70% saturation). The precipitate was dissolved in a small
volume of 10mM MES-NaOH buffer (pH 7.0), 0.1% CHAPS,
0.15M NaCl, 10mM EDTA and 20% glycerol, and then desalted
with a HiTrap desalting column that had been equilibrated with the
same buffer. The desalted protein fraction was concentrated with a
Centriprep YM-30 centrifugal filter device (Millipore), and the re-
sulting concentrate (7ml) was incubated with CDP-gel (0.8 ml) with
gentle rotation at 4°C for 16 h. After washing the gel with the buffer.
the bound material was eluted with the buffer containing 1 M NaCl.
The eluted tion was concentrated and desalted with an Amicon
Ultra-4 centrifugal filter device (0.6 ml) and the FLAG-hST6Gal 1
protein in the fraction was subsequently pulled down with an
anti-FLAG M1 antibody-conjugated protein G Sepharose 4B
(20 ul), which had been equilibrated with 10mM MES-NaOH
buffer (pH 7.0), 0.1% CHAPS, 0.15M NaCl and 20% glycerol at
4°C for 4h. The gel was thoroughly washed with the buffer, and the
bound proteins were eluted with a buffer containing 0.1 mM FLAG
peptide. The buffer of the purified FLAG-hST6Gal 1 fraction was
replaced by SmM MES-NaOH (pH 7.0), 0.1% CHAPS and 20%
glycerol using a Microcon YM-10, and the resulting fraction was
used as an enzyme source for kinetic analyses.

Kinetic analysis of the purified FLAG-hST6Gal |

For kinetic analysis, the punﬁcd recombinant  ST6Gal 1
(FLAG-hST6Gal 1) was incubated in a reaction mixture of 10pul
consisting of 50mM MES-NaOH buffer (pH 6.0), 0.1% CHAPS,
ImM MnCl,, Img/ml BSA and various concentrations of
PA-LNnT, PA-type 2H and CMP-NeuAc, at 37°C for 4h. In all
assays, the consumption of substrates was kept below 20% to
ensure accurate initial rate measurements

Expression of ST2H antigen in human colon cancer cell line,
DLD-1 cells, by ST6Gal |

The human colon cancer cell line, DLD-1 cells, was maintained at
37°C in an RPMI-1640 medium supplemented with 10% foetal
bovine serum, 100 U/ml of penicillin G and 0.1 mg/ml of streptomycin
under a humidified atmosphere of 95% air and 5% CO,. The
DLD-1 cells (three 10-cm-diameter dishes) were transiently trans-
fected with pME Gal 1 (16 pg/10-cm-diameter dish) using a

their acti forming the ST2H antigen was carried out under
the same conditions as above for each enzyme except that the ac-
ceptor substrates used were PA-type 2H for ST6Gal [ and ST6Gal
11, and PA-LST-c for FUT1 and FUT2. After incubation at 37°C for
16h, the reaction was stopped by boiling for 3min, followed by
centrifugation at 20,000g for Smin. The resulting supernatant was
injected into a TSKgel ODS-80TM column (0.46 x 15 cm, Tosoh) to
separate and quantitate the products. The elution was performed
isocratically at 55°C at a flow rate of 1 ml/min using either of two
of the following mobile phase systems. Mobile phase 1 consisting of
S0mM acetic acid adjusted to pH 6.0 with trietylamine, containing
0.25% 1-butanol and mobile phase 11 consisting of 50 mM ammo-
nium acetate to pH 6.0 containing 0.25% I-butanol.

568

Lipof ine 2000 reagent (Invitrogen, CA. USA) and after a
1day culture, the cells were harvested. The transfected ST6Gal 1
activity in the DLD-1 cell lysate was assayed in a final volume of
10pl consisting of S0mM MES-NaOH buffer (pH 6.0), 1 mM
MnCls, 0.5% Triton X-100, I mM CMP-NeuAc. 10 yM PA-LNnT
and 3yl of the cell lysate. The detection of ST2H antigen expression
was performed by structural analysis of oligosaccharide moieties of
acidic GSLs from the transfected cells according to a previously
established method (/7). In short, the acidic GSLs were extracted
from the cell pellets (2 x 10° cells), and the oligosaccharide moieties
of the extracted acidic GSLs were released by digestion with a re-
combinant endoglycoceramidase 11 from Rhodococcus sp. (Takara).
The reducing ends of the released oligosaccharides were pyridylami-
nated, and the resulting PA-oligosaccharides were analysed by
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NP- and RP—HPLC. The structures of the PA-oligos:
ass
each PA-oligosaccharide was given in glucose units (GU) based
on the elution times of PA-isomaltooligosaccharides. The PA-
oligosaccharides were also analysed by LC-ESI-IT-MS.

