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glycosyltransferases: a survey
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The rapidity with which molecular sequence data are gath-
ered continues to grow. The result is that, for many workers,
it is increasingly difficult to keep abreast of the current state
of play of molecular cloning, even for those genes that
encode proteins of special interest The clear success of the
various worldwide genome projects has made this even
more apparent, and by the end of 1996 the complete deter-
mination of the nucleotide sequences of the genomes of two
eukaryotes, Saccharomyces cerevisiae and Caenorhabditis
elegans, will have either been completed or will be nearing
completion. This article is an attempt to provide, in an easily
accessible format, a compilation of genes and cDNAs that
have been sequenced and deposited in GenBank that encode
transferase enzymes involved hi eukaryotic glycoprotein or
glycolipid biosynthesis. The full sequence information can
be easily retrieved from a databank, e.g. GenBank, using the
relevant accession numbers).

Key words: database/glycosylan'on/glycosyltransferase/molecular
cloning/protein processing

Glycosyltransferases are enzymes associated with the
exocytotic compartments of eukaryotic cells (125). They are
responsible for catalysis of the addition of monosaccharide
units either to an existing glycan chain or to a peptide or lipid
acceptor initiating a chain (see the box in Figure 1 A). All donor
monosaccharides are utilized in an activated form, either as
a nucleotide sugar, e.g. GDP-mannose or, less frequently but
equally important, as a lipid-linked donor, e.g. dolichol-P-
glucose (Dol-P-Glc), with the expulsion of the activated carrier
upon transfer of the sugar to the acceptor. The majority of these
enzymes are lumenally oriented, i.e. with the catalytic domain
within a membrane-bounded compartment, as in, for example,
the glycoprotein galactosyltransferases and sialyltransferases.
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Introduction

The rate of acquisition of nucleotide data continues to increase.
Even with the availability of on-line databases such as Gen-
Bank, the EMBL database and others, it is often hard to main-
tain awareness of the current state of a given field. Simple search
strings are frequently inefficient at complete retrieval of the
required data; for example, a search for 'glycosyltr*' in Gen-
Bank, where '*' is a wild card character, results in very few
retrieved entries, and more complex strategies result in a vast
increase in the amounts of undesired data being obtained. This
is as true of enzymes involved in the construction and process-
ing of eukaryotic complex carbohydrate moieties as it is for any
other area.

As a first approach to maintaining a current awareness sur-
vey of the progress in molecular cloning of glycosyltransferase
genes and cDNAs, we have performed an extensive search of
GenBank and the yeast genome sequence database. The present
article is restricted to sequences from eukaryotes with a sub-
mission date of 1994 or earlier. The search has also been
heavily restricted to include only those enzymes involved in
processing glycoprotein and glycolipid carbohydrate moieties,
and therefore excludes such areas as glucosyltransferases
involved in starch and sucrose synthesis, and the modifications
of other metabolic products, e.g. flavenoid glucosylation.

Donor-P-Sugar + Acceptor-OH

»- Acceptor-O-Sugar + Donor-P
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Fig. 1. Polypeptide and genomic organization of the eukaryotic glycosyl-
transferases. (A) Schematic of the domain structure of a glycosyltransferase
enzyme, showing the orientation of the polypeptide, the catalytic, stem
and transmembrane domains. The cartoon is based on sialyltransferase.
The transmembrane region is designated by a dashed line, and the carboxyl
and amino termini by C and N, respectively. The presence of an N-linked
glycan is also indicated. (B) Exon and intron arrangement and transcription
start sites for glycosyltransferase. Murine galactosyltransferase is used as
the example (60-62,67). Regions containing promoter activity are shown
by diagonal shading, and mapped transcriptional start sites are designated
by flag symbols. The exon regions are boxed, and the 3' and 5' untranslated
regions shown by open boxes, whilst the coding sequence is shown filled.
The diagram is not to scale, and the precise distances between some of the
elements are conjectural as a contiguous DNA fragment containing the entire
transcriptional unit has not been isolated.
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Conversely, in a number of cases there is evidence to suggest
that a number of transferase activities are present on the cyto-
plasmic face of the secretory compartments. This orientation is
particularly common for those enzymes involved in the syn-
thesis of glycolipid glycans, e.g. the galactosyltransferase cat-
alysing the formation of galactosylceramide, and several steps
in the synthesis of glycosylphosphatidylinositol (GPI) lipids
(126,127). The basic biosynthetic pathways for glycolipids of
the sphingomyelin/ganglioside family, the GPI lipids and the
N- and O-linked protein processing pathways have all been
extensively reviewed (125,128-131,137).

