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N-Acetylglucosamine 6-O-sulfotransferases (GlcNAc6STs) catalyze the transfer of
sulfate from 3′-phosphoadenosine 5′-phosphosulfate (PAPS) to the C-6 position of non-
reducing N-acetylglucosamine. N-acetylglucosamine 6-O-sulfotransferase-1 (GlcNAc-
6ST-1) is the first cloned GlcNAc6ST and is involved in the synthesis of the L-selectin
ligand. We noticed conserved C-terminal segments among GlcNAc6STs and produced
mutant enzymes to reveal the functional significance. Mutant enzymes were tran-
siently expressed as fusion proteins with protein A in COS-7 cells, and some of them
were purified to homogeneity by IgG Sepharose column chromatography. Deletion of
a C-terminal segment (amino acid numbers 479–483) resulted in a complete loss of the
activity, when assayed using GlcNAcβ1-6ManOMe as a substrate. Upon site-directed
mutagenesis of the C-terminal region, three mutants, L477A, L478A and L483A, exhib-
ited reduced activity. The KM values for GlcNAcβ1-6ManOMe of L477A and L478A were
4 times higher than the KM of the wild-type enzyme, while that of L483A was
unchanged. On the other hand the KM for PAPS of L483A was 3 times higher than that
of the wild-type enzyme, while the values of L477A and L478A were unchanged. Fur-
thermore, the L477A mutant acted on a core 3 structure (GlcNAcβ1-3GalNAc-pNP),
while the wild-type enzyme does not. These results demonstrate a role for leucine res-
idues in the C-terminal region in the enzymatic activity.

Key words: carbohydrate sulfation, N-acetylglucosamine 6-O-sulfotransferase, site-
directed mutagenesis, substrate specificity, sulfotransferase.

Abbreviations: GlcNAc6ST, N-acetylglucosamine 6-O-sulfotransferase; ITS, insulin, transferrin and selenium;
Me, methyl; PAPS, 3′-phosphoadenosine 5′-phosphosulfate; PCR, polymerase chain reaction; pNP, p-nitrophenyl;
TST buffer, 50 mM Tris-HCl buffer, pH 7.6 containing 0.15 M NaCl and 0.05% Tween 20.

Sulfotransferases catalyze the transfer of a sulfate group
from the ubiquitous donor 3′-phosphoadenosine 5′-phos-
phosulfate (PAPS) to acceptor substrates. The sulfation
of carbohydrate chains is an important step in the
construction of most glycosaminoglycans and is also
observed in glycoproteins and glycolipids (1–4). Sulfotrans-
ferases can be divided into two main classes: cytosolic and
Golgi-resident enzymes (4–7). The structural-functional
relationships of many cytosolic sulfotransferases have
been clarified (7–15); notably a conserved motif is present
for the binding of PAPS. Except for the conservation of
the PAPS-binding site, only limited information is availa-
ble concerning active sites of the Golgi-resident carbohy-
drate sulfotransferases (16–20).

N-Acetylglucosamine 6-O-sulfotransferases (GlcNAc-
6STs) catalyze the transfer of sulfate to the 6-position of
N-acetylglucosamine at the non-reducing end. To date 5
molecular species of GlcNAc6STs have been identified (5,
6), GlcNAc6ST-1 (21, 22), GlcNAc6ST-2 (HEC-GlcNAc-
6ST, LSST) (23, 24), GlcNAc6ST-3 (I-GlcNAc6ST) (25),
GlcNAc6ST-4 (26, 27) and GlcNAc6ST-5 (C-GlcNAc6ST)

fotransferase and keratan sulfate Gal sulfotransferase,
and together all these enzymes form the Gal/GalNAc/Glc-
NAc-6-O-sulfotransferase family (4–6). GlcNAc6STs are
involved in the synthesis of both keratan sulfate and
glycoproteins. The null mutation of GlcNAc6ST-5 in
humans leads to the onset of macular corneal dystrophy
(28). GlcNAc6ST-2 plays key roles in the synthesis of L-
selectin ligands, and its deficiency in mice leads to a
reduction in lymphocyte homing to peripheral lymph
nodes and mesenteric lymph nodes, but not to Peyer’s
patches (29). GlcNAc6ST-1 is also involved in the synthe-
sis of L-selectin ligands (30), and GlcNAc6ST-1 null mice
exhibit reduced homing to peripheral lymph nodes,
mesenteric lymph nodes and Peyer’s patches (31). It is
concluded that GlcNAc6ST-1 and -2 play complementary
roles in the synthesis of L-selectin ligands. GlcNAc6ST-1
has broad specificity, and is widely distributed in organs
of humans and mice (21, 22, 32). The enzyme is also
expected to be a powerful tool for the modification of oli-
gosaccharides in glycoproteins (33). The present study
focuses on the role of the C-terminal segment of the enzyme.