charides were

Protein exp ion system in cells, p.
of fl li harid and auth,
and i i ion and structural

analysls of enzymatic product
These sections are described in ‘Supplementary Experimental
Procedures’.

Results

ST6Gal | exhibits the activity making the STZH
antigen structure

Two a2,6-sialyltrasnsferases, ST6Gal I and ST6Gal 11,
and two al,2-fucoyltransferases, FUTI and FUT2,
were the candidate enzymes for ST2H antigen biosyn-
thesis (Fig. 1). To elucidate an enzyme producing this
antigen, we carried out a screening of these candidate
enzymes for their activities in making the ST2H anti-
gen in virro. We partially purified the four enzymes,
soluble ST6Gal I and ST6Gal II, and soluble
FLAG-tagged FUTI and FUT?2, from the conditioned
medium of COS-1 or HEK293 cells transfected with
each enzyme cDNA, as described in the ‘Experimental
Procedures’ section. The partially purified enzymes
showed complete activities under standard assay con-
ditions by using their common acceptor substrate,
PA-lacto-N-neotetraose (LNnT), whereas the ST6Gal
IT fraction showed a slightly lower activity than the
others (Supplementary Fig. SI). Using these enzyme

sed by 2D sugar chain mapping, and the retention time of

fractions, the activity making the ST2H antigen
was cvaluated. It was found that when ST6Gal I
was incubated with 5uM PA-type 2H (Fucal-
2Galp1-4GlcNAcB1-3Galpl1-4Gle-PA)  and  1mM
CMP-NeuAc at 37°C for 16h, a small but distinct
product peak estimated at 0.6% conversion of the ac-
ceptor substrate used was detected in its reaction mix-
ture (Fig. 2A), though the others did not show any
positive product peak (Fig. 2B—D). To prepare a suf-
ficient amount of the product of the ST6Gal I reaction
for structural analysis, the reaction was carried out
using an increased concentration (50 uM) of the ac-
ceptor substrate, PA-type 2H, and finally 3 pmol of
the product was fractionated and collected by NP-
and RP—HPLC. A portion of 200 fmol of the collected
product was next dnalyscd by ESI-IT-MS. As shown in
Fig. 3A—C, the MS'™ spectra revealed that the prod-
uct had one extra NeuAc residue linked to the accept-
or, PA-type 2H. In order to confirm the type of sialyl
linkage, the product was digested with linkage-specific
exoglycosidases and the digested products were ana-
lysed by RP—=HPLC (Fig. 3D—F). The product was
sensitive to digestion with Corynebacterium sp. ol,2-
fucosidase and the digested product was cluted at
the same position as PA-LST-c (NeuAcoa2-6Galfl-
4GIcNAcB1-3GalB1-4Glc-PA), but not PA-SPG
(NeuAca2-3GalB1-4GlcNAcB1-3GalB1-4Gle-PA)

(Fig. 3D). Moreover, the ol,2-fucosidase-digested
product was resistant to an additional digestion with
bovine testis B-galactosidase (Fig. 3E), indicating that
the incorporated NeuAc binds to the terminal Gal resi-
due of PA-type 2H in an 2.6-linkage. In addition, the

T
A s! ! B st | p3 " PA
| | : B4
I l s
i 1 2
1
| s': PA-type 2 H
2 4
£ ! B3 E PA
c \ pa
L e N—
£
2 S2: PA-LST-c
c
@
@ D
4
3 ® acic
[ O cal
B GicNac
A Fuc
T} @ Neuac
s RSN - | 4
1 1 t t
0 5 10 150 5 10 15
Retention time (min)
Fig. 2 The ing of candidate g ST6Gal 1, ST6Gal 11, FUT1 and FUT?2, for their activities in forming the ST2H antigen.