The vast majority of glycosyltransferase enzymes working
to elaborate glycan chains are of the type 2 transmembrane
structure, i.e. containing a lumenally oriented C-terminus, the
catalytic domain, a single membrane-spanning region and a
cytoplasmic N-terminus (60-62,67), as shown in Figure 1A. The
membrane-spanning region can confer important localization
determinants, as elegantly demonstrated for sialyltransferase
and galactosyltransferase (132,133). During early studies, many
glycosyltransferases were believed to be soluble as any attempt
to disrupt the cell to purify them resulted in the production of a
clipped form of the enzyme, constituting the lumenal and enzym-
atically active C-terminal domain, cleaved between the catalytic
domain and the transmembrane-spanning domain within the
stalk region (Figure 1A). Molecular cloning studies served to
explain the somewhat paradoxical observations that soluble
enzymes without any discernible mechanism for retention
within the secretory pathway could be shown to be tightly
localized to specific subcompartments, as demonstrated by
numerous ultrastructural studies. These observations also dem-
onstrate that the C-terminal domain contains all the necessary
information that is required for catalysis. As few of the
enzymes involved in elaboration of ceramide or the GPI-lipids
have been cloned, the precise topology of this group of pro-
teins within the microsomal membranes remains to be fully
determined.

Most of the lumenal glycosyltransferases are themselves
glycoproteins. There is minimal homology between transfer-
ases beyond the basic domain structure (134,141). Within fam-
ilies of transferases there is considerable homology and a large
number of members of, for example, the fucosyltransferase
family, have been cloned by homology-based approaches, e.g.
low-stringency screens or polymerase chain reaction (PCR)
methods (see Table I for some examples). This latter family is
particularly interesting as there is an extensive region, the
Lewis X (LeX) locus, on human chromosome 19, that contains
several similar al,3/4-fucosyltransferases that are very closely
related to each other at the nucleotide level, but have subtle
differences in both precise specificity and tissue-specific
expression (see below). Like most other eukaryotic genes, the
glycosyltransferase genes are split by the presence of introns,
and transcription is often initiated at more than one site, some-
times in a tissue-specific manner (see Figure IB). In yeast, the
presence of introns is characteristically low. Alternative exon
usage can also lead to message heterogeneity, and in some
cases even to different sized protein products. This topic has
been thoroughly reviewed recently (121,141).

What follows is the result of our database searches for the
period up to the end of 1994. The retrieved data are summar-
ized with the accession numbers, the citation(s) that are associ-
ated with the sequence entries and the EC numbers for the
activities, where available. Individual classes of glycosyltrans-
ferases are discussed briefly below.

Results and discussion

There were over 130 entries with distinct accession numbers in
the GenBank database at the end of 1994. The earliest entries
obtained were four galactosyltransferases in 1985, and since
then a total of -130 distinct glycosyltransferases have been
cloned (see Figure 2). However, in many cases the homologue
from several species has been studied, so that the total number
is an overestimate of the repertoire now available in the data-
base, and sequence data for a number of important activities
remain completely lacking. The database information is sum-
marized in Table I. It is possible that a small number of entries
have been missed, but these are unlikely to alter our overall
picture of the current state of molecular cloning of this group
of eukaryotic enzymes.

Simple inspection of the table reveals two major points worthy
of comment. Firstly, and most obviously, several enzymes are
more heavily studied than others. Particularly well studied are
the galactosyltransferases, the fucosyltransferases and the sialyl-
transferases. Clearly, the interest in these activities stems from
the fact that they are responsible for terminal elaborations, and
are therefore of more immediate biological relevance. The gal-
actosyltransferases were, in fact, the first group of transferases
to come under close scrutiny and, in the 4 years spanning 1986
to 1989, galactosyltransferase sequences accounted for -70%
of the then 23 entries in the database. Since 1989, the situation
has become significantly more diverse, certainly in part reflect-
ing interest in such structures as sialyl Lewis X (SLeX), involved
in a number of cell adhesion events (122).

Secondly, the pace at which glycosyltransferases are being
cloned is increasing. Inspection of Figure 2 suggests an almost
exponential increase in the total number of entries in the data-
base with time. If this is to continue, then -35-40 new sequences
will become available by the end of 1995. It is interesting to
note that the data from various genome sequence projects have
not been fully released to the databases as yet and, rather un-
expectedly, only -15% of the sequences retrieved have been
obtained by this 'brute force' route. The impact that yeast
sequencing has had on the number of mannosyltransferase
sequences has been quite dramatic (but obviously, from the
nature of yeast glycosylation, the impact on e.g. galactosyl-
transferase cloning is not going to be significant), and therefore
the database can be expected to expand greatly when data are
gathered from organisms with wider repertoires of glycan elab-
oration, e.g. Caenorhabditis elegans. Importantly, these large-
scale studies will shed light on the genomic organization of
glycosyltransferase genes, particularly poignant for the
fucosyltransferase family, members of which are clustered (see
below), and provide greater insight into the evolution of these
proteins, their transcriptional control and ultimately the func-
tion that the glycans they synthesize have in a wider biological
context.

