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Introduction

Chondroitin/dermatan sulfate contains GlcAB1-3GalNAc(4, 6-bissulfate)B1-4 or
IdoA «l1-3GalNAc(4, 6-bissulfate)p1-4 repeating units at varying proportion
depending on the biological sources of the glycosaminoglycans. Chondroitin sul-
fate (CS) containing this repeating unit was initially found in the cartilage of squid
and named as CS-E. CS-E was found in vertebral cells and tissues such as mast cells
or brain. Dermatan sulfate (DS) containing this repeating unit was found in mam-
malian organs such as liver, kidney, or spleen. N-Acetylgalactosamine 4-sulfate
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6-O-sulfotransferase (GalNAc4S-6ST) is a sole enzyme that transfers sulfate to
position 6 of GalNAc 4-sulfate residues of CS/DS and produces GlcAB1-3GalNAc
(4, 6-bissulfate)1-4 or IdoA a1-3GalNAc(4, 6-bissulfate)1-4 repeating units.

Databanks

NC-IUBMB enzyme classification: EC 2.8.2.33

Carbohydrate (N-acetylgalactosamine 4-sulfate 6-O) sulfotransferase 15 (CHST15)

GenBank accession PDB accession
Species Gene symbol number UniProt ID number
Homo sapiens CHSTI15 NM_015892 Q7LEXS5S N/A
Mus musculus Chst15 NM_029935 Q91XQ5 N/A
Rattus norvegicus Chstl15 NM_173310 Q8CHI9 N/A
Todarodes pacificus GALNAC4S6ST  AB292855 Q8WTNO9 N/A

Name and History

Sulfotransferase activity that transfers sulfate to position 6 of GalNAc 4-sulfate
residues was found in hen oviduct (Harada et al. 1967), squid cartilage
(Habuchi et al. 1971), quail oviduct (Nakanishi et al. 1981), and human serum
(Inoue et al. 1986) and purified to homogeneity from the squid cartilage (Ito and
Habuchi 2000). A partial nucleotide sequence of squid GalNAc4S-6ST was
revealed from the amino acid sequences of the purified enzyme. The sequence
of squid GalNAc4S-6ST was used for the search of human database. The iden-
tified nucleotide sequence of human GalNAc4S-6ST was found to be nearly
identical to the sequence of hBRAG isolated from Nalm-6 cells, a human pre-B
cell line (Ohtake et al. 2001; Verkoczy et al. 1998), but deduced amino acid
sequences of these proteins are different from each other because three missense
mutations and two frameshift mutations were present in hBRAG. It has not been
determined whether hBRAG protein retains the enzyme activity. A full nucleo-
tide sequence of squid GalNAc4S-6ST was obtained by 5’- and 3’-RACE
(Yamaguchi et al. 2007).

Structure

Both human and squid GalNAc4S-6ST are type II transmembrane proteins com-
posed of 561 and 425 amino acid residues, respectively (Ohtake et al. 2001;
Yamaguchi et al. 2007). There are five and seven N-glycosylation sites in human
and squid GalNAc4S-6ST, respectively, and only one of these sites was conserved
between the two species. Unlike squid enzyme, human GalNAc4S-6ST contains
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a long cytoplasmic domain composed of 81 amino acid residues. Both purified
squid GalNAc4S-6ST and the recombinant human GalNAc4S-6ST expressed in
COS-7 cells showed a broad protein band on SDS-PAGE, and the protein band was
converted to a sharp one with lower molecular mass after removal of N-glycans by
the digestion with N-glycosidase F, indicating that some of the N-glycosylation
sites were actually N-glycosylated.

Enzyme Activity Assay and Substrate Specificity

GalNACc4S-6ST transfers sulfate to position 6 of GaINAc(4S0O,) residue of CS/DS
(Ito and Habuchi 2000; Ohtake et al. 2001) and chondroitin sulfate-derived
oligosaccharides (Ito and Habuchi 2000; Ohtake et al. 2001, 2003; Yamaguchi
et al. 2007).

In the assay of GalNAc4S-6ST, [3SS]PAPS is used as a donor and CS-A is
used as an acceptor (Ito and Habuchi 2000; Ohtake et al. 2001). After incubation,
the sulfated glycosaminoglycan was isolated with ethanol precipitation and gel
chromatography on Sephadex G-25 (Fast Desalting column, Amersham
Pharmacia Biotech), and radioactivity was counted. To determine the activity
toward oligosaccharides, the sulfated products were isolated with Superdex 30
gel chromatography (Habuchi et al. 1997). For determining the position of
sulfate  transferred to CS-A, ¥S-labeled glycosaminoglycans  were
digested with chondroitinase ACII. The radioactive products formed after the
enzymatic digestion were separated with HPLC using a Whatman Partisil-10
SAX column.

