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Sialyltransferases are a family of glycosyltransferases that
transfer sialic acid from the donor substrate CMP-sialic acid to
acceptor oligosaccharide substrates (Paulson and Colley,
1989). Successful efforts to clone the cDNAs of this family of
enzymes have revealed a homologous gene family that is larger
than previously recognized. The present nomenclature for dis-
tinguishing the various sialyltransferases is inadequate to un-
ambiguously distinguish one enzyme from another, particu-
larly when multiple names often exist in the literature to de-
scribe the same enzyme. Accordingly, we propose a systematic
nomenclature similar to that used in describing other glycos-
yltransferase families (e.g., N-acetyl glucosaminyl- and fuco-
syl-transferases). Some additional features of this nomencla-
ture may be of value in developing a systematic nomenclature
for other glycosyltransferase families.

At least 13 distinct sialyltransferase cDNAs have been
cloned (Table I) using various approaches. These include clon-
ing of the enzymes using information derived from the peptide
sequence of the purified protein. The cloning of the cDNA was
also achieved by expression cloning using the antibodies gen-
erated against the purified enzymes. However, these strategies
have proven laborious for cloning of sialyltransferases due to
the low abundance of these enzymes in tissues, thus resulting
in difficulty of their purification. Nonetheless, six distinct si-
alyltransferases have been purified to homogeneity (Sadler et
al, 1979; Weinstein et al, 1982; Gu et al., 1990; Melkerson-
Watson and Sweeley, 1991; Preuss et al, 1993), and informa-
tion obtained from three of these has successfully been used to
clone their respective cDNAs (Weinstein et al, 1987; Gillespie
etal, 1992; Wen et al., 1992).

A polymerase chain reaction (PCR) based method has been
highly successful in obtaining multiple additional sialyltrans-
ferase cDNAs, even without any prior knowledge of the en-
zymes cloned. This method did not require any purification of
the enzyme. Instead, it has taken advantage of the comparison
of the sequences of other cloned sialyltransferases (Weinstein
etal., 1987; Gillespie et al, 1992; Wen et al, 1992), which has
revealed the presence of two highly conserved motifs, termed
as 'L-sialylmotiP and 'S-sialylmotiP, in the catalytic domain

of these enzymes (Wen et al, 1992; Drickamer, 1993; Living-
ston and Paulson, 1993; Kurosawa et al, 1994a). These two
motifs have been successfully used to clone nine new members
of this gene family (Livingstone and Paulson, 1993; Lee et al,
1994; Kitagawa and Paulson, 1994a; Kurosawa et al, 1994a,c;
Yoshida et al, 1995a,b; Sjoberg et al, 1996; M.Kono,
Y.Yoshida, N.Kojima, and S.Tsuji, unpublished observations)
using a PCR homology approach involving degenerate syn-
thetic primers to these conserved elements that might also be
expected to be found in other members of the gene family. In
fact, all the sialyltransferases cloned to date contain these two
conserved motifs, which are recently implicated in binding the
donor substrate CMP-NeuAc (Datta and Paulson, 1995, 1996).

The expression-cloning method originally described by
Lowe and colleagues for cloning of galactosyl- and fucosyl-
transferases (Larsen et al, 1989, 1990) has also been success-
fully used by several groups to clone cDNAs of additional
distinct sialyltransferases (Sasaki et al, 1993, 1994; Haraguchi
etal, 1994; Nara etal, 1994; Eckhardte/a/., 1995; Nakayama
el al, 1995, 1996).