Reversed phase HPL( profiles of th reaction mixtures of partially purified soluble ST6Gal I (A), soluble ST6Gal 11 (B). soluble FLAG- mggc.d
FUTI (C) and soluble FLAG-tagged FUT2 (D) are shown. The elution was performed isocratically using mobile phase 1, as described in the
‘Experimental Procedures” section. The reactions were performed using the acceptor substrates, PA-type 2H (A and B) and PA-LST-¢ (C and D),
together with appropriate donor substrates for each enzyme (CMP-NeuAc for ST6Gal I and ST6Gal 11, GDP-Fuc for FUTI and FUT2). The
results obtained in the reaction of the enzyme fraction (a) and of the control protein fraction (b). which were prepared as in the *Experimental
Procedures’ section, are shown. The arrow in (A) indicates the potential product of the ST6Gal I reaction.
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Fig. 3 Structural analysis of the produu of the ST6Gal I reaction in Fig. 2A. (A) The MS' spectrum of the product of the ST6Gal 1 reaction.
(B) The MS* spectrum of [M + Nd] precursor ion at m/z 1245 detected in MS'. (C) MS? spectrum of [(M+Na)-NeuAc]™ precursor ion at mj/z
954 detected in MS”. The MS”™* fragment ions were assigned as shown schematically. (D) Exoglycosidase digestion of the product with
al,2-fucosidase. Reversed phase HPLC profiles of (a) authentic PA-LST-c, (b) authentic PA-SPG, (c) the product without exoglycosidase
digestion and (d) the product after digestion with Corvnebacterium sp. ol,2-fucosidase are shown. (E) Sequential exoglycosidase digestions of the
product with o1,2-fucosidase and ﬁ-gulucnmda\c Reversed phase HPLC profiles of (a) authentic LST-c, (b) the product without exog]ywwddﬁe
digestion, (c) the product after digestion with o1,2-fucosidase and (d) the product subjected to digestions with a1,2-fucosidase ¢
bovine testis B-galactosidase are shown. (F) Linkage analysis of the incorporated NeuAc residue in the product with site-
Re\:ued phmc HPLC profiles of (a) authentic PA-type 2H. (b) the product without exoglycosidase digestion, (c) the product after digestion vuth
Ha typhimurium LT2 o2 alidase and (d) the product after digestion with Arthrobacier ureafaciens 2,6(3/8)-sialidase. Elution
was performed isocratically using mobile phase 11, as described in the *Experimental Procedures’ section.

transferred NeuAc residue was resistant to digestion (Fig. 4A), as described in the ‘Experimental
with Salmonella typhimurium LT2 o2.3-sialidase, but Procedures’ section. SDS—PAGE analysis of the pur-
was sensitive to digestion with Arthrobacter ureafaciens ified recombinant ST6Gal I showed two bands with
92,6(3/8)-sialidase (Fig. 3F), indicating again that the molecular weights of 55K and 57K (Fig. 4B, lane 2),
transferred NeuAc residue has an o2,6-linkage. Taken both of which were found to be recombinant ST6Gal I,
together, these findings suggest that human ST6Gal 1 as indicated by the immunoblot analysis using an
possesses the activity to make the ST2H antigen. anti-FLAG M1 antibody (Fig. 4B, lane 3). In addition,
ST6Gal 1 could not transfer a NeuAc residue to PNGase F treatment revealed that both species were

PA-LNFP I, a type 1 chain derivative of the blood N-glycosylated to a similar extent (Fig. 4B, lanes 4 and 5).
group H antigen (Supplementary Fig. S2), suggesting The recombinant ST6Gal I protein was found to keep
that the N-acetyllactosamine unit presenting an its activity that transfers a NeuAc from the donor
ol,2-fucosyl residue needs to be a type 2 chain for CMP-NeuAc to two types of acceptors, PA-LNnT
o2,6-sialylated blood group H (SH) antigen and PA-type 2H, and the relative activity towards

production. PA-type 2H was estimated to be ~2% when the activ-

ity against PA-LNnT is 100% (Fig. 4C). Using this
Kinetic analysis of the ST6Gal | reaction related recombinant ST6Gal 1. the reaction in relation to the
to ST2H antigen formation formation of the ST2H antigen was kinetically ana-
The elucidation of a kinetic factor associated with lysed. The recombinant ST6Gal I was incubated with
the transfer rates is important for understanding various concentrations of acceptors, PA-LNnT or
the ST6Gal I reaction regarding ST2H antigen forma- PA-type 2H, in the presence of a fixed concentration
tion. For kinetic analysis, we prepared a soluble (I mM) of the donor substrate CMP-NeuAc (Fig. 5).