MATERIALS AND METHODS

Materials—The following materials were obtained
commercially from the sources indicated. [35S]PAPS
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(51GBq/mmol; 1.38 Ci/mmol) from PerkinElmer Life Sci-
ences (Boston, MA), GlcNAcβ1-6ManOMe from Sigma
(St. Louis, MO), ITS (insulin, transferrin and selenium)
premix for medium from BD Bioscience (Franklin Lakes,
NJ) and GlcNAcβ1-6(Galβ1-3)GalNAc-pNP and Glc-
NAcβ1-3GalNAc-pNP from Toronto Research Chemicals
(North York, Ontario, Canada).

Site-Directed Mutagenesis of Human GlcNAc6ST—A
cDNA encoding human GlcNAc6ST-1 without a trans-
membrane domain (Ref. 22, GenBank accession number
AB01468, nucleotide number 495–1844) was fused with a
sequence from pcDSA vector (34) encoding a protein A
tag with an IgM signal peptide, and subcloned into
pBluescript II SK- (Stratagene, La Jolla, CA) to construct
pBluescript II SK-human GlcNAc6ST-1 as described pre-
viously (33). Site-directed mutagenesis was performed on
this plasmid by PCR using specifically mutated primers.
The sequences of primers for each mutant are as follows:
the forward primer, 5′-GTGGACGACCGCGTGTGCAAG-
3′; the reverse primer for K471A, 5′-TTAGAGACGGG-
GCTTCCGAAGCAGGGTCTTGCTGAGGTCTGCGAC-3′;
that for D472A, 5′-TTAGAGACGGGGCTTCCGAAGCA-
GGGTCTTGCTGAGGGCTTTGAC-3′; that for L473A,
TTAGAGACGGGGCTTCCGAAGCAGGGTCTTGCTGAG-
GTCTGCGAC-3′; that for S474A, 5′-TTAGAGACGGG-
GCTTCCGAAGCAGGGTCTTGGCGAGGTC-3′; that for
K475A, 5′-TTAGAGACGGGGCTTCCGAAGCAGGGTC-
GCGCTGAG-3′; that for T476A, 5′-TTAGAGACGGGGC-
TTCCGAAGCAGGGCCTTGCT-3′; that for L477A, 5′-
TTAGAGACGGGGCTTCCGAAGCGCGGTCTTGCTG-3′;
that for L477T, 5′-TTAGAGACGGGGCTTCCGAAGCGT-
GGTCTTGCTG-3′; that for L478A, 5′-TTAGAGACG-
GGGCTTCCGAGCCAGGGTCTTG-3′; that for L478T, 5′-
TTAGAGACGGGGCTTCCGAGTCAGGGTCTTG-3′; that
for R479A, 5′-TTAGAGACGGGGCTTCGCAAGCAGG-
GTC-3′; that for K480A, 5′-TTAGAGACGGGGCGCCCG-
AAGCAGG-3′; that for P481A, 5′-TTAGAGACGGGCCT-
TCCGAAGCAG-3′; that for R482A, 5′-TTAGAGAGCGG-
GCTTCCGAAGCAG-3′; that for L483A, 5′-TTAGGCA-
CGGGGCTTCCGAAGCA-3′; that for L483T, 5′-TTAGG-
TACGGGGCTTCCGAAGCA-3′; that for ∆479–483 , 5′-
TTAAAGCAGGGTCTTGCTGAG-3′. PCR was carried out
at 94°C for 2 min, with 35 cycles of 94°C for 0.5 min, 59°C
for 0.5 min and 72°C for 1.5 min. The PCR products were
subcloned into pGEM-T easy vector (Promega, Madison,
WI); the orientation and nucleotide sequence of each
mutant were confirmed by the dideoxy chain termination
method (35) using an Applied Biosystems automated
sequencer. Then, the correct plasmid was digested with
NcoI and SalI to release a 0.11-kbp fragment. This DNA
fragment was used to replace the corresponding DNA
sequence in the plasmid pBluescript II SK-human
GlcNAc6ST-1 that was digested with the same restriction
enzymes. Then the pBluescript II SK-human Glc-
NAc6ST-1 with mutations was digested with EcoRI, and
the released 1.5-kbp fragments were subcloned into
pcDSA vector digested with the same restriction enzyme
to obtain the expression plasmid pcDSA-GlcNAc6ST-1
with mutations.

Transient Expression of Protein-A–Tagged GlcNAc6ST-
1 and Its Mutants by COS-7 Cells—COS-7 cells (3 × 106

cells in a 10-cm dish) were transfected with 4 µg of a rel-
evant plasmid using Lipofectamine PLUS (Invitrogen

Corp., Carlsbad, CA) according to the manufacturer’s
instructions. After 24 h of culture in Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum, the
medium was replaced with Dulbecco’s modified Eagle’s
medium containing 1% IgG-free fetal calf serum and ITS.
After culturing for another 48 h, the culture medium was
collected and centrifuged at 3,000 × g, at 4°C for 20 min to
remove the cellular debris. An aliquot of the supernatant
was subjected to Western blot analysis, enzyme-linked
immunoassay and sulfotransferase assay after binding to
10 µl of IgG Sepharose. The culture supernatant was
applied to an IgG Sepharose column, and GlcNAc6ST-1
and the mutant proteins were purified as described
before (33).

