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Abstract. Galactose is transferred via several linkages to
acceptor structures by galactosyltransferase enzymes. In
prokaryotes, galactose is mainly found on lipopolysac-
charides and capsular polysaccharides. In eukaryotes,
galactosyltransferases, which are localized in the Golgi
apparatus, are involved in the formation of several classes
of glycoconjugates and in lactose biosynthesis. Although
they sometimes catalyze identical reactions, prokaryotic

and eukaryotic galactosyltransferases share only little
structural similarities. In mammals, 19 distinct galacto-
syltransferase enzymes have been characterized to date.
These enzymes catalyze the transfer of galactose via f1-
4, B1-3, al-3 and al-4 linkages. The present review fo-
cuses on the description of these mammalian galactosyl-
transferases.
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Introduction

Galactose is commonly found in several classes of glyco-
conjugates in both prokaryotes and eukaryotes. Various
galactosyltransferase (GalT) enzymes catalyze the addi-
tion of galactose (Gal) in two anomeric configurations
through al-2, al-3, al-4, al-6 or f1-3, B1-4 linkages
following the standard reaction:

UDP-Gal + acceptor — Gal-acceptor + UDP

The variety of galactosylation reactions significantly
contributes to the tremendous diversity of oligosaccha-
ride structures expressed by living organisms. In prokary-
otes, GalTs are involved in the biosynthesis of the
lipopolysaccharide O-antigen [1], capsular polysaccha-
rides [2] and pilin glycans [3]. In the yeast Schizosaccha-
romyces pombe, a GalT participates in the formation of
cell wall galactomannan [4], and in plants several GalTs
synthesize plastid galactolipids [5, 6], galactosylated
flavonols [7], galactomannan [8] as well as complex as-
paragine-linked glycans [9]. In keeping with the overall
complexity of higher eukaryotes, the vast diversity of

galactosylated structures is paralleled by several GalT
gene duplication events that give rise to several groups of
enzymes with different acceptor specificities and distinct
patterns of tissue expression.

Although GalT activity is widespread among living or-
ganisms, prokaryotic and eukaryotic GalT enzymes share
little structural homology. Even between bacterial GalTs,
it is difficult to recognize conserved domains that may be
related to the enzymatic activity, thereby rendering the
formal identification of GalT dependent on functional as-
says. In addition, the bacterial enzymes do not share a
unique topology: some GalTs are membrane bound, like
RfpB, whereas others function as soluble enzymes, as for
example RfbF. In consequence, relatively few bacterial
GalTs have been characterized to date (table 1). The se-
quencing of additional bacterial genomes will eventually
contribute to the identification of novel glycosyltrans-
ferase genes encoding, among others, GalT enzymes. The
bacterial GalTs described so far catalyze a wide range
of structures by transferring Gal to various acceptor
substrates through al-3, al-4, al-6, B1-3 and Bl-4
linkages.
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Table 1. Bacterial galactosyltransferases.

The galactosyltransferase family

Enzyme Gene Organism Product References

al-3 GalT RfpB Shigella dysenteriae LPS 116

al-3 GalT RfbF Klebsiella pneumoniae, Campylobacter coli, LPS 117,118
Serratia marcescens

al-3 GalT Rfal Salmonella typhimurium LPS 119

al-4 GalT LgtC Neisseria gonorrhoeae, Neisseria meningitidis LOS 120

al-6 GalT AmsD Erwinia amylovora exopolysaccharide 121

al-6 GalT RfaB Escherichia coli, Salmonella typhimurium LPS 122,123

al-6 GalT LpcA Rhizobium leguminosarum LPS 124

P1-3 GalT CgtB Campylobacter jejuni LOS 125

PB1-3 GalT WiaN Campylobacter jejuni LOS (GM1 analog) 126

B1-4 GalT LgtB Neisseria gonorrhoeae, Neisseria meningitidis LOS 49

Bl1-4 GalT LgtE Neisseria gonorrhoeae, Neisseria meningitidis LOS 49

B1-4 GalT Cpsl4G, Cpsl4J  Streptococcus pneumoniae capsular polysaccharides 2

B1-4 GalT WaaX Escherichia coli LPS 127

Bl1-4 GalT HpgalT Helicobacter pylori LPS 128

Pl1-4/al-3 GalT PglA Neisseria meningitidis Pilin-linked glycan 3

In contrast to bacterial glycosyltransferases, nearly all
eukaryotic GalTs are type II transmembrane proteins
featuring a short cytosolic segment, a single transmem-
brane domain of about 20 amino acids and a large lumi-
nal catalytic domain. GalTs are anchored in the Golgi
apparatus. This topology and localization are common
for GalT proteins from yeast, such as the Gmal2 GalT
from Schizosaccharomyces cerevisiae [4] up to the mam-
malian enzymes. As with every rule, the exception is rep-
resented by the ceramide:UDP-Gal GalT (CGT) enzyme
that catalyzes the formation of galactocerebroside [10].
This protein has in fact a type I topology and is localized
to the endoplasmic reticulum [11]. CGT constitutes a
structurally distant member of the GalT family, as it is
more related to glucuronyltransferases active in the
hepatic detoxification of xenobiotics than to classical
enzymes involved in glycoconjugate synthesis. For a
more detailed discussion on the structural relations be-
tween prokaryotic and eukaryotic galactosyltransferases,
see [12].