FLAG-tagged human ST6Gal 1 recombinant protein As indicated by the [S]-v and double reciprocal plots
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Fig. 4 Purification of the soluble N-terminally FLAG-tagged human ST6Gal 1 recombinant protein. (A) Schematic representation of the construct
of the recombinant human ST6Gal 1. The preprotrypsin (PPT) leader sequence directs secretion of a fusion protein into the culture medium; a
FLAG-tag and some additional residues were fused at the GIn-61 position of human ST6Gal 1. (B) SDS—PAGE analysis of the purified
recombinant ST6Gal 1. Proteins were separated on 10% SDS-gel under reducing conditions and visualized by silver staining; lanes 1 and 2
indicate a molecular size marker and the purified recombinant ST6Gal I, respectively. The recombinant ST6Gal | proteins were detected by
immunoblotting using an anti-FLAG M1 antibody (lanes 3—5). In lane 5, the proteins were deglycosylated by digestion with PNGase F.

(C) Acceptor substrate specificity of the purified recombinant ST6Gal I. The enzyme reaction was performed using the 5puM acceptor substrates
shown and 1 mM CMP-NeuAc for 4 h at 37°C. The number in parenthesis indicates the relative activity when the activity towards the acceptor
oligosaccharide PA-LNnT is set at 100.

(Fig. 5A, B, E and F), it appeared that the enzyme was the acceptor), the specificity of ST6Gal 1 with respect
inhibited by the acceptor PA-oligosaccharide itself in a to the type 2H structure was estimated to be 42 times
range of high concentration (>0.8mM), and thus lower than that for the LNnT structure.

the down- and up-curvatures observed in the [S]-v

and the double reciprocal plots,v rgspgctix'elyj were Overexpression of ST6Gal | directs the expression
found to be due to ‘substrate inhibition’ kinetics. of the ST2H antigen in DLD-1 cells

Therefore, the concentrations of the acceptor in the To examine whether or not the biosynthetic pathway

linear portion of the double reciprocal plots were for the ST2H antigen by ST6Gal 1 occurs also in vivo,
used to determine the kinetic parameters. With respect we performed a study on overexpressing ST6Gal I in a
to the donor substrate, on the other hand, the reactions human colon cancer cell line, DLD-1 cells. The DLD-1
followed Michaelis—Menten-type kinetics (Fig. 5C, D, cells were selected because this cell line was found to
G and H). Table I summarizes the kinetic parameters substantially express the type 2H structure on its GSLs
for the reactions with two types of acceptor substrates. (Supplementary Fig. S3), which is an essential precur-
While the apparent K, values for the donor, which sor oligosaccharide substrate for ST2H antigen forma-
were determined using two types of acceptors, were tion by ST6Gal I (Fig. 1) and, moreover, because
essentially the same, the K, values for the acceptors B-galactoside «2,6-sialyltransferase activity was not de-
were slightly different. The Ky, value for PA-type 2H tected at all in the DLD-1 cell lysate (data not shown),
was 3.9 times higher than that for PA-LNnT, suggest- suggesting that ST6Gal 1 gene expression may be
ing that the o1,2-fucosyl residue linked to the terminal down-regulated in this cell line. The ST6Gal I cDNA
position of Gal in the LNnT structure affects the or control empty vector plasmid were transfected to
binding of the acceptor substrate that accounts in the DLD-1 cells, and after a 1-day culture, PA-
part for the different reaction rate. On the other oligosaccharides were prepared from acidic GSLs in
hand, the V. value found in the analysis using mock- and ST6Gal I-transfected DLD-1 cells, as
PA-type 2H as the acceptor was 11.1 times lower described in the ‘Experimental Procedures’ section.
than that for PA-LNnT. These results suggest that The expression of the transfected ST6Gal 1 in the
the lower rate of the reaction for ST2H antigen syn- DLD-1 cells was confirmed by the enzyme activity
thesis compared to that for LST-c synthesis can be assay (ST6Gal I transfectants: 61.9 pmol/h/mg of pro-
ascribed to both the binding and the catalytic steps. tein; mock transfectants: not detected), and also by
On the basis of the catalytic efficiency (Vpax/Km for the detection of the expression of an LST-c structure
364
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Fig. 5 Kinetic analysis of the ST6Gal I reactions involving PA-LNnT and PA-type 2H. The purified recombinant ST6Gal I activity was measured
with various concentrations of acceptor substrates, PA-LNnT (A and E) and PA-type 2H (B and F), in the presence of a fixed concentration
(1mM) of donor substrate, CMP-NeuAc. The purified recombinant ST6Gal I activity was also measured with various concentrations of