Human GalNAc4S-6ST transferred sulfate to position 6 of the nonreducing
terminal and internal GalNAc(4SO,) residues contained in CS-A and DS
(Ohtake et al. 2001). Nonreducing terminal GalNAc(4SQO,) residues involved in
a unique sequence found in CS-A, GalNAc(4S0,4)-GlcA(250,4)-GalNAc(6S0,),
were efficiently sulfated by human GalNAc4S-6ST to form GalNAc
(4, 6-S0O,4)-GIlcA(2S0,4)-GalNAc(6SO4) (Ohtake et al. 2003). CS-E synthesized
by a recombinant human GalNAc4S-6ST showed binding activity toward
midkine (Zou et al. 2003). DS that had been sulfated by a recombinant
zebra fish GalNAc4S-6ST gained reactivity toward an antibody, GD3G7
(Purushothaman et al. 2007).

Squid GalNAc4S-6ST transferred sulfate to position 6 of GalNAc(4SQOy)
residues located mainly in the internal region of CS-A and DS (Ito and Habuchi
2000), and sulfation of the nonreducing terminal GalNAc(4SQO,) residue in CS-A
occurs when the GalNAc(4SO,) residue is located in the unique sequence,
GalNAc(4S0,4)-GlcA(2SO,4)-GalNAc(604) (Yamaguchi et al. 2007). Unlike
human GalNAc4S-6ST, squid GalNAc4S-6ST transferred sulfate to GalNAc
(4SQO,) residues included in a tetrasaccharide sequence, GlcA-GalNAc(4SO,)-
GIcA(2S0,4)-GalNAc(6S0,), present in shark cartilage CS-C and CS-D to form
the E-D hybrid tetrasaccharide sequence, GlcA-GalNAc(4,6-SO,4)-GIcA
(2S04)-GalNAc(6S0,4) (Yamaguchi et al. 2007). CS-E synthesized by the purified
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squid GalNAc4S-6ST and a recombinant squid GalNAc4S-6ST showed binding
activity toward midkine (Zou et al. 2003) and inhibition of thrombin activity in the
absence of antithrombin III (Numakura et al. 2010), respectively.

Preparation

Squid GalNAc4S-6ST was purified from the extracts of squid cartilage with
protamine precipitation, chromatography on Matrex Gel Red A, Heparin-Sepharose
CL-6B, and 3’, 5-ADP-agarose (Ito and Habuchi 2000). The purified
GalNACc4S-6ST showed a broad protein band with a molecular mass of 63 kDa in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Human
GalNAc4S-6ST has been expressed in COS-7 cells (Ohtake et al. 2001) or insect
cells (Zou et al. 2003). Mouse GalNAc4S-6ST was expressed in COS-7 cells
(Ohtake et al. 2008). Squid GaINAc4S-6ST has been expressed in COS-7 cells
(Yamaguchi et al. 2007) and in insect cells (Numakura et al. 2010). Zebra
fish GaINAc4S-6ST was expressed in COS-7 cells (Purushothaman et al. 2007).

Biological Aspects

Human GalNAc4S-6ST message was widely expressed in various human tissues
including peripheral blood leukocyte, spleen, fetal spleen, lymph node, lung,
stomach, and various brain tissues (Ohtake S, Habuchi O, unpublished data).
Mouse GalNAc4S-6ST message was expressed strongly in cerebellum and
decreased in the order of cerebrum, heart, kidney, liver, and lung (Ohtake-Niimi
et al. 2010). Expression of GalNAc4S-6ST during early embryonic development of
mouse was studied by whole mount in situ hybridization (Salgueiro et al. 2006).
GalNAc4S-6ST was expressed in the anterior visceral ectoderm at stage E5.5, and
the expression was restricted to the embryonic endoderm at E7.0. From E8.0 to
E10.0, the expression was detected in the forebrain, branchial arches, gut tubes
(hindgut, midgut, and foregut), vitelline veins and arteries, and splanchnopleure
layer.

