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N-acetylglucosamine-6-O-sulfotransferases

Kenji Uchimura, Takashi Muramatsu®

Introduction

N-acetvlglucosamine-6-O-sulfotransferase (GleNACOST) transfers i sultate group from
PAPS o an N-acetylglucosamine residue, which is usually located at the non-reducing
end of glycoconjugates. [t is important to note that sulfation proceeds the elongation of
the glycan chain. This enzyme 15 involved in the synthesis of keratan sultate and sialyl
f-sulfo Lewis X, which is present on the Juminal surface of the high endothelial venule
(HEV) of lymph nodes. So far. five isozymes of GIeNACOHST have been identified in
humans (Table 1), They share about 309 sequence identity. and have the configuration
of type 11 transmembrane proteins, u feature typical of Golgi-located enzymes.

The sulfate group 1s transferred only to C-6 of N-ncetylglucosumine by GIeNAC6ST- 1,
the first cloned enzyme. which was shown by u bochenieal analysis of the product
(Uchimura et al. 19981 Convenient substrates 1o assay GleNACOSTs are oligosaccharides
with an N-acetylglucosamine terminus, and radioactively labeled PAPS as the sultate
donor Usually. the product of the enzymatic reaction is separated from PAPS by high-
performance liquid chromatography or thin-layer chromatography. The lutter procedure
1s useful for assaying a large number of sumples (Uchimura et al. 2002), Substrate speci-
ficities of GICNACHSTs assuved in vitro are not dramatically different from each other.
However, among GICNACOST-1. -2, and 3. only GIENACHST-2 can act on core 3 struc-
wire (GulB1-3GaINAc) (Uchimura et al. 20025 As reported by de Graffenried und
Bertozzt. Golgt localization of GleNACOSTs 1 different: GIeNAGST-1 is confined o
the trans-Golgi network. GIcNACOST-3 is confined 10 the early secretory pathway. and
GIENACAST-2 15 distributed throughout the Golgi. This difference in localization mflu-
ences enzymatic activities observed in intact cells,

Comments

Important roles played by GIcNAC6STs huve been revealed especially by employing
senetical approaches. Sialyl f-sulfo Lewis X is a ligand structure of L-selectin, which
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Table | Noacenylglicosuming-6-splfotranslerses

Other Mugor sites
ubbreviawed  Gene Accesstion of PubMed 1D Nu. for
N e mme  Map N expression  key refepences
GleNAGHST-| CHST2? 324 NM-O267 - Multiple OT) 2085, 1020012946,
Lissties 11726653, 12855678,
15175329, 15220337,
I57287 36, 1622785,
16227986, 166248495,
167THMHS
GIeNAGOST 2 LSSTHEC-  CHSTH  1og223 NM-005769  HEV 10330415, 1435381,
GLONACST 11320454, 11726633,

12107080, 12855678,
14597732, 162279585,
16227986, 1677245,

|6RYTIRG
CICNACHST-3 FGINACST  CHNTS 16422 NM-O24533  Intestine, 10491328, 11278593,
et 11726653, 12855678,
16938851
GIeNACHNT 4 COhST-2 UHSTT XplLd  NM-(H9ES0 Muluple 1078 1596, 10913333,
Lisaties |15 666 1
GleNAcHS T3 CAGIcNACST  cHSTH 1622 NM-O2I615 Comea 11017086, 11278593,
1501 3864

Grene mame. chromosomal Tocation, and accession Nooare those of human enzyimes

regulates the initial step of lymphocyte homing (o lymph nodes by inducing the rolling
of lvmphoeytes on the lumimal surfuce of HEV, GIeNAc6ST-2 1s preferennally expressed
mHEV . and GIeNACOST- L isexpressed inmany tssues including HEV In GIeNAC6ST-2-
deticient mice, lymphocyte homing to peripheral lymph nodes 1 reduced 1o S0-60% of
thit observed in wild-type mice. However. in double knockout (DKO) mice, deficient in
hoth GIeNACOST-1 and -2, the value 1s reduced o 253%, indicating that both enzymes
are involved in the synthesis ol -selectin ligund (Kawashima eval 2005: Uchimura el
al 20051 The complete loss of sialyl f-sulfo Lewis X structure from HEV of DKO mice
is indicited by hiochemical and immunohistochemical analyses. In HEV of DKO mice,
the rolling of lymphocyies is still observed, but the rolling velocity is greatly increased.
Thus. stalyl Lewis X structure without GleNAco-sultation s sufficient w0 induce o
minimum level of rolling. and its GleNAc-6-sulfation normilizes rolling by decreasing
the rolling velocity

GIeNAGBST-5 is expressed in the cornen and 15 involved in the synthesis of keratan
stlfute. Null mutation of GleNAC6ST-3 in human leads 1o macular corneal dystrophy
tvpe Tand 11 tAkama et alo 2000). GIeNACOST-3 is closely related 10 GIcNAC6ST-5.
Huyashida et al, huve revealed that knockout mice deficient in GIeNACOST-3 lack highly
stltuted keratan sulfute in the cornca and have thinner comeas compared to wild-type
mice. The collugen fibrillar architecture is markedly altered in the cornea of the mutant
mice, Zhang et al. have shown that GIeNA¢6ST-1 is involved in the synthesis of highly
sultuted keratun sulfate i the brain. Synthesis of highly sulfated keratan sulfate is



N-acetylglucosamine-6-C-sulfotranslerases BS

induced upon brain injury. In GleNA¢6ST-1 knockout mice, this induction 1s impaired,
and glhial scar formation, which imhibits reparr of the bran, s suppressed.