CMP-NeuAc in the presence of a fixed concentration (5 pM) of acceptor substrates, PA-LNnT (C and G) and PA-type 2H (D and H). The results
are shown in the form of [S]-v (A—D) and double reciprocal plots (E~H).

Table I. Kinetic parameters for the ST6Gal 1 reactions with
PA-LNnT and PA-type 2H.

Acceptor Donor”
Acceptor Vsax app. Ky,
substrate (mmol/h/ml) K, (mM) V. /Kn (%) (mM)
PA-LNnT 455 0.9 500 (100) 0.11
PA-type 2H 41 35 12 (2.4) 0.10
“CMP-NeuAc. parameters were determined in the presence of SuM

of the acceptor substrates.

in the acidic GSLs (Supplementary Fig. S4). The pre-
pared PA-oligosaccharides from both mock- and
ST6Gal I-transfected cells were first fractionated by
NP-HPLC (Fig. S4). In our previous studies (/6, 17).
the retention times, given in GUs with respect to the
PA-ST2H antigen in NP- and RP-HPLC, namely, a
2D map, have alrcady been proven to be 4.74 and
5.35, respectively. Thus, we collected a broad peak de-
tected around GU 4.74 by NP-HPLC (Supplementary
Fig. S4), and further separated it by RP—HPLC. As
shown in Fig. 6, three major PA-oligosaccharide peaks
were detected in both mock and ST6Gal 1
transfectant-derived fractions by RP—-HPLC. The
peaks G2 and G2 from mock- and ST6Gal
I-transfected cells, respectively, were eluted at the
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position of GU 5.35, which was the same value as
the PA-ST2H antigen, and the relative expression
level of G2’ was found to be significantly increased
compared to the level of G2. To confirm ST2H antigen
formation in the ST6Gal I-transfected DLD-1 cells,
the peaks G2 and G2 were next analysed by
LC-ESI-IT-MS (Fig. 7). G2 was confirmed to be a
single oligosaccharide species by mass chromatog-
raphy (Fig. 7A). and to have an m/z value of 1369
[M+H]*, NeuAc,Hex;HexNAc,-PA (Fig. 7B), indi-
cating that G2 was not an ST2H antigen, and that
the DLD-1 cells exhibited a basal expression of this
type of sugar chain in their acidic GSLs. The peak
G2', on the other hand, was found to be a mixture of
two oligosaccharide species (Fig. 7C) having m/z
values of 1369 [M+H]*, which was estimated to
be the same species as G2, and 1223 [M+H]",
NeuAc;Hex;HexNAc;dHex,-PA, which was a
PA-ST2H antigen (Fig. 7D), indicating that the
ST2H antigen was surely biosynthesized in the
ST6Gal I-transfected DLD-1 cells. The structure of
the PA-ST2H antigen in G2’ was further confirmed
by MS? analysis (Fig. 7E). The observed increase in
the level of G2’ as compared to the level of G2 (Fig. 6)
can therefore be ascribed to the increase in the newly
synthesized ST2H antigen in the ST6Gal I transfect-
ants. Collectively. these findings demonstrated that the
biosynthetic pathway of the ST2H antigen by ST6Gal
1 certainly occurs in vivo.
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Fig. 6 Comparison of the RP-HPLC profiles of the acidic
PA-oligosaccharides detected at around NP-GU 4.74 in
Supplementary Fig. S4 from mock- (a) and ST6Gal I-transfected (b)
DLD-1 cells. Three kinds of major PA-oligosaccharide peaks were
detected and termed G1-G3. G2’ is so named to distinguish it from
G2. The numbered arrowheads indicate the elution positions of
PA-isomaltooligosaccharides with corresponding degrees of poly-
merization. The elution position of the PA-ST2H antigen (GU 5.35)
is indicated by an arrow. G1 was found to have an mjz value of 1332
[M-triethylamine]* by the LC-ESI-IT-MS analysis, and its com-
position was estimated to be (HSO3),HexsHexNAc,-PA. G3 was
found to possess an m/z value of 1369 [M-+H]*, and its composition
was estimated to be NeuAc,Hex;HexNAc,-PA. G3 in the ST6Gal
I-transfected cells was found to contain a component of G2’ by the
LC-ESI-IT-MS analysis. Thus, the increase in the level of G3 in the
ST6Gal 1 transfectants, compared to the mock transfectants, can
be thought to be ascribed to the overlap of the peaks G2'and G3.
The peaks appeared at 2-25min due to contaminating materials.

