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Abstract

Galactosyltransferases are among the most represented
enzymes in the glycosyltransferases superfamily. Galactosyl-
transferases bind UDP-a-D-gal actose as the donor substrate and
transfer the galactose to acceptor substrates that are as different
as glycoproteins, glycosaminoglycans, glycolipids and, to some
extent, small lipophilic molecules such as plant hormones. For
the past decade, mammalian gal actosyltransferases have been
the center of interest for glycobiologists focused primarily on
the discovery of their genes and on the characterization of their
enzyme activity. In 1999, thefirst picture of the crystallographic
structure of bovine B4GalT1 catalytic domain was revealed at
2.4 A resolution. This study was the beginning of a new struc-
tural approach to glycosyltransferases that focused on the de-
scription of their three-dimensional structure at atomic resolu-
tion with the objective of interpreting former enzymatic proper-
ties and understanding their reaction mechanism. This mini-
review is an attempt to describe the current status of the
galactosyltransferase structure-function relationship in the con-
text of the glycosyltransferase superfamily. The crystallographic
structures of two bovine galactosyltransf erases catalytic domains,
those of 34GalT1 and a3Gal T, will be discussed as well astheir
reaction mechanism.
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A. Introduction

Almost every organism contains a broad range of gly-
cans linked to lipids and proteins either via an N-type linkage,
with the amide group of the Asn residue contained in the Asn-
X-Ser/Thr consensus sequence, or via an O-type linkage, with
the hydroxyl group of Ser or Thr residues (1). These oligosac-
charides influence the biological activity of glycoproteins that
carry them and their clearance (2). In eucaryotic cells, these
oligosaccharides are synthesized by different glycosyltrans-
ferasesthat are clustered in an assembly linelocated in the Golgi
apparatus. In the procaryotic cells, glycosyltransferases are not
clustered in a sub-organelle, but their genes are often clustered

A.00O0O
gboooobooboboooooboobobooooog
0000000000000 0DDO0(Asn-X-Ser/Thr)O OO
oboboboboboobooooooooobooNOoDbOoDnDo
Ser0000 ThrOOOOOO oOOOOOODOOO@MUOOO
gbooooobooboobooobooboobooboooobo
oo0ooooooOoooO0Ooooo@E@ooooooooooDoo
gboooboobooboboooboboobooboooboobo
ogboooboobooboboooboobooboobooboobo
gboooobooboboooboboobooboooobo

131 ©2001 FCCA (Forum: Carbohydrates Coming of Age)



in an operon belonging to asinglelocus. They participatein the
synthesis of the oligosaccharide components of the surface mi-
cro-organism molecular structures that are involved in adhesion
and contribute to the micro-organism escape from host immune
defenses and their particular tissue localization/invasion (3).

Glycosyltransferases are generally grouped into families
and commonly named according to the type of sugar they trans-
fer. N-acetylglucosaminyltransferase, galactosyltransferase,
fucosyltransferase and siayltransferase transfer respectively N-
acetylglucosamine, galactose, fucose and sialic acid to different
acceptor substrates. Within the glycosyltransferase families, sub-
families of transferases generate specific linkages. For example,
B1,4-galactosyltransferase, 31,3-ga actosyltransferaseand o 1,3-
galactosyltransferase each transfer galactose from UDP-a-ga-
lactose in 1,4, 1,3 and al,3 linkage to the acceptor mol-
ecules.

An extensive classification of potential activated sugar-
dependent glycosyltransferases reveals 51 potential families
available at the carbohydrate-active enzymes server CAZY (4).
Thisclassification isbased on both PSI-BLAST sequence analy-
sis, hydrophobic cluster analysis (HCA) and substrate/product
stereochemistry (5).

The glycosyltransferase reaction involves the transfer of
amonosaccharide from an activated sugar donor, most frequently
UDP-sugar (or GDP- and CMP-) to aparticular acceptor sub-
strate, asaccharide, protein, lipid, DNA or even small molecule
acceptors. They generally require adivalent cation as a cofac-
tor (Mn?) to get full enzymatic activity.