The activity and biological functions of galactosyltrans-
ferases have been most thoroughly characterized in mam-
mals. In this class, Gal occurs B1-4, f1-3, al1-3 and al-4
linked to accepting templates in various types of glyco-
conjugates (fig. 1). An early concept was that each glyco-
sidic linkage is catalyzed by a specific enzyme [13].
However, with the discovery of multiple isozymes for
several glycosyltransferase activities, this ‘one linkage,
one enzyme’ rule has rapidly become ‘one linkage, many
enzymes’. Along this line, several enzymes have been
characterized for each kind of GalT activity. Because of
the availability of genome databases and convenient ho-
mology search algorithms [14], several novel GalT genes
have been described in the last years. The next sections
will outline the specificity of the enzymes and discuss
their relevance in biological systems.

B1-4 Gal-Ts

Seven B1-4 GalT enzymes have been described to date.
These proteins share an extensive homology, which was in
fact applied as a tool to clone the genes encoding six mem-
bers of this family. Recent searches of mammalian genome
databases using known f1-4 GalT sequences as queries has
failed to reveal additional related genes. However, these
searches do not exclude the existence of other f1-4 GalT
genes that may present little structural similarity to the
known enzymes. In most cases, the identity of $1-4 GalT
proteins has been confirmed by heterologous expression of
recombinant proteins. Whereas this approach clearly es-
tablishes the enzymatic activity, a comparison of the 1-4
GalT isozymes is difficult to address because the expres-
sion systems as well as the type of recombinant $1-4 GalT
proteins often differ in the first reports. For example, the
acceptor substrate specificity attributed to single B1-4
GalTs may have to be revised or extended to the light of
new experiments. Along this line, a recent study investi-
gating the specificity of six f1-4 GalTs expressed under
identical conditions showed that all these enzymes, includ-
ing P4GalT6 previously described as a lactosylceramide
synthase, can transfer Gal to N-glycan acceptors (product
B of N-glycan on fig. 1) [15]. This apparent redundancy
renders even more difficult the determination of the bio-
logical relevance of the single f1-4 GalT proteins. Knock-
out mouse models and the clinical evaluation of human
cases of f1-4 GalT deficiency will contribute delineating
the biological specificity of the isozymes.

B4GalT1

The first mammalian GalT characterized biochemically,
PAGalT1, was also the first one to be cloned [16, 17]. Us-
ing a classical approach, the f4GalT1 protein has been
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Figure 1. Glycoconjugate structures including galactose. The carbon atoms of hexoses are numbered from 1 to 6 as exemplified by the
hexagon at the top right corner. The anomerization of the sugar units is not visualized. The structures shown belong to several glycoconju-
gate classes, namely N-glycans, O-linked GalNAc glycans, O-linked fucose glycans, glycosaminoglycans (GAG), galactosylceramide
(GalCer) and glycolipids. The encircled letters refer to the galactosyltransferase enzymes listed on table 2.
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purified and either partially sequenced [17] or applied as
antigen to generate anti-4GalT1 polyclonal antibodies,
which were subsequently used in expression gtll A-
phage library screenings [16]. f4GalT1 has two enzy-
matic activities: as a monomer it transfers Gal to Glec-
NAc-based acceptors (fig. 1, products B) and when asso-
ciated to a-lactalbumin, f4GalT1 catalyzes the transfer
of Gal to Glc, yielding lactose [18]. Logically, the lactose
synthase activity is important in mammary glands, a tis-
sue in which the p4GalT1 gene expression is induced
during lactation [19]. In other tissues, the f4GalT1 gene
appears to be constitutively expressed. The f4GalT1 pro-
tein is localized in the Golgi apparatus [20, 21], and the
suggestion that the enzyme may be at the cell surface in
some cases [22] needs to be confirmed by ruling out car-

Table 2. Mammalian GalTs.

The galactosyltransferase family

bohydrate specificities in the antibodies used as histo-
chemical reagents [23]. The f4GalT1 gene is split in six
exons spanning about 50,000 bp of genomic DNA [24].
The human p4GalT1 gene maps to chromosome 9 band
pl3 (table 2).

The p4GalT1 enzyme is also the first mammalian glyco-
syltransferase whose three-dimensional structure has
been elucidated [25]. This study showed that the f4GalT1
enzyme can be schematically represented as a cone with
a large open pocket. Two disulfide bridges stabilize the
PAGalT1 protein. The analysis of the crystal structure
also confirmed the importance of GalT-conserved amino
acid residues, such as the DxD motif, in the binding of the
UDP-Gal substrate. A second study reported the crystal
structure of f4GalT1 complexed to a-lactalbumin [26],

Enzyme Gene Human Expression Products GenBank References
chromosome  (UniGene) (see fig. 1) accession #*

B1-4 GalT B4GALT1 9pl13 ubiquitous B, 1 NM_001497 16

B1-4 GalT B4GALT2 1p34-p33 ubiquitous B NM_030587 32

B1-4 GalT B4GALT3 1921-q23 ubiquitous B NM_003779 32

Pl1-4 GalT B4GALT4 3ql3 ubiquitous B NM_003778 34

Pl1-4 GalT B4GALTS5 20q13 ubiquitous B, 1 NM_004776 36

Bl1-4 GalT B4GALT6 18ql1 bone marrow, brain, breast, lung, B, 1 NM_004775 40
pancreas, skin, whole embryo

Bl1-4 GalT B4GALT7 5q35 ubiquitous F NM_007255 43,45

PB1-3 GalT B3GALT1 2pl4 germ cells, brain A NM_020981 55

PB1-3 GalT B3GALT2 1q31 blood, bone, brain, colon, heart, A NM_003783 55,57, 58
pancreas, skin, whole embryo,
lung, nervous system, prostate

