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The acceptor substrate specificities of ST6GalNAc I
nd II, which act on the synthesis of O-linked oligosac-
harides, were reexamined using ovine submaxillary
ucin, [Ala-Thr(GalNAc)-Ala]n polymer (n 5 7–11). It
as been suggested that only ST6GalNAc I can synthe-
ize carbohydrate structures of sialyl-Tn-antigen; i.e.,
euAca2-6GalNAc-O-Thr/Ser [Kurosawa et al., J. Biol.
hem. 269, 19048–19053 (1994)] based on the result that
T6GalNAc I, not ST6GalNAc II, exhibited activity to-
ard asialoagalacto-fetuin. In this study, we present

vidence that both ST6GalNAc I and II exhibit activity
oward asialo-OSM (ovine submaxillary mucin) and
Ala-Thr(GalNAc)-Ala]n polymer (n 5 7–11) which have
nly the GalNAc-O-Thr/Ser-structures. These results
trongly indicate that not only ST6GalNAc I but also II
re candidates for sialyl-Tn synthases. © 2000 Academic

ress
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hr/Ser) is a mucin-associated carbohydrate antigen,
n epitope that can be expressed in a tumor-associated
ashion in different organs (2). The addition of a sialic
cid through an a2-6-linkage to GalNAc-O-Thr/Ser
revents the elongation of O-linked oligosaccharides
3). Thus, the enzyme which catalyzes this reaction is a
ey enzyme for O-linked oligosaccharide biosynthesis.
he transfer of sialic acid with an a2-6-linkage to
-acetylgalactosamine (GalNAc) from CMP-sialic acid

s catalyzed by a family of sialyltransferases, GalNAc
2-6-sialyltransferases (ST6GalNAc-family).
The cDNAs of six members of ST6GalNAc-family

ST6GalNAc I–VI) have been currently cloned from
hicken (cST6GalNAc I and II) (4, 5), mouse
mST6GalNAc II–VI) (6 –10, 13), rat (rST6GalNAc
II) (11) and human (hST6GalNAc I, II, and VI) (12).
mong them, ST6GalNAc III–VI exhibit restricted
ubstrate specificity, utilizing only the NeuAca2-
Galb1-3GalNAc-sequence as an acceptor. However,
here are some differences in their substrate prefer-
nces. ST6GalNAc III can transfer sialic acid to both
euAca2-3Galb1-3GalNAc-O-Ser/Thr and ganglio-

ide GM1b. ST6GalNAc IV exhibits strong activity
oward NeuAca2-3Galb1-3GalNAc and O-glycans.
T6GalNAc V and VI may be the candidate for GD1a
ynthase. On the other hand, ST6GalNAc I exhibits
he broadest substrate specificity toward GalNAc-O-
er/Thr, Galb1-3GalNAc-O-Ser/Thr, and NeuAca2-
Galb1-3GalNAc-O-Ser/Thr (4, 6, 12). ST6GalNAc II
as reported to exhibit activity toward Galb1-
GalNAc-O-Ser/Thr but not toward GalNAc-O-Ser/
hr (5). Thus, only ST6GalNAc I was considered to
e a candidate for STn synthase. In this study, how-
ver, we found that ST6GalNAc II also exhibits ac-
ivity toward GalNAc-O-Ser/Thr, suggesting that
T6GalNAc II is a second candidate for STn syn-
hase.
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ATERIALS AND METHODS

Materials. The materials used in this study were essentially the
ame as in previous studies (6, 7). LipofectAMINE and macrophage
FM were purchased from GIBCO BRL. IgG-sepharose and CMP-

14C]NeuAc were from Amarsham Pharmacia. Glycoproteins (fetuin,
sialofetuin, a1 acid glycoprotein, bovine submaxillary mucin (BSM)
nd asialo BSM) were purchased from Sigma. The synthesis of [Ala-
hr(GalNAc)-Ala]n polymer (n 5 7–11) was reported elsewhere (14).
vine submaxillary mucin (OSM) was purified according to Tetta-
anti and Pigman (15). Asialo a1 acid glycoprotein and Asialo OSM
ere prepared as follows: These glycoproteins (10 mg/ml) were incu-
ated at 50°C in 0.1 N H2SO4. After incubation, the solutions were
eutralized by 1 N Ba(OH)2 and desalted by ethanol precipitation.
he precipitates were dissolved in water and used as substrates for
nzyme reactions.