Assay of Sulfotransferase Activity—The reaction mix-
ture contained 0.05 M Tris-HCl, pH 7.2, 0.01 M MnCl2, 2
mM AMP, 0.1 M NaF, 0.05% Triton X-100, 1 mM
GlcNAcβ1-6ManOMe or other acceptors, 6 µM [35S]PAPS
(8.3 × 10–3 mCi), and recombinant GlcNAc6ST-1s in a
final volume 50 µl. For the determination of KM values,
the concentration of the acceptors or PAPS was changed.
After 1 h at 37°C, the reaction was stopped by immersing
the reaction tube in a boiling water bath for 1 min. 35S-
labeled products were separated by Superdex 30 column
chromatography. The radioactivity in the oligosaccharide
fraction was determined with a liquid scintillation counter.

Other Methods—SDS-PAGE was performed in a 10%
running gel under reducing conditions. For Western blot-
ting, the membrane was first incubated with rabbit IgG
and then with horseradish-peroxidase–labeled goat anti-
rabbit IgG (Jackson Immunoresearch Laboratories, West
Grove, PA) followed by detection with an ECL detection
kit (Amersham Biosciences, Piscataway, NJ). Enzyme-
linked immunosorbent assays were performed also with
rabbit IgG and horseradish-peroxidase-labeled goat anti-
rabbit IgG and the color was developed with o-phenylen-
ediamine dihydrochloride. The amount of protein was
determined by a Micro BCA Kit (Pierce, Rockford) using
bovine serum albumin as a standard.

RESULTS

Alteration of GlcNAc6ST-1 Activity by Mutation in the
C-Terminal Region—A comparison of the amino acid
sequences of human GlcNAc6STs revealed leucine 477 of
GlcNAc6ST-1 to be conserved in all GlcNAc6STs, except
that a gap should be introduced to observe conservation
in GlcNAc6ST-3 (Fig. 1). This amino acid is also con-
served in the related enzymes chondroitin 6-sulfotrans-
ferase (36) and keratan sulfate galactose-6-sulfotrans-
ferase (37), but not in other sulfotransferases such as
chondroitin 4 sulfotransferase-1 and -2 (38, 39), HNK-
sulfotransferase-1 (40), heparan sulfate 2-sulfotrans-
ferase (41) heparan sulfate 6-sulfotransferases (42) or
cerebroside sulfotransferase (43) (Fig. 1). In addition to
this leucine residue, other conserved features are present
in the C-terminal region of GlcNAc6STs. Lysine 471 in
GlcNAc6ST-1 is homologous to the arginine residue con-
served in other GlcNAc6STs. Leucine 473 is conserved in
other GlcNAc6STs except for GlcNAc6ST-4.

To elucidate the functional significance of the C-termi-
nal region in GlcNAc6ST-1, we produced a deletion
J. Biochem.
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mutant and point mutants of the enzyme. The mutants
fused with protein A were expressed in COS-7 cells. The
purity of the mutant proteins was confirmed by SDS-
PAGE and Western blotting; all mutant proteins exhib-
ited single bands of 66 kDa (Fig. 2, A and B). The activi-
ties of mutants were determined after adsorption to IgG
Sepharose, and the activities are expressed relative to
the amount of Protein A as determined by enzyme-linked
immunoassay. The deletion of five C-terminal amino
acids (∆479–483) resulted in a complete loss of enzymatic
activity, indicating the importance of the C-terminal seg-
ment to GlcNAc6ST activity (Fig. 3). Next we assayed
point mutants; every amino acid residue in the C-termi-
nal region starting from lysine 471 was individually
mutated to alanine. Among the 13 mutants, L477A,
L478A and L483A exhibited activity less than 50% of the
wild-type level (Fig. 3). For these amino acids, we also
produced mutants in which leucine was changed to thre-
onine. All these mutants showed reduced levels of activ-
ity, although the reduction in the activity of L478T was
less than that of L478A (Fig. 3).

Enzymatic properties of L477A, L478A and L483A
Mutants—The three mutant proteins were purified by
affinity chromatography on IgG columns; they exhibited
single bands upon SDS-PAGE and silver staining (Fig.
2C). A kinetics analysis confirmed that the Vmax values
were decreased in all mutants (Table 1). We found that

the three mutants could be classified into two groups
(Table 1). For L477A and L478A, the KM values for PAPS
were not significantly different from that of the wild-type
enzyme (Table 1); however, their KM values for GlcNAc
β1-6ManOMe were about 4 times higher than that of the