Upregulation of GIKNACHSTs under pathological conditions is a subject of significant
mterest. The GICNACOST-2 level is increased in mucinous adenocarcinoma of the colon,
and in chemotherapy-resistant ovaran adenocarcinoma, Expression of GleNAc6ST-1 and
-2 s ncreased in the synovium of mice upon collagen-induced arthritis, a model of

rheumatond arthrins,

Protocol: GleNAc-6-O-sulfotransferase Assay

Microsomal fractions in mammalian cell lines that are transfected with expression plas-
mids encoding GleNAe-6-0O-sulforransferases are used as enzymes. Varous oligosac-
charides derived from N-linked or O-linked glycans and keratan sulfate are applicable
10 the ussay described here. Oligosaccharide substrates tested are GleNAcp1-3GalP1-
1GleNAc, GleNAcB T -6Man-O-methy L. GleNAcB 1 -2Man. GleNAcB-6[Gal B 1 -3]GalN Ac-
penittophenyl and  GleNAcB1-3GalNAc-p-nitrophenyl.  Thin-layer chromatography
(TLCY 1s emploved 1o handle a large number of samples.

I The standard reaction mixture in a LS mb twbe contams | pmol Tris—HCI.
pH 7.5. 0.2 pmol MuCl.. 0.04 pmol adenosine 5™-monophosphate, 2 gmol sodium fluo-
nde. 20 pmol oligosaccharides, 150 pmol [ 7S |-3'phosphoadenosine 5-phosphosulfate
(PAPS) (1.5 = 10" ¢cpmi. 0.05% of Triton-X and S pL of enzyvmes in a tinal volume of
20 4L

2. Incubate the wbe contimng the reaction mixture a1 30°C for | h.

3. Ahquots of 2 gl of the reaction mixture are applied to TLC plates. The plates are
precoated with 0. T-mm thick cellulose.

4. Develop the plates with a developing solvent. ethanol/pyridine/n-butyl alcohol/
waterfacetic acid (100:10:10:30:3, by volume).

5. End the development when the solvent front reaches 1o the 1op of the plates. The
“S-lubeled ohgosaccharides migrate Laster than [“S|-PAPS.

The radioactivity of the "S-labeled oligosaccharides is visualized and measured using a
BAS2000 hioimaging analyzer.
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Sulfotransferases

Takashi Muramaitsu', Kenji Uchimura’

Introduction

Molecular cloning has been accomplished for a large number of carbohydrate sulfotrans-
ferases. The majority of them are involved in the synthesis of glycosaminoglycans such
as hepuran sultute. chondroitin sultute. and keratan sulfate (Habuchi et ul. 2006), whereas
some of them play roles in formation of glycans in glycoproteins or glycolipids. Increas-
g numbers of carbohydrate sulfotransferases have been knocked out in mice to under-
stand the role of sulfute groups more precisely (Tuble 1). Interestingly, all knockout
mice exhibit phenotypes, underlining the physiological importance of carbohydrate
sulfation.

Comments

The first carbohydrate sulfotransferase knocked out was heparan sulfate 2-O-sullotrans-
ferase. Inactivation of the gene by Gene trap leads to neonatal death in mice due to failure
of kidney formation (Bullock er al. [998). The striking phenotype gave convineing evi-
dence that hepuran sulfate plays important roles in mammalian development.

Heparan sulfate/heparin N-deacetylase/N-sulfotransferase (NDST) catalyzes both the
deacetylation and sulfation of an amino group in N-acetylglucosamine. NDSTI is
involved in the synthesis of heparan sulfiate. and NDST-2 in the synthesis of heparin.
The action of NDST usually precedes the action of other sulfotrunsferases. However, in
emhryonic stem cells derived from NDSTI and NDST2 double knockout mice. which
lack N-sultated glucosumine, heparan sullite with 6-sulfated N-acetvlglucosamine wis
detected. indicating that the 6-sulfution step. which does nol require N-sulfation. is
present (Holmborn et al. 20041 Reflecting the physiological importance ol heparun
sulfate. NDSTI1 knockour mice die ar the neonatal stage (Ringvall et al. 2000). Condi-
tionul knochout at a restricted tissue is required to understand the precise role of heparan
sultate cham i a physiological process (Wang et al. 2005,