The ST2H antigen-producing activity can be
detected in human colon cancer tissue homogenate
In order to examine whether the activity in making
the ST2H antigen is actually detectable in human
colon cancer tissue (which is the only tissue so far
known to express the ST2H antigen), we carried out
an exploration of the activity in the human colon
cancer tissue homogenate. It was found that the
ST2H antigen-producing activity was actually detected
in the human colon cancer tissue homogenate when the
homogenate was incubated with 10uM PA-type 2H
and ImM CMP-NeuAc at 37°C for 16h (Fig. 8A,
label P). MS'™ spectra of the product further con-
firmed ST2H antigen formation by the tissue extract
(Fig. 8B=D).

Discussion

It has been reported that glycosphingolipids (GSLs)
having type 2 lactosamine chain derivatives, i.c. those
with Le*, Le¥, dimeric Le* and their sialylated deriva-
tives are accumulated in human colon cancer (9, 11, 13).
In addition, we previously reported that a unique and a
novel fucoganglioside structure, the ST2H antigen was
also accumulated in human colon cancer cells (/7).
However, until now, little is known about the enzym-
atic basis for ST2H antigen biosynthesis and the
biological function(s) of this newly identified
fucoganglioside structure. In this study, as the first
trial to elucidate an enzymatic basis for ST2H antigen
biosynthesis, we have explored the enzyme responsible
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for the formation of the ST2H antigen. We first
planned to purify the activity forming the ST2H anti-
gen from human colon cancer tissues, but we could not
obtain substantial amount of the cancer tissues as an
enzyme source. Next, we tried to explore the human
colon cancer cell lines expressing the ST2H antigen by
screening the cell lines, such as WiDr, HCT-116,
Colo-320, HT-29 and DLD-1 cells, but none of them
were found to express this antigen (the data for DLD-1
cells are shown in Supplementary Fig. S3, and the
others are not shown). Therefore, we decided to
screen candidate known glycosyltransferases, two 2,
6-sialyltrasnsferases, ST6Gal I and ST6Gal 11, and two
a1,2-fucoyltransferases, FUT1 and FUT2, for their
activities in making the ST2H antigen (Fig. 1), and
have revealed that among the four candidate enzymes,
ST6Gal I really exhibits the activity that makes the
ST2H antigen by transferring a NeuAc from the
donor CMP-NeuAc to the terminal position of Gal
in the acceptor type 2H structure via an o2,6-linkage
(Figs 2A and 3). To our knowledge, this is a novel
acceptor substrate specificity of the mammalian
ST6Gal I that is directly associated with ST2H antigen
formation and has not previously been reported by
others. Contrary to this result, neither FUTI nor
FUT2 exhibited the activity that transfers an al,2-
fucosyl residue onto the terminal Gal of the LST-c
structure in this experiment, which is another possible
pathway for ST2H antigen biosynthesis (Fig. 2C and
D). These findings suggest that the pathway for ST2H
antigen formation proceeds via o2,6-sialylation of the
type 2H structure by ST6Gal I, rather than via ol,
2-fucosylation of the LST-c¢ structure by FUTI or
FUT2. The reaction order of these enzymes with re-
spect to ST2H antigen biosynthesis is accordingly pre-
dicted as follows. FUT1 or FUT2 initially act on the
nlcy structure and the essential precursor oligosac-
charide of the ST2H antigen, that is, the type 2H struc-
ture, is synthesized. ST6Gal I subsequently acts on the
type 2H structure, resulting in the formation of the
ST2H antigen. As for ST6Gal 11, we could not prepare
an enzyme fraction with an activity comparable to the
other candidate enzymes in the standard assay
(SupplementaryFig. S1B) because of the difficulty in
purifying it in high yield. Although Takashima er al.
(19) previously reported that ST6Gal 11 gene expres-
sion was not detected in human colon cancer tissues by
semiquantitative RT—PCR on commercially available
human multiple-tissue cDNA panels, and that ST6Gal
Il could not transfer a sialic acid to ceramide-
conjugated  oligosaccharide substrates such as
paragloboside (Galp1-4GlcNAcB1-3GalB1-4Gle-Cer),
re-evaluation of ST6Gal II regarding its ability
to form the ST2H antigen using an enzyme prepar-
ation having higher activity than that used in this
study might be necessary for obtaining a more definite
result.