Fig. 1. Comparison of the C-terminal regions of human Golgi-
located sulfotransferases. Conserved residues are boxed. The
sequences are from the references cited below, and some of the
abbreviations were also explained; GlcNAc6ST-1, (22, 44); Glc-
NAc6ST-2 (45); GlcNAc6ST-3 (25); GlcNAc6ST-4 (26); GlcNAc6ST-5
(28); C6ST, chondroitin 6-sulfotransferase (46); KSGal6ST, keratan
sulfate Gal-6-sulfotransferase (37); C4ST-1, chondroitin 4-sulfo-
transferse-1 (38); C4ST-2, chondroitin 4-sulfotransferase-2 (39);
HNK-1, HNK-1 sulfotransferase (47); HS2ST, heparan-sulfate 2-O-
sulfotransferase (48); HS6ST-1, heparan-sulfate 6-O-sulfotrans-
ferase-1 (42); HS6ST-2, heparan-sulfate 6-O-sulfotransferase-2 (49);
HS6ST-3, heparan-sulfate 6-O-sulfotransferase-3 (50); CST, cere-
broside sulfotransferase (43).

Fig. 2. SDS-PAGE of GlcNAc6ST-1 mutants. The culture super-
natant (A, B) or purified enzymes (C) were subjected to SDS-PAGE
in 10% gels, and theprotein bands were revealed by Western blot-
ting (A, B) or silver staining (C). A; lane1, L477A; lane 2, L477T;
lane 3, L478A; lane 4, L478T; lane 5, R479A; lane 6, K480A; lane 7,
P481A; lane 8, R482A; lane 9, L483A; lane 10, L483T; lane 11,
∆479–483; lane 12, wild-type enzyme. B: lane 1, K471A; lane 2,
D472A; lane 3, L473A; lane 4, S474A; lane 5, K475A; lane 6, T476A;
lane 7, wild-type enzyme. C: lane 1, wild-type enzyme; lane 2,
L477A; lane 3, L478A; lane 4, L483A.

Fig. 3. Activities of GlcNAc6ST-1 mutants. Activities were nor-
malized to the amount of Protein A, and the results are expressed
relative to the wild-type enzyme.
Vol. 136, No. 5, 2004
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wild-type enzyme. On the other hand, for L483A, the KM
for PAPS was about 3 times that of the wild-type enzyme,
while the KM for GlcNAcβ1-6ManOMe was unchanged.
We also compared the substrate specificity of the L477A
mutant with that of the wild-type enzyme. We found that
the mutant enzyme acted on core 3 structure (Table 2),
although the wild-type enzyme is unable to do so (32).

DISCUSSION

Three dimensional structures have been elucidated for
certain sulfotransferases including steroid sulfotrans-
ferases (7, 14, 15), heparan sulfate N-deacetylase/sulfo-
transferase-1 (17) and heparan sulfate 3-O-sulfotrans-
ferase (18). These enzymes exhibit conserved structural
motifs, especially at the PAPS-binding site. Site-directed
mutagenesis of GlcNAc6ST-1 in the conserved motif
revealed three amino acids critical for PAPS binding:
R174, R332 and R341 (19). R174 is equivalent to a lysine
residue, which is required for PAPS binding and is con-
served in phenol sulfotransferase, estrogen sulfotrans-
ferase, monoamine sulfotransferase and heparan sulfate
N-deacetylase/sulfotransferase-1. Very recently, it has
been shown that the stem region of GlcNAc6ST-1, which
is located on the N-terminal side, influences the sub-
strate specificity of the enzyme (20).

The present study was conducted because we found an
additional conserved domain in the C-terminal region of
GlcNAc6STs and other members of the Gal/GalNAc/Glc-
NAc-6-O-sulfotransferase family. First, we demonstrated
the importance of the C-terminal region using a deletion
mutant lacking the 5 C-terminal amino acids (amino
acids 479–483); the mutant completely lost enzyme activ-
ity. Then, we mutated each single amino acid in the 13
amino acid stretch of the C-terminal region. Among
them, a marked reduction in activity occurred with the
mutations of L477, L478 and L483. By kinetic analysis,
L477A and L478A were shown to have reduced sub-
strate-binding activity, and L483A to have reduced

PAPS-binding activity. The importance of L477 is reason-
able, since L477 is the conserved amino acid in the C-ter-
minal region of GlcNAc6STs. That the mutation of leu-
cine residues resulted in a significant loss of activity
suggests that the C-terminal region interacts with
another portion of the enzyme, and that the interaction is
important for enzymatic activity. The complete loss of
activity in the mutant lacking the 5 C-terminal amino
acids might be due to the loss of the conformation neces-
sary for this interaction.

X-ray crystallographic analyses of steroid sulfotrans-
ferases (7, 12, 14, 15) heparan sulfate N-deacetylase/sul-
fotransferase (17) and heparan sulfate 3-O-sulfotrans-
ferase (18) revealed them to be single α/β globular
proteins with a characteristic five-strand parallel β-
sheet. The C-terminal segment is outside the globular
domain. The C-terminal segment takes the form of an α-
helix in the case of heparan sulfate N-deacetylase/sul-
fotransferase, but not in the case of other sulfotrans-
ferases. The results of the present investigation confirm
the necessity of elucidating the three-dimensional struc-
ture of GlcNAc6ST-1. Most importantly, it should be clar-
ified whether the C-terminal segment is in the globular
domain in the case of GlcNAc6ST-1 or is away from the
globular domain but plays a decisive role in the activity
of the enzyme.