We have refrained from providing phylogenetic reconstruc-
tions of the various gene families as the data are heavily imbed-
ded within flanking sequences and introns, and would be too
numerous for the present article. We hope that the provision of
accession numbers and citations will allow interested workers
to perform these studies using suitable software routines like
PileUp from the GCG package (135) and PAUP (136). We have
also completely avoided discussing the cloning strategies em-
ployed in obtaining these data. Whilst such information can be
of considerable interest to those in the field, it is out of place
here and the reader is referred to the excellent recent article by
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Glycosyltransferases 1994

Table I. Listing of eukaryotic glycosyltransferases that act on glycoproteins and glycolipids. For clarity, the enzyme names have been truncated. Systematic
names, with the corresponding EC numbers, are given in Table II. In many cases, the gene or cDNA sequence has been obtained by homology (probing or PCR)
or shotgun sequences, and the precise specificity of the encoded enzyme has not been determined. In these cases, an EC number is not given. NK, not known
(in cases where the specificity of the transferase has not been defined). Sialyl Lewis X and Lewis X are abbreviated to SLeX and LeX throughout

Enzyme

Sialyltransferases

a2,3-sialyltransferase
a2,3-sialyltransferase
a2,3-sialyltransferase
<x2,3-sialyltransferase
a2,3-sialyltransferase
a2,3-sialyltransferase
a2,3-sialyltransferase
a2,3-sialyltransferase
a2,3-sialyltransferase
a2,3-sialyltransferase
a2,6-sialyltransferase
0t2,6-sialyltransferase
a2,6-sialyltransferase

a2,6-sialyltransferase
a2,6-sialyltransferase

oc2,6-sialyltransferase
a2,6-sialyltransferase
a2,6-sialyltransferase

a2,6-sialyltransferase

0t2,6-sialyltransferase
a2,6-sialyltransferase
a2,6-sialyltransferase
a2,6-sialyltransferase
a2,8-sialyltransferase
a2,8-sialyltransferase
Sialytransferase
Sialyltransferase

Sialyltransferase
homologue

Fucosyllransferases

a l ,2fucosyltransferase
a l ,2fucosyltransferase

<xl,3fucosyltransferase III
ol,3fucosyltransferase IV

al,3fucosyltransferase IV

al,3fucosyltransferase VI

al,3fucosyltransferase VII
al,3fucosyltransferase VII
a 1,3fucosyltransferase

a l ,3fucosyltransferase

a l 3fucosyltransferase

a 1,3fucosy ltransferase

Galactosyllransferases

a l ,2galactosyltransferase
a 1,3galactosyltransferase
a 1,3galactosyltransferase

EC designation

EC 2.4.99.4
EC 2.4.99.4

EC 2.4.99.4
EC 2.4.99.6
EC 2.4.99.6
EC 2.4.99.4
EC 2.4.99.6
EC 2.4.99.4
EC 2.4.99.3
EC 2.4.99.1
EC 2.4.99.1
EC 2.4.99.1

EC 2.4.99.1
NK

EC 2.4.99.1
EC 2.4.99.1
EC 2.4.99.1

EC 2.4.99.1

EC 2.4.99.1
EC 2.4.99.1
EC 2.4.99.1
EC 2.4.99.1

NK
EC 2.2.99.2

NK

EC 2.4.1.69
EC 2.1.4.69

EC 2.4.1.65
EC 2.4.1.65

EC 2.4.1.65

EC 2.4.1.65

EC 2.4.1.65
EC 2.4.1.65
EC 2.4.1.65

EC 2.4.1.65

EC 2.4.1.65

EC 2.4.1.65

EC 2.4.1.151
EC 2.4.1.151

Species; source

H.sapiens; cDNA
H.sapiens; cDNA
H.sapiens; cDNA
S.scrofa; cDNA
R.rattus
M.musculus; cDNA
M.musculus; cDNA
M.musculus; cDNA
G.gallus; cDNA
G.gallus; cDNA
H.sapiens
H.sapiens; cDNA
H.sapiens; cDNA

H.sapiens; cDNA
H.sapiens; cDNA

H.sapiens; cDNA
H.sapiens; cDNA
R.rattus; cDNA

R.rattus; cDNA

R.rattus; genomic
R.rattus; cDNA
M.musculus; cDNA
G.gallus; cDNA
H.sapiens
H.sapiens
H.sapiens; cDNA
H.sapiens; cDNA

R.rattus; cDNA

H.sapiens; cDNA
R.norwegicus; cDNA

H.sapiens; cDNA
H.sapiens; genomic

H.sapiens

H.sapiens; cDNA

H.sapiens; cDNA
H.sapiens; cDNA
H.sapiens

H.sapiens; genomic

H.sapiens

H.sapiens; cDNA

S.pombe
H.sapiens; genomic
H.sapiens

GenBank accession

X74570
L23768
L23767
M97753, M98463
M97754
X73523
X76988, X76988
D28941
X77775
X74946
A17362
XI7247
X62822

S55693, S55689
X54363

LI 1720
M38193
M83142, M83143
M83144

M73985, M73986
M73987

M54999
Ml 8769
D16106
X75558
X77922
D2636O
U14550
LI 3972

L13445

M35531
L26OO9.L26010

X53578
S52967, S52968

L01698

M98825

X78031
U08112, U11282
M65030

S65161

M81485

M58596, M58597

Z3O917
J05421
M65O82

References

5
6
7
8

13
11
21
25
22
23

1
3
4

12
26

29
123
14

15-17

18
19
10
24
27
28
9
2

20

36
39

31
37

40

34

41
32
35

38

30

33

75
70
58

Notes

From WM266-4 melanoma
From placenta] mRNA
Acts on both glycoproteins and glycolipids
Hepatic