PB1-3 GalT B3GALT3 3q25 bladder, bone, brain, breast, colon, A NM_003781 55,58, 59
foreskin, germ cell, heart, kidney,
lung, ovary, prostate, testis, uterus,
whole embryo

B1-3 GalT B3GALT4 6p21 brain, colon, lung, ovary, pancreas, M NM_003782 63
lung, testis, kidney, stomach,
prostate

PB1-3 GalT B3GALT5 21q22 breast, colon, pancreas, testis, ALE, K NM_006057 66—-68
nervous system

B1-3 GalT B3GALT6 1 ubiquitous G AY 050570 71

PB1-3 GalT B3GALT7, 7 bone marrow, brain, colon, germ D NM_020156 72

CIGALT1 cell, kidney, pancreas, placenta,

small intestine, stomach, uterus

al-3 GalT ABO 9q34 colon, blood N NM_020469 84

al-3 GalT Ggtal - embryo, heart, lung, mammary C NM_010283 87
gland, pancreas, salivary gland,
skin, spleen, uterus

al-3 GalT (iGb3s) - lung, uterus, pituitary, thymus, L AF248543 96
skeletal muscle, brain, spleen,
kidney

al-4 GalT A4GALT1 22ql3 ubiquitous J NM_017436 102,104

Cer GalT CGT 4q26 brain, kidney H NM_003360 10

* The accession numbers refer to the human genes, except for the two a1-3 GalT Ggtal and iGb3 synthase, where the numbers point to the
mouse and rat cDNA, respectively.
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showing that the binding to a-lactalbumin conditions
conformational changes in the f4GalT1 structure. These
changes modify the catalytic pocket of the enzyme, en-
abling the transfer of Gal to the Glc acceptor.

The f4GalT1 enzyme is active toward GIcNAc in a broad
range of glycoconjugates (fig. 1, product B). p4GalTl
also elongates O-fucose glycans found on several epider-
mal growth factor (EGF)-like protein domains [27]. It is
noteworthy that the action of f4GalTl is required to
achieve the Fringe-mediated modulation of Notch signal-
ing [28]. Although several f4GalTs share similar enzy-
matic properties suggesting functional redundancy, the
integrity of the B4GalT1 protein is important in mam-
malian development and physiology. Mice bearing an in-
activated p4GalTl gene show retarded growth with in-
creased lethality. The f4GalT1 knockout mice also pre-
sented skin lesions, endocrine insufficiency, decreased
fertility and absence of lactose in milk [29—31]. The crit-
ical involvement of f4GalT1 in physiological pathways is
also supported by the recent description of a human pa-
tient with a complete deficiency of f4GalT1 [C. Korner,
personal communication']. This patient showed severe
psychomotor retardation and muscle weakness.

B4GalT2

With the emergence of genome databases, novel cDNAs
structurally related to f4GalT1 have been identified. The
cloning and expression of these complementary DNAs
(cDNAs) confirmed their identities as additional mem-
bers of the f4GalT family. p4GalT2 is structurally and
functionally the closest to f4GalT1 [32]. Both proteins
share 52 % sequence identity, and both genes contain six
exons. The human $4GalT2 gene is localized on chromo-
some 1 at position p33. Like f4GalT1, the f4GalT2 en-
zyme has a lactose synthase activity in the presence of a-
lactalbumin. However, this lactose synthase activity is
probably physiologically irrelevant since the lack of lac-
tose in B4GalT1-null mice is not compensated by the ac-
tion of f4GalT2. The p4GalT2 gene is widely expressed
in human tissues, where highest messenger RNA
(mRNA) levels are detected in fetal brain and in adult
muscle [33]. The p4GalT2 enzyme works in vitro on Glc-
NAc [32] as well as on glycoprotein acceptors [34]. The
relevance of f4GalT2 in animal development and physi-
ology is so far unknown; no mutant organism and no dis-
ease related to this gene have been described yet.

B4GalT3
The human B4GalT3 gene was described together with
PAGalT2 [32]. The overall identity to the f4GalT1 protein

! This study has now been published, see Hansske et al. (2002) J.
Clin. Invest. 109: 725-733.
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reaches 44 %, and several domains show a strict conserva-
tion with the other f4GalT proteins. The p4GalT3 gene is
like f4GalT1 and p4GalT2 split in six exons, and maps to
human chromosome 1 band q21-23. When expressed as a
recombinant soluble protein, f4GalT3 utilizes GlcNAcS-
[32] and asialo-agalacto-glycoproteins as acceptors [34].
In addition, p4GalT3 shows significant GalT activity to-
ward the neutral glycolipid acceptor Lc3 [GleNAc(S1-
3)Gal(p1-4)Glc(B1-)ceramide] [32]. The f4GalT3 gene is
ubiquitously expressed in human tissues. The biological
relevance of f4GalT3 is presently unknown.

B4GalT4

The human p4GalT4 gene was cloned through similarity
searching of expressed sequence tag (EST) databases
[34]. At the protein level, p4GalT4 shares about 40%
identity with the other members of the f4GalT family.
The human p4GalT4 gene is on chromosome 3 at posi-
tion q13 and, like p4GalT1-3, contains six exons. This
similar genomic organization and the extensive conserva-
tion of the protein-coding sequence suggest that
PAGalT1-4 genes have evolved by gene duplication. The
PAGalT4 transcript is detected in all human tissues,
though the levels of expression vary considerably. High-
est mRNA levels are detected in placenta and pancreas.
The p4GalT enzyme is specific toward GlcNAcp-based
acceptors. It showed activity with glycoprotein acceptors
as well as with the glycolipid acceptors Lc3 and Lc5
[GlcNAc(B1-3)Gal(p1-4)GlcNAc(p1-3)Gal(p1-4)Glc
(B1-)ceramide] [34]. p4GalT4 has no lactose synthase
activity. In a comparative study, p4GalT4 was the most
efficient f4GalT enzyme in catalyzing the extension
of poly-N-aceyllactosamine chains on GIlcNAc(B1-6)
branched O-glycans [35]. The biological significance of
the f4GalT4 enzyme in vivo remains to be established.