The change in the substrate specificity of the L477A
mutant is of interest. GlcNAc6ST-1 does not act on the
core 3 structure, while GlcNAc6ST-2 does (32). That the
L477A mutant acts on the core 3 structure relatively
weakly might indicate that the substrate-binding site of
the mutant is altered to somewhat resemble that of
GlcNAc6ST-2. This can happen when the C-terminal seg-
ment is near the substrate-binding site. However, the
possibility can not be excluded that L477 interacts with
another portion of the enzyme, and that the interaction
affects the conformation of the substrate-binding site.

This work was supported by grants from the Ministry of Edu-
cation, Culture, Sports, Science and Technology of Japan, and
from the Mizutani Foundation for Glycoscience.

REFERENCES

1. Kjellén., L. and Lindahl, U. (1991) Proteoglycans: structures
and interactions. Annu. Rev. Biochem. 60, 443–475

2. Hooper, L.V., Manzella, S.M., and Baenzinger, J.U. (1996)
From legumes to leukocytes: Biological roles for sulfated carbo-
hydrates. FASEB J. 10, 1137–1146

3. Muramatsu, T. (2000) Essential roles of carbohydrate signals
in development, immune response and tissue functions, as
revealed by gene targeting. J. Biochem. 127, 171–176

4. Habuchi, O. (2000) Diversity and functions of glycosaminogly-
can sulfotransferases. Biochim. Biophys. Acta 1474, 115–127

Table 1. Comparison of KM values of the wild-type enzyme
and mutants.

The Vmax values under saturated accepter concentration were 1.55,
0.24, 0.27 and 0.31 nmol/min/mg protein for the wild-type enzyme,
L477A, L478A and L483A, respectively

GlcNAcβ1–6ManOMe (mM) PAPS (µM)
Wild-type enzyme 0.26 4.6
Mutants

L477A 1.06 5.0
L478A 0.98 4.4
L483A 0.33 13.3

Table 2. Comparison of the substrate specificity of wild-type and mutant GlcNAc6ST-1.a

aResults are the activities relative to that of GlcNAcβ1-6ManOMe. bTaken from Ref. 32. cNot detected (less than
0.5).

Substrates GlcNAc6ST-1 GlcNAc6ST-2
wild-typeb L477A wild-typeb

GlcNAcβ1-6ManOMe 100 100 100
GlcNAcβ1-6[Galβ1-3]GalNAc- pNP (core 2) 191 165 145
GlcNAcβ1-3GalNAc-pNP (core 3) NDc 20 184
J. Biochem.

http://jb.oxfordjournals.org/


C-Terminal Region in GlcNAc6ST-1 663

 at C
hanghua C

hristian H
ospital on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

5. Grunwell, J.R. and Bertozzi, C.R. (2002) Carbohydrate sul-
fotransferases of the GalNAc/Gal/GlcNAc6ST family. Biochem-
istry 41, 13117–13126

6. Fukuda, M., Hiraoka, N., Akama, T.O., and Fukuda, M.N.
(2001) Carbohydrate-modifying sulfotransferases: structure,
function, and pathophysiology. J. Biol. Chem. 276, 47747–
47750

7. Negishi, M., Pedersen, L.G., Petrochenko, E., Shevtsov, S.,
Gorokhov, A., Kakuta Y., and Pedersen, L.C. (2001) Structure
and function of sulfotransferases. Arch. Biochem. Biophys. 390,
149–157

8. Radominska, A., Drake, R.R., Zhu, X., Veronese, M.E., Little,
J.M., Nowell, S., McManus, M.E., Lester, R., and Falany, C.N.
(1996) Photoaffinity labeling of human recombinant sul-
fotransferases with 2-azidoadenosine 3′,5′-[5′-32P]bisphos-
phate. J. Biol. Chem. 271, 3195–3199

9. Driscoll, W.J., Komatsu, K., and Strott, C.A. (1995) Proposed
active site domain in estrogen sulfotransferase as determined
by mutational analysis. Proc. Natl Acad. Sci. USA 92, 12328–
12332

10. Dajani, R., Hood, A.M., and Coughtrie, M.W. (1998) A single
amino acid, Glu146, governs the substrate specificity of a
human dopamine sulfotransferase, SULT1A3. Mol. Pharma-
col. 54, 942–948

11. Chen, G., Rabjohn, P.A., York, J.L., Wooldridge, C., Zhang, D.,
Falany, C.N., and Radominska-Pandya, A. (2000) Carboxyl res-
idues in the active site of human phenol sulfotransferase
(SULT1A1). Biochemistry 39, 16000–16007

12. Kakuta, Y., Pedersen, L.G., Carter, C.W., Negishi, M., and Ped-
ersen, L.C. (1997) Crystal structure of estrogen sulphotrans-
ferase. Nat. Struct. Biol. 4, 904–908