Brain
Cloned from brain
Synthesis of SLeX'
Testis
From day 6 embryo. O-link specific

From lymphocyte. Probably developmentally
regulated
Demonstration of B-cell-specific exon usage
B lymphocyte specific. Responsible for synthesis
of CD75 epitope. Cell surface
Differences in 5' ends of transcripts

Demonstration of liver and kidney tissue
specific splicing. Main sequence and alternate
splices given
Kidney and liver-specific splices. Alternate
promoters drive tissue-specific transcription.
M73985 encodes liver-specific 5' end
Exon 1 of gene
Complete coding sequence
Hepatic. RT-PCR cloning strategy
From day 6 embryo
Located on Chrl2. Specific for GM3, makes GD3
Specific for GD3 synthesis
Mammary epitheha. By homology
Cloned by homology. No data regarding specificity
available
Degenerate PCR experiment. LI3445 is a
developmentally regulated newborn brain product

Blood group H FT
Isolated from a colon epithelial tumour. Evidence
for two genes
Synthesizes SSEA structure. Mapped to Chrl9
Mapped toChrl9. Linked within S52874, S52969
13kbtoLeXFTin
Part of LeX cluster on Chrl9. Can make LcX SLeX
and difucosyl LeX
By RT-PCR. Can synthesize both SLeX and LeX
in vivo
Forms SLeX structure. Mapped to Chr9
Makes SLeX, but not LeX in vitro
Makes LeX and VIM-2 structures, but not the
E-selectin ligand in vivo
Probable identity with ELFT. Report of failure to
make SLeX in vivo due to cell background
Homologous to LeX FT, and can
synthesize LeX. Part of Lewis locus on
Chrl9. Plasma type FT
Fucosyltransferase for formation of the E-selectin
ligand (ELFT)

Golgi resident
Mapped to 12ql4-ql5. Pseudogene
Homologous, but distinct to ABH or
al3galactosyltransferase pseudogene

Continued
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Table L

Enzyme

Continued

EC designation Species; source GenBank accession References Notes

a 1,3galactosyltransferase
a 1,3galactosy ltransferase

a 1,3galactosy ltransferase
a 1,3galactosy ltransferase
a l ,3galactosyltransferase
a 1,3galactosyltransferase

EC 2.4.1.151
EC 2.4.1.151

H.sapiens
H.sapiens

P1,4galactosyltransferase
P1,4galactosy ltransferase
P1,4galactosy ltransferase
P1,4galactosy ltransferase
P1,4galactosy ltransferase

P1,4galactosyltransferase
Pi ,4galactosy ltransferase

P1,4galactosy ltransferase
P1,4galactosy ltransferase
P1,4galactosy ltransferase
P1,4galactosy ltransferase

P1,4galactosy ltransferase

P1,4galactosyltransferase
P1,4galactosyltransferase
P1,4galactosyltransferase

P1,4galactosyltransferase

P1,4galactosyltransferase

P1,4galactosy ltransferase
P1,4galactosyltransferase
Galactosyltransferase
Galactosyltransferase
Galactosyltransferase
GaJactosyltransferase
Galactosyltransferase
Galactosyltransferase

N-Acetylglucosaminyltransferases

GlcNActransferaseNAG 1 PTase
GlcNActransferaseNAG 1 PTase

GlcNActransferaseNAG 1 PTase

GlcNActransferaseNAG 1 PTase
GlcNActransferaseNAG 1 PTase
GlcNActransferaseNAG 1 PTase
Pl,2GlcNActransferase NK
P1,4GlcNActransferase
pi,6GlcNActransferase EC 2.4.1.102
P1,6GlcNActransferase
P1,6GlcNActransferase EC 2.4.1.102

EC 2.4.1.151 B. taurus; cDNA
EC 2.4.1.151 M.musculus
EC 2.4.1.151 M.musculus; cDNA
EC 2.4.1.151 C.aelhiops

P.paniscus
E.palas
G.gorilla
M. mulatto
A.geoffroyi
P.pygmaeus
S.sciureus
A.caraya

EC 2.4.1.38, 2.4.1.90 H.sapiens; cDNA
EC 2.4.1.38, 2.4.1.90 H.sapiens; cDNA
EC 2.4.1.38,2.4.1.90 H.sapiens; cDNA
EC 2.4.1.38, 2.4.1.90 H.sapiens; cDNA
EC 2.4.1.38, 2.4.1.90 H.sapiens; cDNA

EC 2.4.1.38, 2.4.1.90 H.sapiens
EC 2.4.1.38, 2.4.1.90 H.sapiens; genomic

EC 2.4.1.38, 2.4.1.90 B.taurus
EC 2.4.1.38, 2.4.1.90 B.taurus; cDNA
EC 2.4.1.38, 2.4.1.90 B.taurus; cDNA
EC 2.4.1.38, 2.4.1.90 B.taurus; cDNA