As the sialyltransferase family has grown and there has been
discovery of two classes of cell adhesion receptors that recog-
nize sialoside ligands, many groups have begun to participate
in research related to sialyltransferases and the products they
synthesize. At present, there is considerable confusion regard-
ing the naming of sialyltransferases. The IUPAC nomenclature
has not kept up, with each group of authors using their own
abbreviations, thus giving rise to multiple abbreviated names
for the same enzyme and even the same name for different
enzymes (see review, Harduin-Lepers et al, 1995). We wish to
propose a simplified nomenclature system that is unique for
each sialyltransferase gene while providing some information
on the specificity of the enzyme. The goal is not to provide a
nomenclature that completely defines the functional properties
of the enzymes but instead to have a distinct name for the
enzyme produced by each unique sialyltransferase gene. To
date, unique sialyltransferase genes cloned from the same spe-
cies typically exhibit <50% homology while the same gene
cloned from another species is expected to exhibit >95% ho-
mology. Thus, it is expected that sialyltransferase genes will be
recognized as being unique by comparison to previously
cloned sequences regardless of whether or not the two genes
being compared were cloned from the same species. We have
also disregarded whether or not the sialyltransferase transfers
sialic acid to glycoproteins, glycolipids, or both, since several
of these enzymes are being shown to work with both kinds of
substrates and would add needless complexity to the nomen-
clature.

To introduce the system, we take an example of the first
cloned sialyltransferase (EC2.4.99.1), which elaborates the
Neu5Aca2,6Gaipi,4GlcNAc sequence on glycoprotein (and
glycolipid) substrates and has the systematic name by the
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Table I. Systematic

Linkage formed

Neu5Aca2,6Gal

Neu5Aca2,3Gal

Neu5Aca2,6GalNAc

Neu5Aca2,8Neu5Ac

nomenclature of the

Systematic name

ST6Gal I

ST3Gal I

II

III

IV

SToGalNAc I
II
III

ST8Sia I

sialyltransferase gene family

Previous abbreviation(s)

ST6N, SiaT-1

ST3O, ST3GalA.l, SiaT-4a

ST3GalA.2, SAT-IV,
SiaT^b

ST3N

STZ, SAT-3, SiaT-4c

SAT-II/SAT-III

Acceptors)'

Gal31,4GlcNAc

GalBI,3GalNAc

Gaipi,3GalNAc

GalBl,3(4)GlcNAc

GalBl,3GalNAc/
GalBl,4(3)GlcNAc

GalNAc
GalBl,3GalNAc
Neu5Aca2,3GalS 1,3GalNAc
Neu5Aca2,3Gaipi,4Glc-Cer [GM3]

Neu5Aca2,8Neu5Ac

Reference(s)b

Weinstein et ai, 1987; Grundmann el ai,
1990; Bast et ai, 1992; Stamenkovic el
ai, 1990; Hamamoto et ai, 1993;
Kurosawa et ai, 1994b

Gillespie et ai, 1992, Kitagawa and
Paulson, 1994b; Lee et al, 1993;
Kurosawa et ai, 1995

Lee et ai, 1994; Kojima et ai, 1994

Wen et ai, 1992; Kjtagawa and Paulson,
1993

Sasaki et ai, 1993; Kitagawa and Paulson,
1994a

Kurosawa et ai, 1994a
Kurosawa et ai, 1994c, 1996
Sjoberg et ai, 1996
Sasakj et ai, 1994, Nara et ai, 1994;

Haraguchi et ai, 1994
Nakayama et ai, 1996

III
IV

STX

SAT-V/SAT-III

a2,3GalBl,4Glc-Cer [GD3]
(Neu5Ac)n-N-Glycan

Neu5Aca2,3GalB 1,4GlcNAc
(NeuSAc)n-N-Glycan

Neu5Aca2,3GalB 1,3GalNAc£ 1,4
(Neu5Ac a2,3)GalBl,4Glc-Cer
[GDI a]

Neu5Aca2,3GalB 1,3GalNAcB 1,4(Neu5Aca2,8
Neu5Aca2,3)Gaipi,4Glc-Cer
[GTlb]

Neu5Aca2,8Neu5Aca2,3GalBl,4Glc-Cer
[GD3]

Livingston and Paulson, 1993; Kojima et
ai, 1995a,b; Scheidegger et ai, 1995

Yoshida et ai. 1995b
Eckhardt et ai, 1995; Yoshida et ai,

1995a; Nakayama et ai, 1995
Kono,M., Yosruda,Y., Kojma.N , and

Tsuji.S , unpublished

"The boldface on the acceptors) indicates the attachment site for the sialic acid transferred.
""References cited are for the initial publications of the cDNA sequence for each sialyltransferase. For some cases the cDNA sequences from several different
species are cited.