13. Bidwell, L.M., McManus, M.E., Gaedigk, A., Kakuta, Y., Negi-
shi, M., Petersen, L., and Martin, J.L. (1999) Crystal structure
of human catecholamine sulfotransferase. J. Mol. Biol. 293,
521–530

14. Petersen, L.C., Petrotchenko, E., Shevtsov, S., and Negishi, M.
(2002) Crystal structure of the human estrogen sulfotrans-
ferase-PAPS complex. Evidence for catalytic role for Ser137 in
the sulfuryl transfer reaction. J. Biol. Chem. 277, 17928–17932

15. Lee, K.A., Fuda, H., Lee, Y.C., Negishi, M., Strott, C.A., and
Pedersen, L.C. (2003) Crystal structure of human cholesterol
sulfotransferase (SULT2B1b) in the presence of pregnenolone
and 3′-phosphoadenosine 5′-phosphate. Rationale for specifi-
city differences between prototypical SULT2A1 and the
SULT2BG1 isoforms. J. Biol. Chem. 278, 44593–44599

16. Wei, Z. and Swiedler, S.J. (1999) Functional analysis of con-
served cysteines in heparan sulfate N-deacetylase-N-sul-
fotransferases. J. Biol. Chem. 274, 1966–1970

17. Kakuta, Y., Sueyoshi, T., Negishi, M., and Petersen, L.C. (1999)
Crystal structure of the sulfotransferase domain of human
heparan sulfate N-deacetylase/N-sulfotransferase 1. J. Biol.
Chem. 274, 10673–10676

18. Edavettal, S.C., Lee, K.A., Negishi, M., Linhardt, R.J., Liu, J.,
and Pedersen, L.C. (2004) Crystal structure and mutational
analysis of heparan sulfate 3-O-sulfotransferase isoform 1. J.
Biol. Chem. 279, 25789–25797

19. Grunwell, J.R., Rath, V.L., Rasmussen, J., Cabrilo, Z., and Ber-
tozzi, C.R. (2002) Characterization and mutagenesis of Gal/
GlcNAc-6-O-sulfotransferases. Biochemistry 41, 15590–15600

20. de Graffenried, C.L. and Bertozzi, C.R. (2004) The stem region
of the sulfotransferase GlcNAc6ST-1 is a determinant of sub-
strate specificity. J. Biol. Chem. 279, 40035–40043

21. Uchimura, K., Muramatsu, H., Kadomatsu, K., Fan, Q.W.,
Kurosawa, N., Mitsuoka, C., Kannagi, R., Habuchi, O., and
Muramatsu, T. (1998) Molecular cloning and characterization
of an N-acetylglucosamine-6-O-sulfotransferase. J. Biol. Chem.
273, 22577–22583

22. Uchimura, K., Muramatsu, H., Kaname, T., Ogawa, H.,
Yamakawa, T., Fan, Q.W., Mitsuoka, C., Kannagi, R., Habuchi,
O., Yokoyama, I., Yamamura, K., Ozaki, T., Nakagawara, A.,
Kadomatsu, K., and Muramatsu, T. (1998) Human N-
acetylglucosamine-6-O-sulfotransferase involved in the bio-

synthesis of 6-sulfo sialyl Lewis X: molecular cloning, chromo-
somal mapping, and expression in various organs and tumor
cells. J. Biochem. 124, 670–678

23. Bistrup, A., Bhakta, S., Lee, J.K., Belov, Y.Y., Gunn, M.D., Zuo,
F.R., Huang, C.C., Kannagi, R., Rosen, S.D., and Hemmerich,
S. (1999) Sulfotransferases of two specificities function in the
reconstitution of high endothelial cell ligands for L-selectin. J.
Cell Biol. 145, 899–910

24. Hiraoka, N., Petryniak, B., Nakayama, J., Tsuboi, S., Suzuki,
M., Yeh, J.C., Izawa, D., Tanaka, T., Miyasaka, M., Lowe, J.B.,
and Fukuda, M. (1999) A novel, high endothelial venule-spe-
cific sulfotransferase expresses 6-sulfo sialyl Lewis(x), an L-
selectin ligand displayed by CD34. Immunity 11, 79–89

25. Lee, J.K., Bhakta, S., Rosen, S.D., and Hemmerich, S. (1999)
Cloning and characterization of a mammalian N-acetylglu-
cosamine-6-sulfotransferase that is highly restricted to intesti-
nal tissue. Biochem. Biophys. Res. Commun. 263, 543–549

26. Uchimura, K., Fasakhany, F., Kadomatsu, K., Matsukawa, T.,
Yamakawa, T., Kurosawa, N., and Muramatsu, T. (2000) Diver-
sity of N-acetylglucosamine-6-O-sulfotransferases: molecular
cloning of a novel enzyme with different distribution and spe-
cificities. Biochem. Biophys. Res. Commun. 274, 291–296