EC 2.4.1.38, 2.4.1.90 M.musculus

M60263
J05421

J04989
M26925
M85153
M733O7
M72526
M73308
M73304
M73306
M73309
M733O5
M73310
M73311
M22921,X14O85
X51589
X55415
XI3223
U10472, U10473
U10474
Ml 4624
M70427, M70428
M70429, M7O43O
M70432, M70433
J05217
M25398
Ml 3569
X14558

59
55

45
73
76
57

49
50
51
52
53

54
56

42
44
46
47

Pseudogene. Maps to Chrl2
Pseudogene. Not a reverse transcript
but ORF corrupted at several points

Alternate splice site
3' genomic flank sequence given in
each case

Placental. Complete coding sequence
5'end
From adenocarcinoma (HeLa)
Placental. Related to M13701
From fetal liver

From preB cells. Exons 16 given as
individual accessions

Two different N-termini encoded

HeDatic.

L16840 60-62

EC 2.4.1.38,
EC 2.4.1.38,
EC 2.4.1.38,

EC 2.4.1.38,

EC 2.4.1.38

EC 2.4.1.38,
EC 2.4.1.38,
EC 2.1.4.22
NK
EC 2.4.1.45
EC 2.4.1.62
NK

2.4.
2.4.
74

? 4

74
? 4

1.90
1.90
1 90

1 90

1 90
1 90

M.musculus; cDNA
M.musculus; cDNA
M.musculus; genomic

M.musculus

M.musculus

G.gallus; cDNA
G.gallus; cDNA
H.sapiens; cDNA
B.taurus; cDNA
R.norwegicus; cDNA
R.norwegicus; cDNA
C.elegans; genomic
Ldonovani; genomic

DO0314, DOO315
D37790, D37791
M27917, M27918
M27919, M27920
M27921.M27922
M27923
M36289

J03880

LI2565
X16336
M13701
M13214
L21698, S66862
U07683
Z29095
L11348

63
77
66

67

71,72

68
69
48
43
64
65
74
78

M.musculus; genomic
M.musculus; cDNA

C.longicaudatus; cDNA

Lmexicana
S.cerevisiae
S.pombe
C.elegans; genomic
Lstagnalis; cDNA
H.sapiens; cDNA
H.sapiens; cDNA
M.musculus: cDNA

U03603
X65603.S41875

J0559O, M22755

M96635
YOO126
U09454
Z46381
X80228
M97347
Z19550, LI9656
U19295

85
89

87,88

101
102
103
92

100
84

94,95
79

Overlaps with M13214 & M13569
Two ATGs possible. Sperm-specific
transcripts contain a 5' extension.
Presence of regulatory elements at
the 3' end
From F9 cells

Exon 1, 2 (alternate splice), 3, 4, 5, 6
and 3' UTR as separate accessions

Evidence for alternate splicing creating
long and short forms
Two possible ATGs, and alternate to
mRNA in spermatogenesis

Acts on ceramide. From myelin
Acts on ceramide. From 18-day-old brain
CosmidRlOEll
Obtained by complementation (LPG1).
Transfers galactofuranose. Expressed in
promastigote only

Transfers GlcNAclP to dolichol
Transfers GlcNAclP to dolichol. From
mammary gland. Mapped to Chrl7
Transfers GlcNAclP to dolichol.
Tunicamycin sensitive
Transfers GlcNAc 1P to dolichol
Transfers GlcNAclP to dolichol
Transfers GlcNAclP to dolichol
OnCh3, cosmidMOlFl
Prostate. Adds GlcNAc to PGlcNAc

Forms blood group I. Mapped to Chr9
Responsible for synthesis of the O-link
core 2

Continued
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Table L Continued

Enzyme

P1,6GlcNActransferase
P1,6GlcNActransferase
GlcNActransferasel
GlcNActransferasel
GlcNActransferasel
GlcNActransferasel
GlcNActransferasel
GlcNActransferasel
GlcNActransferasel
GlcNActransferasel
GlcNActransferasem
GlcNActransferasem
GlcNActransferaseV
GlcNActransferaseV

EC designation

NK
NK
EC 2.4.
EC 2.4.
EC 2.4.
EC 2.4.
EC 2.4.
EC 2.4.
EC 2.4.
EC 2.4.
EC 2.4.

.55

.101

.101

.101

.101

.101

.101

.143

.144
EC 2.4.1.144

EC 2.4. .155

N-Acetylgalactosaminyltransferases

a 1,3GalNActransferase
al,3GalNActransferase
P1,4GalNActransferase
Protein;GalNActransferase
Protein;GalNActransferase

Mannosyltransferases

Mannosyltransferase
Mannosyltransferase

Mannosyltransferase
Mannosyltransferase

a l ,2mannosyltransferase
a\ ,6mannosyltransferase
P1,4mannosyltransferase

Mannosyltransferase
Mannosyltransferase
Mannosyltransferase
Mannosyltransferase

Mannosyltransferase
Mannosyltransferase
Mannosyltransferase
Mannosyltransferase

Glucosyltransferases

Glucosyltransferase
Glucosyltransferase

EC 2.4.
EC 2.4.
EC 2.4.
EC 2.4.
EC 2.4.