IUPAC nomenclature CMP-Neu5Ac: Gaipi,4GlcNAc ct2,6 si-
alyltransferase. The proposed abbreviation is: ST6Gal I.

The four elements that make up this system are as follows:
ST,x,y,z, where ST denotes sialyltransferase family, x is the
carbon on the acceptor sugar to which the sialic acid is trans-
ferred (e.g., 6 for Neu5Aca2,6 Gal), y is the acceptor sugar to
which sialic acid is transferred (Gal, GalNAc, Neu5Ac, etc.),
and z is a roman numeral assigned consecutively to each new
distinct gene in the subgroup.

The following rules are recommended for the nomenclature
of any new sialyltransferase:

1. This nomenclature system must be applied only to a
cloned sialyltransferase for which the cDNA sequence is
known and the acceptor specificity has been determined.

2. The subdivisions 'y' and 'z' should be assigned for a new
sialyltransferase after the enzyme has been cloned, and ex-
pressed to clearly differentiate the activity and specificity from
those of previously described enzymes.

3. If the newly cloned sialyltransferase belongs to a particu-
lar subfamily, the roman numeral for 'z' should be assigned
according to the chronological order the cDNA is published
(ST8Sia V, for example).

4. When necessary, the species difference for a particular
cloned sialyltransferase may be indicated by a prefaced single
letter designating the relevant species, e.g., rST6Gal I and
hST6Gal I for the rat and human sialyltransferase respectively.

Co-signers
Drs. Subhash C.Basu, Minoru Fukuda, Joseph T.Y.Lau, Rita
Gerardy-Schahn, Dirk H.Van den Eijnden, Philippe Delannoy,
Tatsunari Nishi, Koichi Furukawa, Robert L.Hill, Katsutoshi
Sasaki, Ajit Varki, John B.Lowe, Yutaka Sanai, Yoshitaka Na-
gai, Thomas F.Tedder, Ivan Stamenkovic, Roland Schauer, and
Harry Schachter.

References
Bast,B.J.E.G., Zhou,L.-J., Freeman,GJ., Colley,KJ., Ernst,TJ., MunroJ.M.

and Tedder.T.F. (1992) The HB-6, CDw75, and CD76 differentiation anti-
gens are unique cell-surface carbohydrate determinants generated by the
B-galactoside a2,6-sialyltransferase. J. Cell Bioi, 116, 423-435.

Datta,A.K. and PaulsonJ.C. (1995) The sialyltransferase 'sialylmotif partici-
pates in binding the donor substrate CMP-NeuAc. J. Bioi Chem., 270,
1497-1500.

Datta,A.K. and PaulsonJ.C. (1996) Sialylmoufs of sialyltransferases. Ind. J.
Biochem. Biophys., in press.

Drickamer,K. (1993) A conserved disulphide bond in sialyltransferases. Gly-
cobiology, 3, 2-3.

Eckhardt,M., Muhlenhoff,M., Bethe.A., KoopmanJ., Frosch.M. and Gerardy-
Schahn,R. (1995) Molecular characterization of eukaryotic polysialyltrans-
ferase-1. Nature, 373, 715-718.

Gillespie.W., Kelm.S. and PaulsonJ.C. (1992) Cloning and expression of the
GalBl,3 GalNAc a2,3-sialyltransferase. J. Bioi Chem,, 267, 21004-21010.

Grundmann.U., Nerlich.C, Rein,T. and Zettlmeissl,G. (1990) Complete cDNA
sequence encoding human B-galactoside a2,6-sialyltransferase. Nucleic Ac-
ids Res, 18, 667.

Gu,X.-B.. Gu.T.-J. and Yu.R.K. (1990) Purification to homogeneity of GD3

VI



Glyco-Forum section

synthase and partial purification of GM3 synthase from rat brain. Biochem.
Biophys. Res. Commun., 166, 387-393.