27. Kitagawa, H., Fujita, M., Ito, N., and Sugahara, K. (2000)
Molecular cloning and expression of a novel chondroitin 6-O-
sulfotransferase. J. Biol. Chem. 275, 21075–21080

28. Akama, T.O., Nishida, K., Nakayama, J., Watanabe, H., Ozaki,
K., Nakamura, T., Dota, A., Kawasaki, S., Inoue, Y., Maeda, N.,
Yamamoto, S., Fujiwara, T., Thonar, E.J., Shimomura, Y.,
Kinoshita, S., Tanigami, A., and Fukuda, M.N. (2000) Macular
corneal dystrophy type I and type II are caused by distinct
mutations in a new sulphotransferase gene. Nat. Genet. 26,
237–241

29. Hemmerich, S., Bistrup, A., Singer, M.S., van. Zante, A., Lee,
J.K., Tsay, D., Peters, M., Carminati, J.L., Brennan, T.J.,
Carver-Moore, K., Leviten, M., Fuentes, M.E., Ruddle, N.H.,
and Rosen, S.D. (2001) Sulfation of L-selectin ligands by an
HEV-restricted sulfotransferase regulates lymphocyte homing
to lymph nodes. Immunity 15, 237–247

30. Kimura, N., Mitsuoka, C., Kanamori, A., Hiraiwa, N., Uch-
imura, K., Muramatsu, T., Tamatani, T., Kansas, G.S., and
Kannagi, R. (1999) Reconstitution of functional L-selectin lig-
ands on a cultured human endothelial cell line by cotransfec-
tion of (1->3 fucosyltransferase VII and newly cloned GlcNAc(:
6-sulfotransferase cDNA. Proc. Natl Acad. Sci. USA. 96, 4530–
4535

31. Uchimura, K., Kadomatsu, K., El-Fasakhany, F.M., Singer,
M.S., Izawa, M., Kannagi, R., Takeda, N., Rosen, S.D., and
Muramatsu, T. (2004) N-acetylglucosamine 6-O-sulfotrans-
ferase-1 regulates expression of L-selectin ligands and lym-
phocyte homing. J. Biol. Chem. 279, 35001–35008

32. Uchimura, K., El-Fasakhany, F.M., Hori, M., Hemmerich, S.,
Blink, S.E., Kansas, G.S., Kanamori, A., Kumamoto, K., Kan-
nagi, R., and Muramatsu, T. (2002) Specificities of N-acetylglu-
cosamine-6-O-sulfotransferases in relation to L-selectin ligand
synthesis and tumor-associated enzyme expression. J. Biol.
Chem. 277, 3979–3984

33. El-Fasakhany, F.M., Ichihara-Tanaka, K., Uchimura, K., and
Muramatsu, T. (2003) N-acetylglucosamine-6-O-sulfotrans-
ferase-1: production in the baculovirus system and its applica-
tions to the synthesis of a sulfated oligosaccharide and to the
modification of oligosaccharides in fibrinogen. J. Biochem. 133,
287–293

34. Kojima, N., Yoshisda, Y., Kurosawa, N., Lee, Y.C., and Tsuji, S.
(1995) Enzymatic activity of a developmentally regulated
member of the sialyltransferase family (STX): evidence for ( 2,
8-sialyltransferase activity. FEBS Lett. 360, 1–4

35. Sanger, F., Nicklens, S., and Coulson, A.R. (1977) DNA
sequencing with chain- terminating inhibitors. Proc. Natl
Acad. Sci. USA 74, 5463–5467

36. Fukuta, M., Uchimura, K., Nakashima, K., Kato, M., Kimata,
K., Shinomura, T., and Habuchi, O. (1995) Molecular cloning
Vol. 136, No. 5, 2004

http://jb.oxfordjournals.org/


664 L. Chen et al.

 at C
hanghua C

hristian H
ospital on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

and expression of chick chondrocyte chondroitin 6-sulfotrans-
ferase. J. Biol. Chem. 270, 18575–18580

37. Fukuta, M., Inazawa, J., Torii, T., Tsuzuki, K., Shimada, E.,
and Habuchi, O. (1997) Molecular cloning and characterization
of human keratan sulfate Gal-6-sulfotransferase. J. Biol.
Chem. 272, 32321–32328

38. Yamauchi, S., Mita, S., Matsubara, T., Fukuta, M., Habuchi,
H., Kimata, K., and Habuchi, O. (2000) Molecular cloning and
expression of chondroitin 4-sulfotransferase. J. Biol. Chem.
275, 8975–8981

39. Hiraoka, N., Nakagawa, H., Ong, E., Akama, T.O., Fukuda,
M.N., and Fukuda, M. (2000) Molecular cloning and expression
of two distinct human chondroitin 4-O-sulfotransferases that
belong to the HNK-1 sulfotransferase gene family. J. Biol.
Chem. 275, 20188–20196