It appears that the blood group H antigen structure
needs to be a type 2 lactosamine chain derivative for
SH antigen formation because of the inability of
ST6Gal 1 to transfer an o2,6-sialyl residue onto a
type 1 chain derivative of the blood group H antigen,
LNFP 1 (Supplementary Fig. S2B). The result is
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Fig. 7 LC-ESI-IT-MS analyses of peaks G2 and G2’ in Fig. 6. (A) Mass chromatograms of G2 and (C) G2'. The peaks appeared at 2—5 min due

to contaminating materials. (B) Representative MS' spectra of G2 at retention time (RT) 7.45min and (D)

" at RT 7.50 min. (E) MS? spectra

of [M+Na]* precursor ion at n1/z 1245 detected in MS' of D. The MS? fragment ions were assigned as shown schematically. The fragment ions

with numbered mass values in panel E are sodium adduct ions.

compatible with our present finding that a type 1 chain
derivative of the SH antigen has not been discovered in
colon cancer tissues and with previous reports on the
acceptor substrate specificity of human ST6Gal I that
the enzyme hardly transfers a sialyl residue onto a type
1 lactosamine chain compared to that for the type 2
chain (18, 26).

In this study, we tried to explore human colon
cancer cell lines expressing the ST2H antigen by
screening several colon cancer cell lines, such as
WiDr, HCT-116. Colo-320, HT-29 and DLD-1 cells,
but none of them were found to express the ST2H
antigen on their GSLs. Thus, the human colon
cancer cells in human colon cancer specimens are the
only examples of the cells so far known to exhibit
ST2H antigen expression. Although the cell lines ex-
pressing the ST2H antigen have not yet been identified,
the DLD-I cells, among the five examined cell lines,
were found to exhibit a substantial expression of the
type 2 lactosaminyl chain (neolacto-series) and type 2H
structures on their GSLs (Supplementary Fig. S3),
whereas the others did not substantially express these
structures  (data  not  shown).  Furthermore,
B-galactoside a2,6-sialyltransferase activity and a
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representative ST6Gal 1 product, LST-¢ structure
were not detected at all in the DLD-1 cells, and this
may suggest a down-regulation of ST6Gal I gene ex-
pression in this cell line. We postulated that the trans-
fection of ST6Gal I ¢cDNA into the DLD-1 cells may
induce ST2H antigen expression in the cells by the
reaction of the transfected ST6Gal 1 with an endogen-
ously expressed type 2H structure. As we had expected,
the overexpression of ST6Gal I could induce ST2H
antigen expression in the DLD-1 cells (Figs 6 and 7),
directly demonstrating that the biosynthetic path-
way for the ST2H antigen by the enzyme proceeds
in vivo.