The glycosylation reaction can proceed with either in-
version or retention of stereochemistry at the C1 position of the
donor sugar. In the case of inverting glycosyltransferases, a
nucleophile of the acceptor is thought to attack the C1 of the
donor in a S, 2-like reaction leading to an inversion of the C1
stereochemistry (a to 3). Retaining glycosyltransferases presum-
ably proceed through a double displacement mechanism con-
sisting of two inversion steps (a to 3 and 3 to a) involving the
formation and the subsequent breakdown of a covalent glyco-
syl-enzyme intermediate (6). In both cases, the glycosyltrans-
ferase transition states have been shown to possess
oxocarbenium-like properties as has been extensively described
for glycosidases (7). In both inverting and retaining
glycosyltransferases, a general base (aspartic acid or glutamic
acid) located in the catalytic site is thought to assist in
deprotonating the nucleophilic hydroxyl.

The probable existence of these mechanistic properties
shared by different glycosyltransferases precluded the search
and identification of small peptide stretches or motifs detected
in different glycosyltransferases. The DXD motif (or some-
times DXH) has been involved in the divalent cation (manga-
nese) mediated interaction with the diphosphate moiety of the
nuclectide-sugar donor substrate (8). An other acidic rich short
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sequence WGGE(D) has been recognized to contain the cata-
Iytic general base of the B4Gal T family and is also present in
the human GalNAc-T4 and Pasteurella multocida hyaluronan
synthase (9).

Remarkably, al eucaryotic glycosyltransferases cloned
so far, contrary to prokaryotic glycosyltransferases, have asimi-
lar domain organization probably due to their common Golgi
sub-céllular location (10). They are all trans-membrane bound
glycoproteins of type I, with a short N-terminal cytoplasmic
domain (between 5 to 30 amino acidslong), ashort singletrans-
membrane spanning region (10 to 20 amino acids long) fol-
lowed by a*“stem” region linked to asingle large domain which
contains the catal ytic machinery responsible for the sugar trans-
fer, representing around 300 to 400 amino acids. Soluble ver-
sions of glycosyltransferases, lacking their N-terminal cytoplas-
mic part, transmembrane domain and portions of the “stem”
region have been demonstrated to keep their enzymatic activity
and specificity. These observations led to the preparation of
large amounts of soluble glycosyltransferase C-terminal cata-
lytic domains.

We will first review the biological properties of some
galactosyltransferases that have been enzymatically well-char-
acterized. The structural properties of an inverting galactosy!-
transferase, the bovine 4GalT1, and those of a retaining
galactosyltransferase, the bovine a3Gal T recently solved, will
be reviewed to address their reaction mechanism and to discuss
their degree of similarity with other glycosyltransferases struc-
tures.

B. Procaryotic Galactosyltransfer ases

The surfaces of all microbes are coated with sugar (3).
These sugars compose the lipopolysaccharides (LPS) of Gram-
negative bacteria (12), the bacteria capsular polysaccharides
(CPS) (13), the lipoarabinomannans of mycobacteria and the
lipophosphoglycans of Leshmania. In the case of pathogens,
these sugar-envel opes are responsible for virulence determinants.
In most cases, the chemical composition of these complex sugar-
envel opes are known and the genes and proteins responsible for
their biosynthesis elucidated.

B-1. The B4galactosyltransferases of Streptococcus

pneumoniae Serotype 14

The capsule of Sreptococcus pneumoniae type 14 has
been well characterized (14). The entire cpsl4 gene cluster con-
sists of 12 open reading genes (cpsl4A to cpsl4l) which ap-
pear to be arranged as a single transcriptional unit. Compari-
son with DNA and protein sequences available in data bases
allowed the functions of some of these genes to be predicted.
The biosynthetic function of some of these gene products was
also determined experimentally by analyzing the intermediates
in the synthesis of the type 14 tetrasaccharide subunit catalyzed
by membrane preparations of E.coli expressing isolated pneu-
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mococcal glycosyltransferases. Cps14G and cpsl4d are coding
for membrane-associated [31,4gal actosyltransferasesthat arere-
sponsible for the formation of the dissacharide Gal 31,4Glc-pp-
lipid (lactose on alipid carrier) and [(Gal-B1,4)GIcNAc-Gal-
Glc-]pp-lipid, respectively (14). However, no sequence homol-
ogy has been found between these streptococcal (31,4
galactosyltransferases and the corresponding mammalian
BAGAT enzymes. The preparation of soluble variants of these
membrane-associated gal actosyltransferases should be a pre-
requisite to begin their structural analysis.