.40

.40

.92

.41

.41

EC 2.4.1.109

EC 2.4.1.109
EC 2.4.1.83

EC 2.4.1.117

Species; source

C.elegans; genomic
C.elegans; genomic
H.sapiens; cDNA
H.sapiens; cDNA
H. sapiens
R.rattus; cDNA
M.musculus; genomic
M.musculus; genomic
O.cuniculus; cDNA
C.elegans
H.sapiens
R.rattus; cDNA
H.sapiens; cDNA
R.rattus; cDNA

H.sapiens; cDNA
H.sapiens; cDNA
H.sapiens; cDNA
B.taurus; cDNA
B.taurus; cDNA

C.elegans; cDNA
S.cerevisiae; genomic

S.cerevisiae; genomic
S.cerevisiae

S.cerevisiae; cDNA
S.cerevisiae; genomic
S.cerevisiae

S.cerevisiae; genomic
S.cerevisiae
S.cerevisiae
S.cerevisiae

S.cerevisiae
S.cerevisiae
S.cerevisiae
S.cerevisiae

S.cerevisiae
S.cerevisiae

GenBank accession

Z36752
Z37O92
M55621
T08544
M61829
D16302
M73491
LO7O37
M57301
Z46381
D13789
D10852
D17716
L14284

J05175
S44054
M83651
LO778O
L17437, L16925

M75918
L19169, L19700

L05146
J04184

M81110
D11095
J05416, Z35979

LI 7083
X62941
X62647

L23753
L23752
Z38059
Z46728

X77573
X75929

References

92
92
83
91
97
98
81
82
93
92
96
99
90
80

104
124
105
106
107

116
108

140
109

114
115
112

113
139
139
117

138
138
110
111

119
118

Notes

On Ch3, cosmid F35H8
On Ch3, cosmid F44F4
From A431 cells. Medial Golgi
EST06436 clone HIBBF95
Located on Chr5
Hepatic

Located on Chr3

Kidney
Hepatic

Formation of blood group A
A2 allele of blood group A
Acts on GM2 and GD2
Initiation of O-link chain
Placental. Initiation of O-link chain

PMT 1. Addition of O-linked mannosyl
residues to protein from Dol-P-man
PMT 2
DPM 1. Synthesis of Dol-P-man.
Also a 'flippase'
MNT 1
OCH 1
Algl. Located on Chr9.
Acts on Dol-P-GlcNAc2

KTR 2, part of the KRE 2 family
KTR l .OnChr 15
KRE 2; allelic to MNT 1. On Chr 4
Alg 2. Reported to have been cloned,
but no GenBank entry
MNN 1
MNN 9; homologue of VAN 1
Located on Chr9. Putative
Located on Chr9

Alg5. Synthesis of Dc-1-P-Glc
Alg 8. Involved in synthesis of
Dol-P-GlcNAc2Man^Glc3

•See the list of abbreviations for this and others used in the table.

Schachter which covers this area in quite some depth (120).
The remaining discussion will focus on particular glycosyl-
transferase classes/families.

Sialyltransferases

There are sequences for three major types of sialytransferase in
the database: those forming a2,3, oc2,6 and a2,8 linkages. The
donor sugar is linked to CMP. The examples of the a2,3- and
(x2,6-forming transferees are restricted to those acting on
N- and O-linked glycans of glycoproteins, whilst the two o2,8-
specific transferases act on glycolipids and form polysialic
acids. There is considerable evidence for tissue-specific expres-
sion of some of the enzymes, together with the use of alternative
splicing, e.g. M83142 etcetera and M73985. In the latter case,
there is also evidence for the use of alternate promoter elements
for the initiation of transcription in a tissue-specific manner.

Examples of sialyltransferases with defined high levels of
specificity include X74946, for 0-glycan sialylation, D28941
for synthesis of SLeX, and X77922 for production of GD2. A
further curiosity is X54363, which was isolated in an attempt
to clone the CD75 antigen from B cells. This clone turned out
to encode a sialyltransferase responsible for synthesis of the
CD75 antibody epitope (26).

Fucosyltransferases

The fucosyltransferases are perhaps the most complex group
at the genomic level. They transfer fucose from UDP in al-2,
a l -3 , a l -4 and al -6 linkage. The latter two specificities can
apparently be encoded by the same polypeptide. In Homo
sapiens, there are a number of these transferase genes present
as part of a cluster, the LeX locus, on chromosome 19. At least
two of the genes in this locus are positioned very close to each
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Table IL Enzyme commission (EC) nomenclature and full enzyme name.
In formal notation the name of an enzyme is given as substrate 1 (donor):
substrate 2 (acceptor) followed by the activity. All the glycosyltransferases
considered here have EC designations beginning 2.4, designating them as
glycosyltransferases. EC 2.4.1 are hexosyltransferases, and EC 2.4.99 are
nonhexosyl- nonpentosyl- transferases, e.g. the sialyltransferases (121).
As these are highly cumbersome, most enzymes are commonly known by
trivial names, and this is equally the case for glycosyltransferases. This table
allows the full name to be correlated with the accession number and other
information given in Table I