Sialyltransferase assay. Truncated forms of mouse ST6GalNAc I
nd II, lacking N-terminal putative cytosolic and transmembrane
egion, were prepared by PCR amplification as described before (7).
he amplified fragments were inserted into a pcDSA vector (16). The
esulting plasmid was designated as pcDSA-ST6GalNAc I or II,
hich encodes a fusion protein of the IgM signal peptide sequence, a
rotein A IgG binding domain and a truncated form of mST6GalNAc
or II.
COS-7 cells on a 100-mm plate (5 3 106) were transiently trans-

ected with pcDSA-ST6GalNAc I or II DNAs (10 mg) using Lipo-
ectAMINE (GIBCO) reagent. After 5 h and 24 h of transfection,
edium was changed to 2% DMEM containing FCS and macrophage
FM (GIBCO), respectively. From 48 h to 72 h after transfection,
edium was collected and centrifuged at 800g for 10 min at 4°C to

emove cell contamination. The protein A fusion enzyme, which was
xpressed in culture medium of COS-7 cells, was absorbed to IgG–
epharose gel at 4°C for 16 h, and the IgG–Sepharose gel bound
rotein A fusion enzyme was used as enzyme source. Each reaction
ixture comprised 50 mM MES buffer (pH 6.0), 10 mM MgCl2, 2 mM
aCl2, 200 mM CMP-[14C]NeuAc (7.1 kBq), acceptor substrate (5

Comparison of Acceptor Substrate Sp

Acceptor Representative structures

etuin NeuAca2-3Galb1
NeuAca2-3Galb1-3(NeuAca2-

NeuAca2-6
sialofetuin Galb1

Galb1

SM NeuAca2-3Galb1
NeuAca2

sialo-BSM Galb1

SM NeuAca2

sialo-OSM
1 acid glycoprotein NeuAca2-6
sialo a1 acid glycoprotein
sialoGM1 Galb1-3GalNAcb1-
M1b NeuAca2-3Galb1-3GalNAcb1-

Ala-Thr(GalNAc)-Ala]n

Note. R represents the remainder of the N-linked oligosaccharide ch
f sialic acid into asialofetuin. Each glycoprotein was used at the con
ere used at the concentration of 0.1 mM. A value of 0.0 indicates l
95
g/ml glycoprotein, 0.1 mM glycolipid and 0.1 mM [Ala-
hr(GalNAc)-Ala]n polymer), and enzyme preparation, in total vol-
me of 20 ml. After 4 h of incubation at 37°C, the reaction was
erminated by the addition of SDS-PAGE loading buffer, and then
he mixtures were directly subjected to SDS-PAGE (for glycoprotein
cceptors). For glycolipid acceptors, the incubation mixtures were
pplied on a C-18 column (Sep-Pak Vac, 100 mg; Waters, Milford,
A), as described previously (16). When [Ala-Thr(GalNAc)-Ala]n

olymer was used as acceptor substrate, the reaction mixture was
irectly subjected to HPTLC with a solvent system of 1-propanol:1-
uthanol:water 5 3:1:2. The radioactive materials were visualized
ith a BAS2000 radio image analyzer (Fuji Film, Japan).

ESULTS AND DISCUSSION

The substrate specificity of ST6GalNAc II was
reviously described using fetuin, asoalo-fetuin,
galactoasialo-fetuin, and other substrates (7). These
esults demonstrated that ST6GalNAc II requires
al-residues in Galb1-3GalNAc-Ser/Thr structure,

ince the enzyme does not exhibit activity toward
galactoasialo-fetuin which is considered to have
alNAc-Ser/Thr structure. Using the recently obtained

ubstrates ovine submaxillary mucin (OSM) and [Ala-
hr(GalNAc)-Ala]n polymer (n 5 7–11), which have

he GalNAc-Ser/Thr structure, we re-examined the
ubstrate specificity of mouse ST6GalNAc I and II. To
chieve this, we constructed expression vectors,
cDSA-ST6GalNAc I and II, respectively, which ex-
ress the fusion gene encoding the secretable form of
T6GalNAc I and II fused to the IgG-binding domain of
taphylococcus aureus protein A. Each vector was

ificity of Mouse ST6GalNAc I and II

arbohydrates

Relative activity (%)