B-2. The al,4galactosyltransferase (LgtC) of Neisseria
meningitidis

Recently a membrane-associated o 1,4 galactosyltrans-
ferase (LgtC, CAZY GT8 family) from Neisseria meningitidis
has been cloned and its gene product characterized (15). The
LgtC geneis part of an Igt operon responsible for the formation
of the lipooligosaccharide structures (LOS) (16). LgtC forms
the neisserial LOS terminal structure Gala(1,4)Gal and lacto-
N-neotetraose, which can be found also on the surface of hu-
man epithelial cells or in host secretions. The presence of these
structuresin LOS may facilitate the evasion of the host immune
system by surface camouflage. Recombinant LgtC lacking its
25 C-terminal amino acid residues was over-expressed in, and
purified to homogeneity from Escherichia coli and used for en-
zymatic and X-ray crystallography studies (17).

The LgtC crystal structure was recently reported at 2 A
resolution in complex with manganese and UDP-2-deoxy-2-
fluoro-galactose (a donor sugar analog) in the presence and ab-
sence of the acceptor sugar analog 4'-deoxylactose (17, 18). The
protein of 286 residues consists of an a/ protein with two do-
mains. The large N-terminal domain (residues 1 to 247) has a
mixed a/f fold and contains the active site. The first 100 resi-
dues of this domain form a nucleotide binding fold consisting
of four parallel B-strands surrounded by two a-helices on each
side with significant similarities with inverting glycosyltrans-
ferases particularly the bovine 34GalT1 despite low sequence
identity. The small C-terminal domain (residues 248 to 282) is
helical and is predicted to mediate membrane attachment of LgtC.
The residues interacting with the UDP-gal actose are contained
within the first 100 residues. Interestingly, LgtC has four DXD
motifs, two of which are located within the active site of the
enzyme. The manganese necessary to the enzymatic activity is
coordinated by the D103ID105 sequence, whilethe D189QD191
sequence isinvolved in the acceptor binding.

Itis clear from these studies that the presence alone of a
DXD sequence is not always indicative of ametal binding site
in glycosyltransferases, and such amotif is not sufficient to iden-
tify in protein sequence data bases an ORF (Open Reading
Frame) as a glycosyltransferase. Despite the presence of the
UDP-2-F-galactose donor analog and the 4’ -deoxylactose ac-
ceptor analog in the complex LgtC structure, no clear view of
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the retention mechanism has been demonstrated yet for thisen-
zyme. However, the invariant glutamine residue 189 has been
identified as the probable residue implicated in the retention
mechanism. Its side chain amide oxygen could take the role of
the potential nucleophile but its exact identity remains unclear.
Site directed mutagenesis of GIn189 and surrounding residues
should possibly clarify this mechanism (17).

C. Plant Galactosyltransferases

Plant cell walls are made of complex structures of
polysaccharides synthesized by multiple glycosyltransferases.
The recently sequenced genome of Arabidopsisthaliana revealed
alarge number of ORFs potentially predicted to code for nu-
merous glycosyltransferases and glycosidases (19). Moreover,
gaactosetransfer has been found to be associated with the modu-
lation of the specific biological function of plant reproduction.
Galactosylation of the small lipophilic plant-specific molecules,
the flavonals, isrequired for pollen germination in maizeand in
Petunia. F3GalTase, recently cloned from Petunia hybrida, is
a flavonol-3-O-galactosyltransferase which transfer galactose
from UDP-a-Gal to flavonol (20). The galactosylation of fla-
vonol resultsin the change of flavonol reactivity and tissue con-
centration and in the modulation of plant germination. No struc-
tural data are available for this galactosyltransferase belonging
to the very large superfamily of UDP-glucuronosyltransferases
(CAZY GT1family). Among this superfamily are the enzymes
responsible in mammals for the hepatic detoxification of ste-
roids and other small lipophilic compounds (21).