Hamamoto.T., Kawasaki.M., Kurosawa,N., Nakaoka,T.. Lee,Y.-C. and Tsu-
ji,S. (1993) Two step single primer mediated polymerase chain reaction.
Application to cloning of putative mouse, fl-galactoside a2,6-sialyltrans-
ferase cDNA. Bioorg. Med. Chem. Lett., 1, 141-145.

Haraguchi,M., Yamashiro.S., Yamamoto.A., Furukawa,K., Takamiya.K.,
Lloyd,K.O., Shiku,H. and Furukawa,K. (1994) Isolation of GD3 synthase
gene by expression cloning of GM3 a2,8-sialyltransferase cDNA using
anu-GD2 monoclonal antibody. Proc. Natl. Acad. Sci. USA, 91, 10455-
10459.

Harduin-Lepers.A., Recchi,M.-A. and Delannoy.P. (1995) 1994, the year of
sialyltransferases. Glycobiology, 5, 741-758.

Kitagawa.H. and PaulsonJ.C. (1993) Cloning and expression of human
Gaipi,3(4)GlcNAca2,3-sialyltransferase. Biochem. Biophys. Res. Com-
mun., 194, 375-382.

Kitagawa,H. and PaulsonJ.C. (1994a) Cloning of a novel a2,3-sialyltrans-
ferase that sialylates glycoprotein and glycolipid carbohydrate groups. J
Biol. Chem., 269, 1394-1401.

Kitagawa.H and PaulsonJ.C. (1994b) Differential expression of five sialyl-
transferase genes in human tissues. J. Biol. Chem., 269, 17872-17878.

Kojima,N., Lee,Y.-C, Hamamoto.T., Kurosawa,N. andTsuji.S. (1994) Kinetic
properties and acceptor substrate preferences of two kinds of
Gaipi,3GalNAc a2,3-sialyltransferase from mouse brain. Biochemistry, 33,
5772-5776.

Kojima,N., Yoshida,Y., Kurosawa.N., Lee.Y-C. and Tsuji.S. (1995a) Enzy-
matic activity of a developmentally regulated member of the sialyltransfer-
ase family (STX) evidence for ot2,8-sialyltransferase activity toward N-
linked oligosacchande. FEBS Lett, 360, 1-4.

Kojima.N., Yoshida,Y. and Tsuji.S. (1995b) A developmentally regulated
member of the sialyltransferase family (ST8Sia II, STX) is a polysialic acid
synthase. FEBS Lett, 373, 119-122.

Kurosawa,N., Hamamoto,T., Lee,Y.-C., Nakaoka,T., Kojima,N. and Tsuji, S
(1994a) Molecular cloning and expression of GalNAc a2,6-sialyltrans-
ferase. J. Biol Chem., 269, 1402-1409.

Kurosawa,N , Kawasaki,M., Hamamoto,T., Nakaoka,T., Lee.Y -C, Arita.M.
and Tsuji.S. (1994b) Molecular cloning and expression of chick embryo
GalBl,4GlcNAc a2,6-sialyltransferase: comparison with the mammalian
enzyme. Eur. J. Biochem., 219, 375-381.

Kurosawa,N., Kojima,N., Inoue.M., Hamamoto,T. and Tsuji.S. (1994c) Clon-
ing and expression of a GalBl,3GalNAc-specific GalNAca2,6-sialyl-
transferase. J. Biol. Chem., 269, 19048-19053.

Kurosawa,N., Hamamoto.T., Inoue.M. and Tsuji.S. (1995) Molecular cloning
and expression of chick GalBl-3GalNAc a2,3-sialyltransferase. Biochem.
Biophys. Ada, 1244, 216-222.

Kurosawa,N , Inoue.M., Yoshida,Y. and Tsuji.S. (1996) Molecular cloning
and genomic analysis of mouse GalBl,3GalNAc-specific GalNAc a2,6-
sialyltransferase. J. Biol. Chem., 271, 15109-15116.