ST6GalNAc I ST6GalNAc II

alNAc-O-Ser/Thr 88.0 92.0
alNAc-O-Ser/Thr

Galb1-4GlcNAc-R
alNAc-O-Ser/Thr 100.0 100.0
alNAc-O-Ser/Thr

Galb1-4GlcNAc-R
alNAc-O-Ser/Thr 4.5 4.0
alNAc-O-Ser/Thr
alNAc-O-Ser/Thr 160.0 160.0
alNAc-O-Ser/Thr
alNAc-O-Ser/Thr 4.3 3.5
alNAc-O-Ser/Thr
alNAc-O-Ser/Thr 46.0 41.0

Galb1-4GlcNAc-R 0.0 0.0
Galb1-4GlcNAc-R 0.0 0.0
alb1-4Glcb1-1Cer 0.0 0.0
alb1-4Glcb1-1Cer 0.0 0.0

GalNAc-O-Thr 0.7 0.8

. The table shows the enzyme activities relative to the incorporation
tration of 5 mg/ml. [Ala-Thr(GalNAc)-Ala]n, Aialo GM1 and GM1b
than 0.1%.
ec
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ransfected into COS-7 cells, and the protein A-fused
T6GalNAc I and II was successfully secreted into the
edia. The secreted enzyme was adsorbed to IgG-
epharose gel and was used as an enzyme source.
Table I shows the substrate acceptor specificity of

T6GalNAc I and II. As previously reported (6, 7), both
T6GalNAc I and II efficiently transferred sialic acids
o asialo fetuin and asialo BSM. No significant activity
as observed toward a1 acid glycoprotein, which has
-linked oligosaccharides. In addition, oligosaccha-

ides and glycosphingolipids did not serve as acceptors
or ST6GalNAc I and II.

Surprisingly, we found that both enzymes have al-
ost the same activity toward asialo-OSM and [Ala-
hr(GalNAc)-Ala]n polymer. The carbohydrate struc-

ures of OSM are reported to be (NeuAca2-6)GalNAc-
-Ser/Thr (17), thus almost all the carbohydrate

tructures of asialo-OSM are GalNAc-O-Ser/Thr-
tructure. These results clearly show that not only
T6GalNAc I but also II exhibit activity toward
alNAc-O-Ser/Thr structure. According to these re-

ults, we revised the table of substrate specificity of
T6GalNAc-family as shown in Table II. We believe
hat ST6GalNAc II is also the candidate for the
ialyl-Tn synthase.
Although ST6GalNAc I and II exhibit similar sub-

trate specificity, the expression patterns of these
enes were quite different. The expression of the
T6GalNAc II gene was ubiquitously observed in
ouse tissues (7), whereas the expression of the mouse
T6GalNAc I gene was limited in submaxillary gland,
ammary gland, colon, and spleen. In addition, the

xpression level of the ST6GalNAc II gene was much
igher than that of the ST6GalNAc I gene (6). Siaa2-
GalNAc-O-Ser/Thr structures occur as a cancer-
ssociated carbohydrate antigen, STn. It is known that
levation of STn antigen correlates with a poor prog-
osis of gastric cancer (18) and colon cancer (19) pa-
ients. In order to better elucidate the relationship
etween STn antigen expression and the biology of

Comparison of Substrate Specificit

Substrate I II

GalNAc-Ser/Thr C C
Galb1-3GalNAc-Ser/Thr A A

euAca2-3Galb1-3GalNAc-Ser/Thr B B
Galb1-3GalNAc 2 2

euAca2-3Galb1-3GalNAc 2 2
M1ba 2 2

Note. A, B, C: Significant enzyme activity could be detected. The a
rder within each enzyme, not across enzymes.

a NeuAca2-3Galb1-3GalNAcb1-4Galb1-4Glcb1-19-Cer.
b Enzyme activity could not be detected or was negligible.
96
ancers, it would be important to examine the expres-
ion of STn synthases in carcinogenesis. Since the
RNA expression of ST6GalNAc I was not well corre-

ated with the expression of sialyl-Tn antigen during
he maturation of goblet cells in intestinal metaplastic
lands (13), we are now investigating the expression
atterns and biological functions of STn synthases.
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