Expression of GalNAc4S-6ST determined by real-time RT-PCR analysis and
CS-E unit both decreased during postnatal development of mouse cerebellum. In
situ hybridization revealed that the level of GalNAc4S-6ST mRNA decreased in
Purkinje cells, granular cells in the external granular layer, and inhibitory interneu-
rons during development (Ishii and Maeda 2008a). The CS chains of the neocortex
of mouse embryos contained significant amount of CS-E unit. GalNAc4S-6ST
mRNA was expressed in the ventricular and subventricular zones, and the
expression increased during late embryonic development. Knockdown of
GalNAc4S-6ST resulted in the disturbed migration of cortical neurons (Ishii and
Maeda 2008b). Immunohistochemical analysis of early-cultured neurons indicated
that CS epitopes were accumulated in the focal contacts present in axons and cell
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bodies. Knockdown of GalNAc4S-6ST induced the formation of multiple axons in
hippocampal neurons (Nishimura et al. 2010). Spot and Bonhoeffer stripe assays
using astrocyte-conditioned media from siRNA-treated rat astrocytes showed
a significant decrease in inhibition of attachment and neurite extensions of rat
embryonic day 18 cortical neurons when compared to untreated and TGF o-treated
astrocytes (Karumbaiah et al. 2011). In situ hybridization showed a wide expression
of GalNAc4S-6ST transcript in the postnatal mouse brain except at postnatal day 7,
where strong expression was observed in the external granule cell layer in the
cerebellum. The expression switched from the external to internal granule cell layer
with development (Purushothaman et al. 2007). CSPGs from the brain of
GalNAc4S-6ST KO mice showed significant loss of inhibitory activity on neurite
outgrowth of dissociated dorsal root ganglion neurons compared with CSPGs
purified from wild-type mouse brain (Brown et al. 2012)

Bone marrow-derived mast cells (BMMCs) contain CS-E. When the bone
marrow cells differentiate to BMMCs, level of chondroitin 4-sulfotransferase-1
(C4ST-1) and GalNAc4S-6ST messages increased, whereas chondroitin
6-sulfotransferase-1 (C6ST-1) message decreased. In the extract of BMMCs,
enzyme activity of GalNAc4S-6ST and C4ST-1 was detected but C6ST-1 activity
was not (Ohtake et al. 2008). Expression of C4ST-1 and GalNAc4S-6ST messages
increased during maturation of bone marrow cells into CTMC-like BMMCs and
MMC-like BMMC:s (Duelli et al. 2009).

Knockout Mouse and Transgenic Mice

GalNAc4S-6ST-null mice were generated (Ohtake-Niimi et al. 2010).
GalNAc4S-6ST-null mice were born normally and fertile. In GaINAc4S-6ST-null
mice, GalNAc(4,6-SO4) residues in CS and DS disappeared completely, indicating
that GalNAc4S-6ST should be a sole enzyme responsible for the synthesis of
GalNAc(4,6-SQO,) residues in both CS and DS. Bone marrow-derived mast cells
(BMMCs) derived from GalNAc4S-6ST-null mice contained CS without
GlcA-GalNAc(4,6-SO,4) units. Tryptase and carboxypeptidase A activities of
BMMCs derived from GalNAc4S-6ST-null mice were significantly lower than
those activities of BMMCs derived from wild-type mice, although mRNA
expression of these mast cell proteases was not altered. These observations suggest
that CS containing GalNAc(4,6-SO,) residues in BMMCs may contribute to retain
the active proteases in the granules of BMMCs

Human Disease

GalNAc4S-6ST was shown to express in colorectal cancer cells. In 57.5 % of 40
patients, expression of GalNAc4S-6ST mRNA was increased in cancer tissues
compared with paired normal mucosa (Ito et al. 2007).
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Future Perspectives

GalNAc4S-6ST is a sole enzyme that is able to synthesize CS/DS with GalNAc(4,6-
SO,) residues (highly sulfated CS/DS). Several studies have provided evidence that
the highly sulfated CS/DS plays important roles in the neural system. Analysis of
GalNAc4S-6ST-null mice under the whole-body level or tissue/cellular level might
uncover new roles of the highly sulfated CS/DS in the neural system. The highly
sulfated CS/DS is present in various mouse organs such as liver, kidney, and spleen.
Function of highly sulfated CS/DS in these organs remains to be studied.

Cross-References

Carbohydrate (Chondroitin 4) Sulfotransferase 11-13 (CHST11-13)
Carbohydrate (Chondroitin 6) Sulfotransferase 3; Carbohydrate
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Uronyl-2-sulfotransferase (UST)
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