Larsen,R.D., Rajan,V.P., Ruff.M.M., Kukowska-LatalloJ., Cummings.R.D
and LoweJ.B. (1989) Isolation of a cDNA encoding a munne UDPgalac-
tose.B-D-galactosyl-1,4-<V-acetyl-D-glucosaminide a-1,3-galactosyltrans-
ferase: expression cloning by gene transfer. Proc Natl. Acad. Sci, USA, 86,
8227-8231.

Larsen.R.D., Emst,L.K., Nair,R.P. and LoweJ.B. (1990) Molecular cloning,
sequence, and expression of a human GDP-L-fucose: B-D-galactoside 2-a-L-
fucosyltransferase cDNA that can form the H blood group antigen Proc.
Natl. Acad. Sci., USA, 87, 6674-6678.

Lee.Y.-C., Kurosawa,N., Hamamoto.T., Nakaoka.T. and Tsuji.S. (1993) Mo-
lecular cloning and expression of GalBl,3GalNAca2,3-sialyltransferase
from mouse brain. Eur. J. Biochem., 216, 377-385.

Lee.Y.-C, KojimaJ*)., Waria.F... Kurosawa^., Nakaoka.T., Hamamoto,T. and
Tsuji.S. (1994) Cloning and expression of cDNA for a new type of
GalBl,3GalNAc a2,3-sialyltransferase. J. Biol. Chem., 269, 10028-10033.

Livingston,B.D. and PaulsonJ.C. (1993) Polymerase chain reaction cloning of
a developmentally regulated member of the sialyltransferase gene family. J.
Biol. Chem., 268, 11504-11507.

Melkerson-Watson.LJ. and Sweeley.C.C. (1991) Purification to apparent ho-
mogeneity by immunoaffinity chromatography and partial characterization
of the GM3 ganglioside-forming enzyme, CMP-sialic acid:lactosylceramide
a2,3-sialyltransferase (SAT-1), from rat liver Golgi. J. Biol. Chem., 266,
4448-4457.

NakayamaJ., Fukuda,M., Fredette.B., Ranscht,B. and Fukudajvl. (1995) Ex-
pression cloning of a human polysialyltransferase that forms the polysi-
alylated neural cell adhesion molecule present in embryonic brain. Proc.
Natl. Acad. Sci. USA, 92, 7031-7035.

NakayamaJ., Fukuda,M.N., Hirabayashi.Y., Kanamori,A., Sasaki,K., Nishi.T.

and Fukuda,M. (19%) Expression cloning of a human G,-, synthase—GD3

and G-n are synthesized by a single enzyme. J. Biol. Chem., 271, 3684-
3691.

Nara,K., Watanabe,Y., Maruyama,K., Kasahara,K., Nagai.Y. and Sanai,Y.
(1994) Expression cloning of a CMP-NeuAc:NeuAca2-3GalBl-4GlcBl-
1 'Cer a2,8-sialyltransferase (GD3 synthase) from human melanoma cells.
Proc. Natl. Acad. Sci. USA, 91, 7952-7956.

PaulsonJ.C. and ColleyJ.C. (1989) Glycosyltransferases: structure, localiza-
tion and control of cell type-specific glycosylation. / Biol. Chem., 264,
17615-17618

Preuss.U., Gu,X., Gu,T. and Yu.R.K. (1993) Purification and characterization
of CMP-N-acetylneuraminic acid:lactosylceramide a(2-3) sialyltransferase
(GM3-synthase) from rat brain. J. Biol. Chem., 268, 26273-26278.

SadlerJ.E., Rearick J.I., PaulsonJ.C. and Hill.R.L. (1979) Purification to ho-
mogeneity of a B-galactoside ct2,3 sialyltransferase and partial purification
of an ot-N-acetylgalactosaminide a2,6 sialyltransferase from porcine sub-
maxillary glands. J. Biol. Chem., 254, 4434-4443.