D. Mammalian Galactosyltransfer ases
D-1. The B4GalT Family

Thisfamily of galactosyltransferases (CAZY GT7 fam-
ily) is quite large by the number of cDNA coding for its respec-
tive members, in species as different as mammalians, avians,
insects and worms (22). The well known and first characterized
galactosyltransferase, bovine 34GaT1 (EC 2.4.1.38), isatrans-
Golgi resident, type Il membrane-bound glycoprotein which in
the presence of manganese as a cofactor catalyses the transfer
of galactose from UDP-a-Gal to terminal 3-N-acetylglu-
cosamine residues forming the poly-B4-N-acetyllactosamine.
The disaccharide Gal[31-4GIcNACcf represents the type 2 chain
of the core structures of many glycosphingolipids and glyco-
proteins core structures present in glycoproteins and glycolip-
ids. This“house-keeping” activity occurs among both mamma-
lian and non-mammalian species, including avians and plants
(23). One unique feature of the 34GalT1 in comparison with
the other glycosyltransferasesis the fact that amodulation of its
activity by its specific association with a-lactalbumin contrib-
utes to the synthesis of lactose, the disaccharide Gal31, 4Glc
(lactose synthase, EC 2.4.1.22) (24).

Seven B4GaT coding genes have been described so far
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that are responsible for coding seven different B4Gal T isoforms
and their enzymatic activities have been characterized showing
astrict substrate acceptor specificity (22). Some of the f4GalT
isof orms are tissue specific and their expression modulated in
cancerous pathogenesis (25) and autoimmune diseases (26).
Moreover, the f4Gal T7 isoform isinvolved in glycosaminogly-
can biosynthesis, and mutated copies of its gene, inactivating
the enzyme, arefound in acongenital human disorder, the Ehlers-
Danlos syndrome (27-29).
D-2. The B3GalT Family

Thisfamily of galactosyltransferase (CAZY GT31 fam-
ily) isinvolved in the formation of the disaccharides Galf31-
3GIcNACcB (type 1 chain) core structures found in
glycosphingolipids and glycoproteins, where they occur in lin-
ear or branched repeated structures (22, 30) . A human 3GalT1
seguence was used to identify in the human EST data base sev-
eral novel members of the 33gal actosyltransferase family be-
cause they shared short sequence stretches with high similarity
and conserved cysteine residues (22). Actually, nine isoforms
of human B3GalT have been described with at least three of
them enzymatically characterized (22). Despite their identical
donor substrates and similar acceptor substrates, the f3GalTs
isoforms do not share amino acid sequence similaritieswith the
B4GaT members. They contain one DXD motif, as the pos-
sible D(S/T)D sequencein 3GaT1, -T2 and —T3 or the DDD
sequence in 33GaT4 or in its Drosophila Brainiac homolog .
The conserved EDVY (F)V(L)G motif present among these four
B3GAT isoforms could contain the acidic residue identified as
the general baseinvolvedin their inverting sugar transfer mecha-
nism (30).
D-3. The a1,3 Glycosyltransfer ase Family

al,3-galactosyltransferase (a3GalT, EC 2.4.1.151,
CAZY GT6 family) catalyzes the transfer of galactose from
UDP-a-Gal to glycoconjugate acceptors having LacNAc
(Gal31,4GIcNAC) as the nonreducing terminal disaccharidein
the presence of Mn?* as cof actor, according to the following re-
action:

UDP-Gal + Gal31,4GIcNAc-R -
Galal,3 Galp1, 4GIcNAc-R + UDPR,

in which R may be a glycoprotein or a glycolipid (31). Both
a3GaT and its enzymatic product, the Gala1,3Gal glycan struc-
ture, are expressed by New World primates (platyrrhines) and
many non-primate mammals but are absent from the tissues of
Old World primates (catarrhines), including Homo sapiens (32).

a3GaT belongs to the a1,3glycosyltransferase family
like the homologous galactosyltransferases responsible for the
synthesis of Forssman and i so-globoside glycosphingolipids (44—
50 % identity) and the ABO histo-blood group antigens (45%
identity). Moreover, the human ABO and Forssman
glycosyltransferase genes share the same chromosomal local-
ization (chromosome 9g34) with the human inactive a3Gal T
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homolog HGT-10, and the same genomic organization with mu-
rine a3Gal T, which demonstrates a close evolutionary relation-
ship (33-35). The 01,3GaT enzyme has attracted medical at-
tention because it synthesizes the Gala1,3Gal epitope. Natu-
rally occurring anti-Gala1,3Gal antibodies present in human
serum present a major barrier to the use of porcine and other
non-primate organs for xenotranspl antation in humans. Antibody
binding to the Gala 1,3Gal epitopes present on the vascular en-
dothelium of the xenotransplants produces hyperacute graft re-
jection. This enzyme and its oligosaccharide products, particu-
larly in the context of xenotransplantation, have been the object
of two former TIGG reviews (36, 37).
D-4. TheadGalT family