V-aeetylglucosamine-t-O-sultotransterases (GIeNAc6S Ts) are involved in the synthe-
sts of both p-selectin ligands and kerutun sulfate. Decreased lvmphocyte homing in
GleNACOST deficient mice is due to the tmpaired synthesis of 1 -selectin ligand and other
phenotypes are due 1o failure in the synthesis of highly-sulfuted keratan sulfate. In vivo
Iymphocyte homing dssay is shown as o prolocol. Further information concerning the
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Sultotransterases

Table 1 List of knochout of carbohydrate sultotrans{ 5

g7

PubMed 1D No, o

Numne of enzyines Methids Phenotypes key references
Heparan sullate/ heparin - KO, Neonatal death, disturbed 1852001, 12692154,
Nedeaceryluse/ conditional Calcium ion kinetics n 15202174, 15319440,
Nasulfotransfersse- KO myotube: ceretwal hypoplasin 16020517, 16056228
and craniofacial defects:
Impaired neatrophil
intiltration
Heparun sulfute/ heparin. KO Ahnormal mast cells 1466726, [t466T27

N-dedcety luvel
Aesullotrinsterase-2
Hepurun sulfore
2oisultomansicrase

Heparan sullate

Lksultomransterase-|

Heparan suliate
- sultorransierase- 1

Chondvoitin
Aesultotransienese
Chundrotin
f-sulfutrunslerese
A-Avetviglimosanine.
o Bsulloransterase: |

\oAvety lglucosamine-
f-Cl=sultotransferase-2
A-Acetylglucosamine-
f-Ospllorumstenise-3
HNK-1 sullotmnsferase

Cerehroside
sullitransterise

Ciene trap

KO

Ciene trap.
KO
Ciene trap
KO

KO

KO

K}y

KO}

Neonatal death due o renal
agenesis: impaired retinal
wxon guidance

Nl hemostisis: genetic
buckground-specitic lethality
and intrauterine growth
retardation

Impanred retinul wson guidinee;
Abnormalitics in fetal
microvessels

Severe chondrodysplasia

Diecreased naive T lymphocyles
in the spleen of voung mice

Decreased [ymphocyte homing:
suppression of glinh scur
formaton i the inured bron

Drecreasend Ivmphocyie homing

Thin cornea

Alterations in synapltic éfficacy.
spatial leaming and memony
reduced exirucellular space m
the bran

Abmrmalities in paranodal
junetions, male sterility;
impaired neutroplul
inihration

GHITOO0, 16807321

1267 1148

16807321,

16079 ] 59

11646335

IS175324,

16227986

1132045%,
|6227URS,

IRUAR ]

12213450,

16262627

1917049,
14383626,

| THISHR2

| 622TURF,
| H62INGF

14597732,
16227986

12358771,

12151530,
15659616

phenotype of GleNAcoST knockout mice is provided in the section on GIeNAC6STs.
Among five isozymes of GleNAcHSTs, three enzymes have been knocked oul. Among
isozymes of heparan sulfate 3-O-sulfotransferases, so far. knockout of only one enzyme
has been published. This 1s also true for heparan sulfate 6-O-sulotransferases.

Cerebroside sulfotransferase is involved in the formation of both sulfatide (HSO3-3-
galactosyl ceramide) and seminolipid (HSO3-3-monogalactosylacylglycerol). The neu-
rological phenotype observed in cerchroside sulfotrunsferase knockout mice is ascribed
to the luck of sulfatide. and male sterility in these mice 1s due to the impaired synthesis

of seminalipid,
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Protocol: In Vivo Lymphocyte Homing Assay

Lymphocytes circulate between the blood and the lymphoid organs. Lymphocyte homing
to lymph nodes is initiated by the binding of L-selectin to its ligands. A major class of
L-selectin ligands in lymphocyte homing is sialy f-xulto Lewis X. GleNAc-6-O-sulfation
15 essential for the ligand activity. To assess the uctivity of homing ligand. an in vivo
dssay of lymphocyte homing is utilized. Lymphocyte donors and recipients in the assay
described here are wlult mice: Flow cytometry is used 10 quantify homing of lymphocytes
to lymph nodes,

I Dissect out mesenteric lymph nodes of 3- to [0-week-old CD- 1 mice and place them
n phosphate buttered saline (PBS).
Mush the nodes with two shide glasses 1o have single-cell suspensions in PBS.
Filter suspensions through a nylon cell strainer (40 pm pore size).

- Mewbolically label filtered cells with SuM  S-chloromethylfluorescein diacetate
(CMFDA) at 37°C for 30 min.

- Anjeet the cells (1.7 2 107 in 100 gl PBS/mouse) into tail veins of 8- to 10-week-old
mice

6. One hour after injection. kill the mice and dissect out peripheral lymph nodes, mes-
enterte lymph nodes, Peyver's patches. und spleen.

7 Create single-cell suspensions of these organs m PBS by teasing with 23-gauge
needles.

8. Determine the fraction of CMFDA-labeled cells in suspensions by flow cytometry (5

* 107 cells per organ)
9, Acquire and analyze data with CellQuest software.

fad 1

-
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