Sasaki,K., Watanabe.E., Kawashima,K., Sekine.S., Dohr.T., Oshima,M., Ha-
nai,N., Nishi.T. and Hasegawa>I. (1993) Expression cloning of a novel
Gal(pi-3/l^t)GlcNAc a2,3-sialyltransferase using lectin resistance selec-
tion. J. Biol. Chem., 268, 22782-22787.

Sasaki,K., Kurata,K., Kojima,N., Kurosawa^N., Ohta,S , Hanai,N., Tsuji.S. and
Nishi.T. (1994) Expression cloning of a GM3-specific ot2,8-sialyltransferase
(GD3 synthase). J. Biol. Chem., 269, 15950-15956.

Scheidegger.E.P., Sternberg^L.R., RothJ. and LoweJ.B. (1995) A human STX
cDNA confers polysialic acid expression in mammalian cells. J. Biol
Chem., 270, 22685-22688.

Sjoberg.E.R., Kitagawa.H., GlushkaJ., Van Halbeek.H. and PaulsonJ.C.
(1996) Molecular cloning of a developmentally regulated N-acetylgalactosa-
mine a2,6-sialyltransferase specific for sialylated glycoconjugates. J. Biol.
Chem., 271, 7450-7459.

StamenkovicJ., Asheim.H.C, Deggerdal.A., Blomhoff,H.K , Smeland.E. and
Funderud.S. (1990) The B cell antigen CD75 is a cell surface sialyltrans-
ferase. J. Exp. Med., 172, 641-643.

WemsteinJ., de Souza-e-Silva,U. and PaulsonJ.C. (1982) Purification of a
GalBl,4GlcNAc a2,6 sialyltransferase and a GalBl,3(4)GlcNAc a2,3 sial-
yltransferase to homogeneity from rat liver, J. Biol Chem., 257, 13835—
13844.

WeinsteinJ., Lee.E.W., McEntee.K., Lai.P.H. and PaulsonJ.C. (1987) Pri-
mary structure of B-galactoside a2,6-sialyltransferase. / Biol. Chem., 161,
17735-17743.

Wen.D.X., Livingstone.B.D., Medzihradszky.K.F., Kelm.S., Burlingame,A.L.
and PaulsonJ.C. (1992) Primary structure of GalBl,3(4)GlcNAc a2,3-
sialyltransferase determined by mass spectrometry sequence analysis and
molecular cloning. J Biol. Chem., 267, 21011-21019.

Yoshida,Y., Kojima,N. and Tsuji.S. (1995a) Molecular cloning and character-
ization of a third type of N-glycan ot2,8-sialyltransferase from mouse lung
J. Biochem. (Tokyo), 118, 658-664.

Yoshida,Y., Kojima.N., Kurosawa^!., Hamamoto.T. and Tsuji.S. (1995b) Mo-
lecular cloning of Siaa2,3Gal81,4GlcNAc a2,8-sialyltransferase from
mouse brain. J. Biol. Chem., 270, 14628-14633.

Sequence alignment and fold recognition
of fucosyltransferases
Christelle Breton, Rafael Oriol1 and Anne Imberty2-3

Ingeniene Moleculaire, INRA, BP1627, F-44326 Nantes Cedex 03, France,
'1NSERM U178, Hdpital Paul-Brousse, F-94807 Villejuif, France, and
2LSO-CNRS, 2 Rue de la Houssiniere, F44072 Nantes Cedex 03, France

'To whom correspondence should be addressed at: Ingenierie Moleculaire,
INRA BP1627, F-44326 Nantes Cedex 03, France

Introduction

Fucosyltransferases (Fuc-Ts), like other glycosyltransferases,
are type II transmembrane proteins that share a common do-
main structure (Lowe, 1991; Kleene and Berger, 1993). They
have a short NH2-terminal cytoplasmic tail, a 16-20 amino
acid signal anchor domain and an extended stem region fol-
lowed by a large globular, COOH-terminal, catalytic domain
(Paulson and Colley 1989; Joziasse 1992). The catalytic do-
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