B4GalT5

The molecular cloning of the f4GalT5 cDNA [36] relied
on polymerase chain reaction (PCR) amplification using
degenerate primers designed after regions conserved be-
tween f4GalT1 and a structurally related 1-4 GlcNAc-
transferase from the snail Lymnaea stagnalis [37]. The
PAGalT5 gene maps to chromosome 20ql3. Unlike
PAGalT1 to 4, the p4GalT5 gene contains 9 exons, sug-
gesting a more distant evolutionary relationship to the
previous members of the f4GalT gene family. Also, the
PAGalT5 protein shows only about 35% identity to
PAGalT1 to 4. The human p4GalTS cDNA was expressed
as a soluble protein A-fusion construct [36]. The activity
toward GIcNAc was quite low. The apparent K, for the
GlcNAc acceptor was 33 mM compared with a K, of
0.6 mM for f4GalT1 [38]. The addition of a-lactalbumin
had no inhibitory effect on the N-acetyllactosamine syn-
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thase activity of f4GalT5. Further characterizations have
shown that p4GalT5 participates in the biosynthesis of
N-glycans [15], whereas a preference toward O-linked
acceptors has been noted by others [39]. The biological
relevance of f4GalT5 is currently unknown.

B4GalT6

The synthesis of the glycolipid lactosylceramide requires
the action of a B4GalT activity. Recombinant f4GalT1
can transfer Gal to Glc-ceramide (fig. 1, product I),
though to low efficiency compared with its activity to-
ward GlcNAc acceptors. To identify a better catalyst for
the lactosylceramide synthase reaction, Nomura et al.
[40] have purified the activity from rat brain, which led to
the cloning of a novel cDNA called f4GalT6. The corre-
sponding gene is localized on chromosome 18 at position
ql1. Its genomic organization, including 9 exons, is sim-
ilar to that of f4GalT5. The identity at the amino acid
level was also highest with 4GalT3, reaching 68%. A
comparison of the lactosylceramide synthase activity be-
tween the known f4GalT enzymes was not included in
the primary description of f4GalT6 [40], but the subse-
quent description of the Pro-5Lec20 Chinese hamster
ovary (CHO) cell deficient for f4GalT6 showed that the
loss of this enzyme has no effect on glycolipid profiles,
thus indicating that other $4GalTs can also function as
lactosylceramide synthase in cells [41]. The characteriza-
tion of N-glycans in Pro-5Lec20 CHO cells demonstrated
that f4GalT6 also accounts for N-glycan biosynthesis, a
finding that has been confirmed by the recent characteri-
zation of recombinant f4GalT6 activity [15]. No data ex-
ist about the roles of f4GalT6 in animal development and

physiology.

B4GalT7

The last member of the f4GalT gene family, f4GalT7,
was identified by similarity searches of EST databases
[42, 43]. At the amino acid level, it is also the farthest
member of the family. For example, four cysteines con-
served among the other f4GalT are absent in f4GalT7.
Also, the sequences of the p4GalT-conserved motifs
show significant variations in f4GalT7. The p4GalT7
gene is found on chromosome 5q35 and is split in six ex-
ons. The f4GalT7 enzyme specifically recognizes Xyl as
acceptor, suggesting that this enzyme represents the
XGalTTI that catalyzes the first addition of Gal onto the
glycosaminoglycan core of proteoglycans (fig. 1, product
F). This view was confirmed by finding mutations in the
PAGalT7 gene of human patients with decreased XGalTI
activity [44]. These patients presented a disease of con-
nective tissues characterized as a progeroid form of the
Ehlers-Danlos syndrome [45]. The importance of
PAGalT7 in animal development is further supported by

The galactosyltransferase family

the identification of the sqv-3 mutant Caenorhabditis el-
egans strain, in which the orthologous p4GalT7 is mu-
tated. The sqv-3 worms show perturbed epithelium in-
vagination that result in morphological alterations of the
vulva [46].

B1-3 Gal-Ts

Back in the early eighties, Sheares and Carlson [47, 48]
identified a B3GalT activity derived from pig trachea.
They found that this f3GalT activity was directed toward
GlcNAc-based acceptors and was not inhibited by a-lac-
talbumin or by elevated GlcNAc concentrations. It took
another 10 years until the first f3GalT genes were
cloned and characterized as recombinant proteins. Seven
B3GalT genes have been described to date. There is no
significant homology between $3GalT and f4GalT pro-
teins, suggesting a separate evolutionary lineage. In fact,
B3GalT share some similarities with bacterial galacto-
syltransferases such as LgzB and LgtE [49]. f3GalT pro-
teins are structurally related to B1-3 GlcNAc-trans-
ferases [50—53], indicating that the maintenance of a
B1-3 linkage, rather than of the donor substrate, has dic-
tated the conservation of domains within these proteins

(fig. 2).