The P blood group antigens are glycan structures dis-
played by membrane-associated glycosphingolipids present on
red cells and on other tissues, including the urothelium (38, 39).
Synthesis of the P antigensinvolvestwo different pathways, each
of which beginswith lactosylceramide Gal1,4Glc-ceramide as
acommon precursor. In one pathway, P antigen biosynthesis
beginswith an a1,4galactosyltransferase (P transferase) respon-
sible for the P antigen, the trisaccharide Gala1,4Gal 31,4Glc-
ceramide. The P* antigen is then modified by a 31,3-N-acetyl-
ga actosaminyltransferase, named the P transf erase, to form the
P antigen, the tetrasaccharide GalNacp1,3Gal a1,4Galf31,4 Glc-
ceramide. In the second pathway, the P, antigen biosynthesis
involves three sequential glycosylation reactions, starting with
lactosylceramide. The lactosylceramide is converted first in
lactotriaosylceramide, GIcNAcP1,3Gal31,4Glc-ceramide, by the
action of a31,3-N-acetyl-glucosaminyltransferase and further con-
verted by a particular 1,4GalT isoform (B4GalT5 and/or
B4GalT6) in paragloboside, the tetrasaccharide Galf31,
4GIcNACcB1, 3GalB1,4Glc-ceramide. The P, antigen is formed
by the addition of a galactose in an a1,4-linkage to the
paragloboside by the P, a4galactosyltransferase, forming the
pentasaccharide Galal1,4Gal1,4GIcNAcB1,3Gal31,4Glc-
ceramide. Itisnot yet clear if the P, a4galactosyltransferase is
identical to the P* adgaactosyltransferase (CAZY family GT32).

The physiological functions of the P blood group anti-
gens are not known, but these molecules have been implicated
in the pathophysiology of urinary tract infections and parvovirus
infections (40). A tentative cloning of the human P a4-
galactosyltransferase cDNA has been performed by using a PSI-
BLAST analysis of gene data bases with the coding region of
the a4Gal T gene of Neisseria meningitidis (41). However, the
two cDNA sequencesidentified with relative homology and their
gene product isolated, failed to demonstrate any a4galactosyl-
transferase activity. Data base searchesusing the coding region
of ahuman a4-N-acetylglucosaminyltransferase (42) identi-
fied a novel homologous gene with the same chromosomal |o-
cation as the observed P, polymorphism. Expression of full
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Fig. 1. Overall view of the bovine donor
substrate-bound B4GalT1 catalytic do-
main structure (L131-S402). Ribbon dia-
gram of the molecule viewed down the open
pocket. N and C indicate the N- and C-termini
of the molecule. Secondary structure elements
are numbered as o for a-helices and 3 for -
strands. Only the electron density visible UDP
portion of the UDP-Gal is represented in stick
form. The manganese ion is presented as a
sphere.

coding constructs of the gene, named a4GalT1, ininsect cells
revealed P synthase activity, but no P, activity was demonstrated.
Sequence alignment of 04GalT1 and a4GIcNACc-T revealed one
probable DXD motif asthe D292TD for a4GaT1 and D167TD
for a4GIcNAC-T sequence (41).

E. Bovine f4GalT1 Catalytic Domain Structure

Crystal structures of both the substrate-free and the sub-
strate-bound B4Gal T1 complexed with UDP-galactose (UDP-
Gal) were obtained at 2.4 A resolution. The overall structure of
the B4GalT1 catalytic domain (Leul3l to Ser402) is presented
asaribbon diagramin Fig. 1, with abound UDP-Gal (only UDP
represented because visible in electron density) in stick form.
Briefly, the structure consists of a globular monomer with ana/
(3 fold, itscentral areacontaining an eight-stranded mixed twisted
[3-sheet surrounded by two a-helices on one side and by four a-
helices on the other side.

The catalytic pocket islarge and open to solvent. It con-
tains amino acids interacting with the UDP portion of the UDP-
Gal donor substrate on one side and the amino acids containing
the probable general base E317 or D318, and those interacting
with the acceptor substrate, on the other side. In the short se-
guence D252V D254 (the f4GaT1 DXD motif), the D254 is
interacting with a manganese ion.