Kinetic analysis using purified recombinant ST6Gal
I revealed that the presence of an al.2-fucosyl residue
on the terminal position of Gal in the LNnT structure
affects both the binding and, more profoundly, the
catalytic steps of the ST6Gal 1 reaction. The catalytic
efficiency with respect to the production of the ST2H
antigen has been found to be 42 times lower than that
for the LST-c structure. This lower specificity of
ST6Gal | towards type 2H structure might explain
one of the reasons why the ST2H antigen was present
only in quite small quantities in human colon cancer
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Fig. 8 The activity forming the ST2H antigen in human colon cancer tissue. (A) A reversed phase HPLC profile of the reaction mixture of the
homogenate of human colon cancer tissue with the use of PA-type 2H and CMP-NeuAc as the acceptor and donor subs espectively,
is shown. Elution was performed isocratically using mobile phase I, as described in the ‘Experimental Procedures’ section. The results in the
reactions with (a) or without (b) the donor substrate are shown. Labels $ and P indicate the peaks of acceptor substrate PA-type 2H and
the product PA-ST2H antigen, respectively. The arrow indicates the elution position of the authentic PA-ST2H antigen. Xs indicate the
unidentified peaks, which might not be PA-oligosaccharides, since these peaks did not exhibit typical saccharide spaced ladder signals in the MS?
analws (data not shown). (B) The MS' spe‘.lmm of the product P. (C) The MS® spectrum of [M+Na|™ precursor ion at m/z 1245 detected
in MS'(D) MS? spectrum of [(M+Na)-NeuAc]* precursor ion at m/z 954 detected in MS>. The MS>~ fragment ions were assigned as
shown schematically.

tissues compared to other ST6Gal I products, glycoconjugates having 2,6-sialylated lactosaminyl
such as LST-c (lV“NcuAcu-nLq). IV®NeuAco-nLcg, structures in human colon cancer, which was detected
IV®NeuAca, I Fuca-nLc, and so on (16). Moreover, using specific monoclonal antibodies, lectins or 2D
the finding might also suggest that a relatively higher sugar chain mapping and mass spectrometry, has
level of ST6Gal I activity than that in normal cells is been reported (17, 33—36). All the above findings
necessary for producing the ST2H antigen in colon equally suggest the up-regulation of ST6Gal 1 in
cancer cells. human colon cancer, and a milicu preferable for
There are many lines of evidence that suggest the ST2H antigen biosynthesis is likely to emerge in
up-regulation of ST6Gal I in the malignant transform- human colon cancer cells.
ation of human colon epithelial cells. The increase In summary. this study has demonstrated that
in  B-galactoside «2,6-sialyltransferase activity in human ST6Gal I possesses a novel acceptor substrate
human colon cancer specimens was first reported by specificity that has not so far been reported by others,
Dall’Olio et al. (27) and thereafter confirmed by other that is, 02,6-sialylation of the terminal position of Gal
groups and our group (17, 28, 29). The up-regulation in the type 2H structure, directly related to ST2H anti-
of o2.6-saialyltransferase activity in human colon gen formation. The biosynthesis of the ST2H antigen
cancer seems to be consistent with its mRNA level. by ST6Gal 1 has been demonstrated to surely proceed
Several groups have examined the transcript level of in vivo, and ST2H antigen expression can be certainly
glycosyltransferase genes in human colon cancer by induced by the action of ST6Gal I in the human colon
oligonucleotide arrays (30) or a semiquantitative cancer cell line, DLD-1 cells. ST6Gal 1 would be re-
RT—PCR (31, 32) and have reported that ST6Gal 1 sponsible for the formation of the ST2H antigen in
gene expression was markedly enhanced in malignant human colon cancer tissues through this novel accept-
transformation. In addition, the accumulation of or substrate specificity. However, the functional aspect
368
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of this antigen in human colon cancer cells remains
unclear. Further studies are needed to clarify the bio-
logical function(s) of the ST2H antigen in human
colon cancer cells. We believe that the finding concern-
ing the enzymatic basis for ST2H antigen formation
elucidated in this study will be beneficial for performing
functional analyses of the ST2H antigen using gene
manipulation methods, such as overexpression and
knock down of the related glycosyltransferases.

Supplementary Data

Supplementary Data are available at JB Online.
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