B3GalT1

The first B3GalT gene was cloned from the human
WM266-4 melanoma cell line by expression cloning
method [54]. Although the cloning procedure remained
unpublished, it appears that the cDNA isolated mediated
the expression of the Lewis a antigen when expressed in
WM266-4 cells. The mouse orthologous gene was cloned
together with two additional B3GalT genes using an EST
database screening approach [55]. The entire protein-
coding region of the #3GalT1 gene is included in a single
exon. In the human genome, the f3GalT1 gene maps to
chromosome 2pl4. This gene is mainly expressed in
brain tissue. Low mRNA levels were also detected in all
mouse tissues analyzed [55]. By contrast, the UniGene
database only reports expression of f3GalT1 in human
brain and germ cells (table 2). The investigation of human
and mouse recombinant $3GalT1 proteins confirmed
their activity toward GlcNAcp-linked and glycoprotein
acceptors (fig. 1, products A). f3GalT1 can also transfer
Gal to both branches of a biantennary asialo-agalacto-N-
linked glycan [D. Zhou and F. Altmann, personal com-
munication]. Elevated occurrence of $1-3 galactosylated
N-glycans have been reported in rat brain [56], suggest-
ing a relation between this type of galactosylation and the
extensive sialylation of brain N-glycans. However, fur-
ther work will be required to establish the relevance of
B3GalT1 in biological processes.
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Figure 2. Schematic alignment of 3GalT and B1-3 GIcNAcT (b3GnT) enzymes. Proteins are schematically represented by horizontal
bars. Human 3GalT1 to 7 proteins are shown at the top followed by the human f3GnT1 enzyme and the Drosophila Brainiac 1-3 Glc-
NACT protein. The positions of the conserved domains are indicated as colored rectangles. The bottom panel shows the amino acid se-
quences of the respective proteins in single-letter code, whereas conserved residues appear in black and nonconserved residues in gray.

B3GalT2

The B3GalT2 gene was also cloned by sequence simi-
larity searches of EST databases, [55, 57, 58]. The
B3GalT2 protein includes all P1-3-specific motifs
(fig. 2) and shares 51 % identity with f3GalT1. A single
exon contains the entire protein-coding sequence. The
highest f3GalT2 mRNA levels are detected in heart and
brain tissues, whereas the gene is also expressed at lower
levels in additional tissues. The $3GalT2 enzyme was
active toward GIcNAcf, egg ovalbumin and the L¢3 gly-
colipid (fig. 1, products A). The specificity of f3GalT2
toward more physiological acceptors as well as the bio-
logical functions of the enzyme has not been elucidat-
ed yet.

B3GalT3

The B3GalT3 gene was identified together with f3GalT1
and B3GalT2 [55, 58]. The f3GalT3 gene is localized on
human chromosome 3 band g25, and like most f3GalT
genes, the protein-coding region is included in a single

exon. The B3GalT3 protein has about 35% identity to
B3GalT1 and B3GalT2. 3GalT3 mRNA is found in sev-
eral tissues. Highest levels are detected in brain, whereas
lower levels are detected in several tissues. When ex-
pressed as a full-length recombinant protein, f3GalT3
showed a low GalT activity to GIcNAcp acceptors com-
pared with the B3GalT enzymes discussed above. Re-
cently, f3GalT3 was also reported to catalyze the transfer
of GalNAc onto the terminal Gal unit of the Gb3 glycol-
ipid [59], thereby representing a Gb4 synthase activity.
The mouse B3GalT3 gene, which had incorrectly been
identified as a mammalian homolog to the Drosophila
melanogaster Brainiac gene [60, 61], has been inacti-
vated in the mouse germline [62]. The f3GalT3-null em-
bryos die around implantation day E4, indicating that
B3GalT3 activity is essential during development. How-
ever, the phenotype reported by Vollrath et al. [62] relied
on the analysis of mice derived from a single embryonic
stem cell clone, which does not exclude the eventuality of
a serendipitous unrelated recombination event as the
cause of this dramatic phenotype.
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B3GalT4

Using an expression cloning strategy aimed at the isola-
tion of cDNAs involved in the biosynthesis of the GD,,,
ganglioside, Miyazaki et al. [63] identified the rat
B3GalT4 gene. Whereas some stretches of the f3GalT4
do not align with the other f3GalTs, all $1-3 motifs do-
mains are conserved (fig. 2). The human 3GalT4 gene is
localized on chromosome 6 band p21. The entire protein-
coding sequence is included in a single exon. f3GalT4
mRNA is found in several tissues, though at varying lev-
els. The recombinant $3GalT4 enzyme was hardly active
on GalNAc alone but worked efficiently on the ganglio-
side acceptors GM,, GD, and asialo GM, (fig. 1, product
M) [63]. A B3GalT4 mutant model has not been de-
scribed yet. However, mice lacking the f1-4 GalNAc-
transferase synthesizing GM2, GD2, i.e. the substrates of
B3GalT4, have been previously described [64, 65]. These
mice present myelination defects and male sterility, thus
supporting the importance of complex gangliosides in
mammalian physiology.