EC number Systematic enzyme name

2.4.1.38 UDP-Gal:GlcNAc-R P1,4-Galactosyltransferase
2.4.1.40 UDP-GalNAc.Fucol-2Gal-R al,3-GalNActransferase
2.4.1.41 UDP-GalNAc:Polypeptide GalNActransferase
2.4.1.45 UDP-Gal:Ceramide Galactosyltransferase
2.4.1.62 UDP-Gal:Ceramide Galactosyltransferase
2.4.1.65 Lewis GDP-Fuc:Gaip 1 -3(4)GlcNAc-R o4(3)-

fucosyltransferase III
2.4.1.83 GDP-Man:Dolichol Phosphorylmannosyltransferase
2.4.1.90 UDP-Gal:GlcNAc-R P1,4-Galactosyltransferase
2.4.1.92 UDP-GalNAc:GM3/GD3 pi,4-GalNActransferase
2.4.1.102 UDP-GlcNAc:Gaipi-3GalNAc-R P1,6-GlcNActransferase
2.4.1.109 Dol-P-Man:Polypeptide Mannosyltransferase
2.4.1.117 UDP-Glc:Dolichol Phosphorylglucosyltransferase
2.4.1.143 UDP-GlcNAc:Manctl-6R pi,2-GlcNActransferase
2.4.1.144 UDP-GlcNAc:R 1 -Manal -6-[GlcNAcP 1 -2Mana l-3]Manp 1 -

4R2 pi,4-GlcNActransferase
2.4.1.151 UDP-Gal:Gaipi-4GlcNAc-R al,3-Galactosyltransferase
2.4.1.155 UDP-GlcNAc:Manal-6R P1-6GlcNActransferase
2.4.99.1 CMP-sialic acid:Gaip 1 -4GlcNAc-R a2,6-sialyltransferase
2.4.99.3 CMP-sialic acid:Gaip 1 -3GalNAc-R cx2,3-sialyltransferase
2.4.99.4 CMP-sialic acid:Gaip 1 -3GalNAc-R a2,3-sialyltransferase
2.4.99.6 CMP-sialic acid:Gaipi-3(4)GlcNAc-R a2,3-sialyltransferase

150-

a

.£>

G

100.

50.

1984 1986 1988 1990

Year

1992 1994 1996

Fig. 2. Glycosyltransferase sequence submissions to GenBank by date.
The period 1984-1994 is covered. According to this search, the first
glycosyltransferases to be cloned, sequenced and submitted to GenBank
were four galactosyltransferases, in 1986. Dates are taken from the date of
publication of the sequence in a refereed journal and therefore are not
necessarily the same as the submission date (a few sequences unpublished
at the time of writing are included by submission date). A score of one per
publication has been used as a more reliable index of activity than scoring
accession numbers, as several reports have generated large numbers of
sequence submissions which would artificially inflate the apparent rate
of progress.

other; fucosyltransferase IV (S52987) and fucosyltransferase
III (X53578) are within 13 kb of each other (37), and several
more genes are probably located in this region, e.g. M81485.
Interest in this particular area has arisen because the E-selectin
cell adhesion molecule requires SLeX to be present on its ligand
for recognition (122), although other structures also appear to
be functional, and therefore most of the fucosyltransferases
have been examined for their potential to form SLeX and LeX
in different in vivo and in vitro assays. Results are occasionally
contradictory, with subtle differences being displayed between
the various a 1,3 fucosyltransferases and the cell type within
which they are expressed. The enzyme responsible for addition
of core fucose (a 1-6 linked) has not been cloned. A final
enzyme of note within this group is the a 1,2 fucosyltransferase
responsible for formation of the blood group H structure
(M35531).

Galactosyltransferases

The galactosyltransferases are an ever popular group of
enzymes, catalysing the addition of galactose from UDP-gal in
a l -3 , (31-3, pl-4 and a variety of other linkages. They were the
first group to be studied at the molecular genetic level, new
sequences are still being generated, and they represent the
largest single group in the database, with 37 entries. Many of
these are redundant. In common with the sialyltransferases,
there is substantial evidence for developmental regulation and
alternative exon use with complex control of transcriptional
initiation (see Figure 1). Unique for this class is the observation
of pseudogenes in the human genome, related to the al,3-type
transferase. This is most probably involved in the interesting
evolutionary phenomenon of the a-gal/anti-a-gal system,
whereby Old World higher primates, including humans, have
high levels of antibodies recognizing al,3-linked terminal
galactose, but do not synthesize the linkage, whereas in most
other mammals the linkage is present and the antibody speci-
ficity is absent (57). Two sequences of glycolipid-specific
enzymes from rat brain are in the database, and a galactofuranose
transferase from Leisnmania donovani has been reported. Only
one galactosyltransferase sequence has been obtained from
the genome sequencing programme to date (Z29095, from
C.elegans).