40. Bakker, H., Friedmann, I., Oka, S., Kawasaki, T., Nifant’ev, N.,
Schachner, M., and Mantei, N. (1997) Expression cloning of a
cDNA encoding a sulfotransferase involved in the biosynthesis
of the HNK-1 carbohydrate epitope. J. Biol. Chem. 272, 29942–
29946

41. Kobayashi, M., Habuchi, H., Yoneda, M., Habuchi, O., and
Kimata, K. (1997) Molecular cloning and expression of Chinese
hamster ovary cell heparan-sulfate 2-sulfotransferase. J. Biol.
Chem. 272, 13980–13985

42. Habuchi, H., Kobayashi, M., and Kimata, K. (1998) Molecular
characterization and expression of heparan-sulfate 6-sul-
fotransferase. Complete cDNA cloning in human and partial
cloning in Chinese hamster ovary cells. J. Biol. Chem. 273,
9208–9213

43. Honke, K., Tsuda, M., Hirahara, Y., Ishii, A., Makita, A., and
Wada, Y. (1997) Molecular cloning and expression of cDNA
encoding human 3′-phosphoadenylylsulfate:galactosylceramide
3′-sulfotransferase. J. Biol. Chem. 272, 4864–4868

44. Li, X. and Tedder, T.F. (1999) CHST1 and CHST2 sulfotrans-
ferases expressed by human vascular endothelial cells: cDNA

cloning, expression and chromosomal localization. Genomics
55, 345–347

45. Hemmerich, S., Lee, J.K., Bhakta, S., Bistrup, A., Ruddle, N.R.,
and Rosen, S.D. (2001) Chromosomal localization and genomic
organization for the galactose/ N-acetylgalactosamine/N-
acetylglucosamine 6-O-sulfotransferase gene family. Glycobiol-
ogy 11, 75–87

46. Fukuta, M., Kobayashi, Y., Uchimura, K., Kimata, K., and
Habuchi, O. (1998) Molecular cloning and expression of human
chondroitin 6-sulfotransferase. Biochim. Biophys. Acta. 1399,
57–61

47. Kang, H.G., Evers, M.R., Xia, G., Baenziger, J.U., and Sch-
achner, M. (2002) Molecular cloning and characterization of
chondroitin-4-O-sulfotransferase-3. A novel member of the
HNK-1 family of sulfotransferases. J. Biol. Chem. 277, 34766–
34772.

48. Rong, J., Habuchi, H., Kimata, K., Lindahl, U., and Kusche-
Gullberg, M. (2000) Expression of heparan sulphate L-iduronyl
2-O-sulphotransferase in human kidney 293 cells results in
increased D-glucuronyl 2-O-sulphation. Biochem. J. 346, 463–
468

49. Habuchi, H., Miyake, G., Nogami, K., Kuroiwa, A., Matsuda,
Y., Kusche-Gullberg, M., Habuchi, O., Tanaka, M., and Kimata,
K. (2003) Biosynthesis of heparan sulphate with diverse struc-
tures and functions: two alternatively spliced forms of human
heparan sulphate 6-O-sulphotransferase-2 having different
expression patterns and properties. Biochem. J. 371, 131–142

50. Christian, S.L., McDonough, J., Liu, Cy. C.Y., Shaikh, S., Vla-
makis, V., Badner, J.A., Chakravarti, A., and Gershon, E.S.
(2002) An evaluation of the assembly of an approximately 15-
Mb region on human chromosome 13q32-q33 linked to bipolar
disorder and schizophrenia. Genomics 79, 635–656
J. Biochem.

http://jb.oxfordjournals.org/

	Role of the Carboxyl-Terminal Region in the Activity of N-Acetylglu�cosamine 6-O-Sulfotransferase-1
	Lan Chen1, Keiko Ichihara-Tanaka1 and Takashi Muramatsu1,2,
	1Department of Biochemistry, Nagoya University Graduate School of Medicine, 65 Tsurumai-cho, Show...
	Received July 27, 2004; accepted August 25, 2004

	N-Acetylglucosamine 6-O-sulfotransferases (GlcNAc6STs) catalyze the transfer of sul�fate from 3¢-...
	Key words: carbohydrate sulfation, N-acetylglucosamine 6-O-sulfotransferase, site- directed mutag...
	Abbreviations: GlcNAc6ST, N-acetylglucosamine 6-O-sulfotransferase; ITS, insulin, transferrin and...
	MATERIALS AND METHODS
	Materials
	Site-Directed Mutagenesis of Human GlcNAc6ST
	Transient Expression of Protein-A–Tagged GlcNAc6ST- 1 and Its Mutants by COS-7 Cells
	Assay of Sulfotransferase Activity
	Other Methods

	RESULTS
	Alteration of GlcNAc6ST-1 Activity by Mutation in the C-Terminal Region
	Enzymatic properties of L477A, L478A and L483A Mutants
	Table 1.



	Comparison of KM values of the wild-type enzyme and mutants.
	DISCUSSION
	Table 2.


	Comparison of the substrate specificity of wild-type and mutant GlcNAc6ST-1.a
	REFERENCES