B3GalT5

An additional B3GalT gene has been isolated by se-
quence homology search strategy [66, 67]. This gene was
named B3GalT5 and was shown to encode a protein that
includes all B1-3 sequence motifs (fig. 2). The f3GalT5
gene was split in four exons, whereas the open reading
frame was completely found in exon 4. The S3GalT5
gene is mainly expressed in colon, stomach, pancreas and
testis. When tested on monosaccharide acceptors, the re-
combinant f3GalT5 enzyme is only active on GIcNAcp.
Unique among B3GalT enzymes, B3GalT5 shows a
marked preference for the O-linked core3 Glc-
NAcf1-3GalNAc structure (fig. 1, product E), suggest-
ing that #3GalT5 probably represents the mucin-specific
B3GalT activity characterized by Sheares and Carlson in
1983 [47, 48]. The B3GalT5 enzyme is also unique
among glycosyltansferases, as it expresses a second ac-
ceptor substrate specificity. Whereas 3GalT5 cannot
utilize GalNAc as monomeric acceptor, it does transfer
Gal efficiently to the terminal GalNAc unit of the Gb4
glycolipid [68], thereby catalyzing the formation of GbS
(fig. 1, products K), also known as stage-specific embry-
onic antigen-3 (SSEA-3) [69]. Moreover, f3GalT5 in-
duction in gastrointestinal and pancreatic tumors medi-
ates the expression of Lewis A and sialyl-Lewis A anti-
gens [66], which is often seen as a negative prognostic for
metastatic behaviour. However, the exact role of f3GalT5
in these processes as well as in mammalian development
remains to be established. On the other hand, a specific
phenotype has been described in a mutant C. elegans
strain. Mutations in the bre-5 gene, probably the worm
ortholog to B3GalT5, did not cause any developmental
abnormality but conferred a resistance to Bt toxin [70].
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B3GalTe6

The B3GalT6 was identified from genome databases as
an open reading frame (ORF) containing the f1-3-spe-
cific sequence motifs [71]. This gene mapping to chro-
mosome 1 includes a single exon; $3GalT6 transcripts
are detected in all tissues investigated. The f3GalT6 en-
zyme catalyzes the transfer of Gal to the Gal(al-4)Xyl
acceptor, thus completing the formation of the gly-
cosaminoglycan (GAG) core of proteoglycans (fig. 1,
product G). None of the other f3GalT enzymes showed
any significant activity toward Gal(al-4)Xyl, suggesting
that #3GalT6 is the only enzyme acting on the GAG core.
This hypothesis was confirmed by small interfering RNA
(siRNA)-mediated silencing of the B3GalT6 gene in
HeLa cells. The addition of siRNA indeed caused a de-
crease of glycosaminoglycan biosynthesis in the cells.
The loss of f3GalT6 activity has not been reported in an
animal model yet. However, it is predicted that such a de-
fect would be incompatible with life.

B3GalT7

In contrast to most B3GalT, the gene encoding the
B3GalT7 enzyme, which is also called corel galactosyl-
transferase (C1GALT), has been cloned [72] after purifi-
cation of the protein by affinity chromatography and pep-
tide sequencing [73]. B3GalT7 is structurally the most
distant member of the B3GalT protein family. The se-
quence motifs conserved among S1-3 glycosyltrans-
ferases are hardly recognizable in the f3GalT7 protein
sequence (fig. 2). The genomic organization of f3GalT7
also differs from the other 3GalTs, as the protein-coding
sequence of f3GalT7 is included in three exons. The hu-
man B3GalT7 gene is found on chromosome 7; it is
widely expressed, although not ubiquitously according to
Northern blot data and the UniGene database, raising the
possibility that additional proteins with corel synthase
activity may exist. In fact, at least two homologous genes
have been identified in the Drosophila genome [72]. The
B3GalT7 enzyme catalyzes the formation of the O-linked
corel glycan, Gal(B1-3)GalNAc-O (fig. 1, product D),
which is widespread on mucin glycoproteins. f3GalT7
efficiently utilized GalNAc(al-)phenyl as acceptor,
whereas a glycopeptide acceptor derived from the N-ter-
minal sequence of the human P-selectin glycoprotein lig-
and-1 was an even better substrate [73]. To date, one dis-
ease has been related to defective f3GalT7 activity. The
Tn syndrome is a rare acquired mild hemolytic anemia
caused by the presence of bare GalNAc O-linked glycans
(Tn antigen) on blood cells [74]. The molecular basis of
this disease is still unclear, but it leads to an absence of
B3GalT7 activity restricted to blood cells [75, 76]. Fur-
thermore, the abnormal O-linked galactosylation of
serum IgA, has been postulated to account for the mesan-
gial deposition of this class of antibody in IgA nephropa-
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thy [77, 78]. The availability of the f3GalT7 gene se-
quence will now allow determining whether alterations of
this gene are indeed causally related to the disease.

al-3 Gal-Ts

Three structurally related a3GalT genes have been
cloned to date. The a3GalT family has the particularity
that the majority of the human population does not ex-
press any a3GalT activity. Despite the apparent lack of
known function, a3GalT have been among the first gly-
cosyltransferase genes to be cloned.

a3GalT (ABO)

The structural nature of the ABO blood group system has
been established by the work of Morgan [79], Kabat [80]
and their colleagues [81], which opened the way to the
biochemical characterization of the glycosyltransferase
enzymes involved in this biosynthetic pathway. The A en-
zyme activity, i.e. al-3 GalNAc-transferase, was the first
to be purified to homogeneity [82, 83]. Partial peptide se-
quences enabled the isolation of a cDNA encoding a pre-
dicted polypeptide of 41 kDa [84]. The gene coding for the
B enzyme with the a3GalT activity was isolated by ho-
mology screening with the A enzyme cDNA [84]. This
seminal work defined the genetic basis of the ABO blood
group system, showing that only four nucleotide changes
differentiate the A from the B enzyme and that only two
amino acid substitutions define the change of donor sub-
strate specificity. In O persons, the ABO gene includes nu-
cleotide deletions and point mutations that inactivate the
enzymatic activity. The ABO gene is split in seven exons
[85] that are localized on chromosome 9 band q34. The
gene is differentially expressed in human tissues; high
mRNA levels are found in epithelial cells, low levels in
liver, kidney, spleen and blood cells. The ABO gene is not
expressed in brain tissue. The B enzyme transfers Gal in a
al-3 linkage to Galf acceptors found on glycolipids (fig.
1, product N) and glycoproteins. The deficiency of both A
and B enzymes does not apprear to be detrimental to indi-
viduals of blood group O. The biological functions of the
ABO blood group system remain unknown.