N-Acetylglucosaminyltransferases

This group of enzymes add GlcNAc from UDP-GlcNAc in
a number of linkages; most common are pl-4 (the core) and
pi-2 (outer arm), but other linkages, e.g. (31-6, are also com-
mon amongst the more elaborate jV-glycans and O-glycans.
The enzyme responsible for the initiation of synthesis of
the lipid-linked N-glycan precursor has been cloned from six
different organisms. This enzyme is responsible for the
sensitivity of N-glycan biosynthesis to tunicamycin, and is of
interest as a key point in N-glycan biogenesis. Four of the
N-acetylglucosaminyltransferases have been cloned by gen-
ome sequence projects. Owing to the importance of these
enzymes in some of the later control points of N-glycan
elaboration, this area should be active for some time, and
one of these (GlcNAc transferase I) has been the subject of
a recent gene knockout study unequivocally demonstrating
the importance of glycan processing to the multicellular
state (142).
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N-Acetylgalactosaminyltransferases

These enzymes include two alleles of the blood group A: a
ganglioside-specific transferase, and the activity responsible
for the initiation of O-glycan chains on serine and threonine
residues of polypeptides.

Mannosyltransferases

The vast majority of mannosyltransferases use GDP-man as a
donor, but in the synthesis of the lipid-linked N-glycan pre-
cursor several enzymes use Dol-P-man as the mannosyl source
(which is itself formed via GDP-man). Mannose can be linked
in al-2, a l -3 , a l -4 and al-6, and is also found in ^-linkage
(1-4) in the core region of N-glycans. The majority of manno-
syltransferases have been cloned from the yeast Saccharomyces
cerevisiae, including the mannose O-link initiating activity.

Glucosyltransferases

Only two of these enzymes have been cloned: those responsible
for synthesis of Dol-P-Glc and for addition of glucose to the
lipid-linked precursor of A/-glycan biosynthesis.

Concluding remarks

Substantial progress has been made in the molecular biology of
the glycosyltransferases since the first galactosyltransferase
was cloned in 1986. As a group, these enzymes are becoming
of increasing interest to workers outside of the immediate
glycobiology field as tools for the study of intracellular com-
partmentalization, retention and protein processing. It is clear
from the studies on several of the enzymes, e.g. the galacto-
syltransferases and sialyltransferase, that control of their tran-
scription and tissue-specific expression is an important and
interesting area, which will undoubtedly contribute to unravel-
ling many of the roles that specific carbohydrate structures play
in embryogenesis, cell adhesion and immunity. Particularly im-
portant will be an understanding of the developmental control
of transcription and the mechanisms by which certain enzymes
are retained within subcompartments of the secretory pathway.

It is intended that this database will be updated at least
annually, and posted onto the World Wide Web within the near
future. It is also hoped that the scope of the database can be
expanded to include more information on each entry, and to
include glycosylating activities of a more varied nature than
those presented here.

Methods
Data retrieval

As sequence entries and flat files are now exchanged on a daily basis between
all the major nucleotide databases (i.e. NDBJ, EMBL and GenBank), it is only
necessary to search one of them as the data submitted to all others are, in the
jargon, 'mirrored'. A second search was also performed on the S.cerevisiae
genome sequence database using a download of the archive from the site at
'http://genome-www.stanford.edu'. The current database searches were per-
formed in early 1995, and only entries submitted on or before 31 December
1994 are tabulated here.

Initially, GenBank was searched (address 'gophen//ftp.bio.indiana. edu:7(V
77/.indices/genbank?') via the World Wide Web (W3) using the Netscape
browser (Vl.lb) (available by ftp or other protocol from Netscape Industries
Inc.) via an Internet connection with the following keywords: glycosyltr*,
mannosyltr*, glucosyltr*, galactosyltr*, sialyltr*, glucuronyltr*, N-acetylglu-
cosaminyltr*, N-acetylhexosaminyl*, N-acetylgalactosaminyl*, UDP-GalNAc,
GDP-Man and GalNAc. Approximately 1000 entries were retrieved, of which

-150 were from eukaryotic sources. Interestingly, glycosyltr* produced <20
hits, and therefore is not a suitable search string. The W3 retrieval provided a
rapid method to obtain accession numbers and to screen out undesired files
without the need for a full file download as a brief title is also provided as part
of the hypertext file name. The yeast genome was searched using glycosyltr*,
mannosyltr*, glucosyltr*, galactosyltr*, sialyltr*, glucuronyltr* and transferase.
A number of additional entries were also obtained by scanning the literature.
Hat files were then retrieved from GenBank using an email program 'Eudora'
(Qualcomm Inc.) to NetServ@ebi.ac.uk using the command 'GET NUC:'
followed by the accession number (no spaces). The accumulated email
messages were then converted to a single text file by extraction of the text
string in the 'In' box of the Eudora mailer package, and the individual entries
were then examined to abstract the relevant information as presented in Table I
and Figure 2.
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Note Added in Proof

The W3 site at "http://bellatrix.pcl.ox.ac.uk/people/barry_spring95/iains_
transferase_guide.html" constructed by Dr Iain Wilson contains hypertext
links to GenBank for many of the entries listed in Table I.
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