a3GalT (Ggtal)

As much as 1% of circulating antibodies in humans rec-
ognize a disaccharide antigen, the Gal(a1-3)Gal epitope.
The Gal(a1-3)Gal structure (fig. 1, product C), which
differs from the fucosylated blood group B antigen (fig.
1, product N), does not occur in humans. By contrast, a
a3GalT activity catalyzing the formation of Gal(al-
3)Gal is found in nearly all mammalian species. The
bovine a3GalT enzyme Ggtal was purified from calf
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thymus [86] and applied as antigen to generate anti-
a3GalT antibodies. This antiserum was used to isolate
bovine cDNA from by immunoscreening from a gtl1 A-
phage cDNA library [87]. Bovine Ggtal cDNA encodes
a protein of 368 amino acids, which shows about 45%
identity to the B enzyme a3GalT. The genomic organiza-
tion of the murine Ggtal gene has been determined,
showing the presence of nine exons [88]. The catalytic
domain of the bovine Ggtal has been crystallized, and its
structure was determined at 2.3 A [89] and at 1.53 A [90].
The Ggtal protein shows a globular shape, with a UDP
binding domain similar to those visualized in $4GalT1
[25] and in the rabbit N-acetylglucosaminyltransferase
GnT!1 [91]. Humans, apes and Old-World monkeys do
not express the a3GalT Ggtal activity but carry two
Ggtal pseudogenes in their genomes [92]. This defi-
ciency resulted from an inactivation of the a3GalT gene
in a common ancestral genome between 22 and 32 mil-
lion years ago [93]. The loss of the Ggtal gene does not
appear to be detrimental for the species concerned, and
the biological significance of the presence or absence of
the a3GalT Ggtal activity is still unclear. The Ggtal gene
has been disrupted in mice. Ggtal-null animals develop
normally. They are fertile and have a normal life ex-
pectancy [94]. The only abnormality detected was the de-
velopment of cortical cataracts [95].

a3GalT (iGb3s)

The isoglobo-series glycolipid pathway is enabled by the
expression of a a3GalT active on the lactosylceramide
acceptor giving rise to the iGb3 glycolipid (fig. 1, prod-
uct L). The rat gene encoding the iGb3 synthase enzyme
has been isolated by expression cloning strategy [96]. The
rat iGb3 synthase protein shares about 39 % identity with
the other a3GalTs and with the Forssman a1-3 GalNAc-
transferase [97]. A human iGb3 synthase gene has not
been described yet, and it would probably not encode a
functional enzyme. In fact, both the human homologs to
the a3GalT Ggtal gene [92] and to the al-3 GalNAc-
transferase Forssman synthase [98] do not yield active
proteins, supporting the idea of a selection pressure ex-
erted against the expression of Gal(al-3)Gal and
GalNAc(a1-3)Gal antigens in humans. (Iso)globo-series
glycolipids often function as receptors for pathogens like
bacteria, viruses and toxins [99]. It is possible that the
suppression of Gal(a1-3)Gal-related epitopes may confer
an advantage for the respective hosts toward various mi-
crobes and toxins.

al-4 Gal-T

In mammals, the occurrence of al-4-linked Gal is re-
stricted to glycolipids. a1-4 GalT activities have been re-
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lated to the formation of Gb3 [Gal(al-4)Gal(pl1-
4)Gle(pB1-)ceramide] (fig. 1, product J), also known as
the B cell differentiation marker CD77 [100], and to
the formation of the P, glycolipid [Gal(al-4)Gal(S1-4)
GlcNAc(p1-3)Gal(B1-4)Gle(fB1-)ceramide]. Differential
presentation of the glycolipids P [GaINAc(f1-3)Gal(al-
4)Gal(B1-4)Glc(p1-)ceramide] and P, constitutes the ba-
sis of the P histo-blood group system [101].

a4GalT1

The rat [102] and the human [103] genes encoding the
Gb3 synthase enzyme have been isolated by expression
cloning approaches and by EST screening for similarity
to a known al-4 glycosyltransferase [104]. The human
gene includes a single exon that maps to chromosome 22
at position q13. The human a4GalT1 gene is highly ex-
pressed in kidney and to lower levels in all tissues inves-
tigated. The a4GalT1 protein is about 40 % identical to a
al-4 GleNAc-transferase enzyme, which is involved in
the formation of the GlcNAc(al-4)Gal(B1-4) glycan in
class III mucin proteins [105]. The recombinant a4GalT1
enzyme efficiently transferred Gal to lactosylceramide,
thus yielding the Gb3 glycolipid (fig 1, product J). By
contrast, 4GalT1 could not catalyze the formation of the
P, glycolipid from the paragloboside [Gal(f1-4)Glc-
NAc(B1-3)Gal(p1-4)Glc(B1-)ceramide] acceptor. A mis-
sense mutation in the a4GalT1 gene has been described
in bearers of the rare p blood group [104]. These individ-
uals show elevated lactosylceramide levels on erythro-
cyte membranes and absence of PX and P, structures.
Work from several groups has shown that women of p
phenotype are at risk for early abortion because of circu-
lating anti-PP,P* antibodies reacting with fetus structures
[106, 107]. Individuals expressing the P, structure are
more susceptible to wurinary tract infections by
pyelonephritogenic Escherichia coli, whose p-fimbriae
preferentially bind the P, glycolipid [108]. Since
a4GalT1 cannot synthesize the P, glycolipid in vitro
[104], it is possible that a second a4GalT enzyme exists
with a specificity toward paragloboside.

Ceramide Gal-T

Myelin is mainly composed of lipids, and galactosylce-
ramide (GalCer), also known as galactocerebroside, rep-
resents by far the most abundant glycolipid among them.
The formation of GalCer (fig. 1, product H) is catalyzed
by CGT, an activity found in the myelinating brain [109].
The gene encoding the CGT enzyme was first cloned
from rat brain tissue [10]. The characterization of the pro-
tein encoded by the CGT gene revealed some surprising
features. First, the CGT protein is localized in the endo-
plasmic reticulum and has a type I topology unlike the
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Golgi glycosyltransferases. Second, CGT shares signifi-
cant homology with the family of hepatic UDP-glu-
curonyltransferase enzymes, which are involved in the
detoxification of xenobiotics. By contrast, CGT shows no
structural similarity to any other mammalian GalTs. The
human CGT gene maps to chromosome 4, band q26.
CGT transcripts are principally found in myelinating
oligodendrocytes in the central nervous system and in
Schwann cells in the peripheral nervous system. Very low
mRNA levels are also detected in kidney, colon, pancreas,
lung and testis. Mice lacking CGT activity have been en-
gineered by targeted gene disruption [110, 111]. These
animals develop normally, showing a normal brain struc-
ture, ultrastructurally normal myelin sheets and normal
oligodendrocyte count. The loss of GalCer was compen-
sated by a novel species, GlcCer, which is normally not
found in myelin. However, GlcCer does not functionally
replace GalCer, and the CGT-null mice progressively de-
velop severe paralysis due to impaired nerve conduction.
This knockout mouse model clearly illustrates the impor-
tance and specificity of carbohydrates in biological
processes; even a slight change in the sugar moiety of a
given molecule can have dramatic consequences for an
organism.

Conclusions

With the availability of the complete human genome se-
quence, it is likely that nearly all human GalT genes have
been identified. So what can we learn from the study of
the GalT family in its present form?

We have seen that several GalT enzymes generate a vari-
ety of galactosylated structures in almost all glycoconju-
gate classes. Through the catalysis of four different link-
age types, GalT enzymes contribute a great deal to the
number of possible combinations in binding carbohy-
drate units to each other, thereby contributing to the di-
versity of the glycoconjugate repertoire. In addition, ter-
minal Gal functions as ligand for endogenous lectins,
such as the family of galectins that bind S-Gal [112]. The
regulated expression of multiple GalT enzymes allows
tight control of the presentation of the ligand Gal in a
variable structural and temporal context.

The identification of several structurally related GalT
genes implies a selection pressure favouring gene dupli-
cation events and enabling the evolution of GalT enzymes
with specific properties. Similar expansion in the number
of related genes also occurs in other glycosyltransferase
families, which suggests a general pressure aimed at in-
creasing the structural diversity of glycoconjugates in
mammals. The phenotypes observed in mice bearing in-
activated glycosyltransferase genes supports the high de-
gree of cell specificity for the functions associated to ter-
minal glycan structures [113].
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Figure 3. Phylogenetic analysis of human GalTs and related proteins. ClustalW alignment was performed on the full-length protein se-
quences of the human proteins, except for the a3GalT Ggtal and iGb3s where mouse sequences have been used. The a3GalNACcT repre-
sents the inactive human Forssman synthase protein [98]. The a4GnT represents the human class-1II mucin-specific a4GIcNAcT [105].
The f3GnTl, 3, 4, 5 represent f3GIcNACT enzymes [50—53]. The relationship between the protein sequences is represented as an unrooted
cladogram. The branches connecting non-GalT enzymes are shown in red. The scale bar indicates the number of substitutions per site.

There appear to have been evolutionary pressures toward
the development of multiple GalT genes. Opposite pres-
sures are also apparent as observed by the inactivation of
al-3 GalT and al-3 GalNACT genes in humans. The ab-
sence of Gal[NAc](a1-3)Gal epitopes allows an efficient
immune response against pathogens that express this dis-
accharide. Along this line, serum anti-a1-3 Gal antibod-
ies have been shown to protect human cells from infec-
tion with mammalian C-type retroviruses [114]. On the
other hand, glycans are also used by infectious bacteria as
protection from complement, serum and polymorphonu-
clear cell-mediated cytotoxicity. The presence of galacto-
sylated glycans on bacteria also allows mimicking of sur-
face structures of host organisms and thus evasion of im-
mune surveillance. As discussed by Gagneux and Varki
[115], the gains and losses of glycosyltransferase genes
can be considered in an evolutionary perspective where
hosts and pathogens try to maintain optimal chances of
survival.

Finally, looking at the phylogenetic tree of human GalT
proteins (fig. 3), one might claim that there is no such

thing as a GalT family. In fact, f1-3 GalTs share more
structural similarity to f1-3 GlcNAcT enzymes than to
B1-4 GalTs, and the same observation applies to the other
types of GalT proteins. The comparison of the GalT pro-
tein sequences shows that changes of donor substrate
specificity seem to be more easily convened than conver-
sions to another type of linkage. In view of these struc-
tural considerations, the grouping of enzymes as either
B1-4, B1-3, al-3 or al-4 UDP-glycosyltransferases
would appear more appropriate.
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