A manual protein-protein docking was atempted using
both the a-lactalbumin crystal structure and the f4GalT1 crys-
tal structure taken both asrigid molecules. This method allowed
amodel for their molecular interaction to be proposed, where
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Fig. 2. Schematic representation of the B4GalT1in-
verting reaction mechanism. The acceptor substrate
schematized is the terminal 3-N-acetylglucosamine residue
(GIcNAC-R). Step (b) represents the putative oxocarbenium
ion-like intermediate.

o -lactalbumin interacts with amino acids located on the edge of
the B4Gal T1 acceptor substrate binding site, resulting in its par-
tial steric hindrance but without altering the UDP-Gal binding
site. A crystal of acomplex between a-lactalbumin and bovine
BAGaT1 inthe presence of donor and acceptor ana ogs has been
obtained recently by Dr P.K. Qasba’s group (NIH, Bethesda,
USA). Thelactose synthase structure was reported recently ina
communication from Dr. B. Ramakrishnan but no information
has been published yet (American Society of Glycobiology, Bos-
ton, November 2000).
E-2. The Sugar Transfer Mechanism by I nver sion of f4GalT1
Figure 2 shows the sugar transfer mechanism by inver-
sion suggested by the B4GalT1 structure. Thefirst step (a) con-
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sists of the deprotonation of the acceptor substrate hydroxyl-
group in C4 by a general base, the acidic group of one of the
two strictly conserved 4GalT1 acidic residues E317 or D318.
A superposition of the crystal structures of three different in-
verting glycosyltransferases solved so far, SpsA (1qgq), 2GnT1
(1fo8) and B3GIcAT1 (1fgg), suggests that the B4Gal T1 aspar-
tic acid residue D318 isin afavorable position to fill the role of
ageneral base but no direct proof has yet been established. A
recent molecular docking study using an acceptor site photoprobe
suggests D318 as the general base (43). Asaresult of this at-
tack, an oxocarbenium-ion-like transition state will be produced,
schematized in step (b). The final inversion of the C1 atom
stereochemistry of galactose donor substrate, step (c), will re-
sult in the formation of the donor-C1-p3-O-C4-acceptor linkage
and the release of UDP. A similar mechanism of inversion has
been formulated for f2GnT1 (only UDP-GIcNAc donor sub-
strate visible in the crystal structure) and B3GIcAT1 (only UDP
and acceptor substrate visible in the crystal structure).

F. Bovinea3GalT Catalytic Domain Structure

F-1. The Overall Protein Structure

Two a3Gd T crystal structures have been solved recently
from abacterially produced truncated version (residues Glu80
toVal368) of the active catalytic domain enzyme: the substrate-
free a3Gal T (residues Ser81 to Asn367) solved at 2.3 A resolu-
tion and the substrate-bound a3Gal T (residues Lys32 to Thr358)
with Hg-UDP-galactose solved at 2.5 A resolution. Figure 3
showsthe substrate-bound structure in ribbon diagram asamono-
mer of globular shape with an a/p fold with Hg-UDP-Gal rep-
resented in stick form. The protein consists of a central mixed
twisted [3-sheet of eight (3-strands surrounded by four long a-

Fig. 3. Overall view of the bovine donor sub-
strate-bound a3GalT catalytic domain struc-
ture. Ribbon diagram of the molecule viewed down
the open pocket. N and C indicate the N- and C-termini
of the molecule. Secondary structure elements are num-
bered as a for a-helicesand 3 for B-strands. Hg-UDP-
Gal is shown in stick form. The manganeseion is pre-
sented as a sphere.
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helices. The structure starts et amino acid Ser81 with a short N-
terminal a-helix (al), followed by a B-hairpin containing one
B-strand (B1), and then by along connecting a-helix (a2). The
central B-sheet can be divided into two portions.

The first portion starts from residue VVal 129 to Met224
defining an N-terminal sub-domain of approximately 100 amino
acids. It contains a [3-sheet formed by four parallel B-strandsin
the strand order 4, 3, 2 and 5, surrounded by two long a-helices
(a3 and a4). This N-terminal sub-domain accountsfor the bind-
ing of the nucleotide moiety of the nucleotide-sugar donor sub-
strate. The second portion of the central (3-sheet consists of two
parallel B-strands, 37 and B9, flanked by two anti-parallel -
strands 38 and 31, and with two long a-helices on one side, a5
and a6. A second small [3-sheet running almost parallel to the
central 3-sheet consists of two short anti-parallel B-strands, 36
and 310.

Hg-UDP-Gal binds in a much narrower cleft than those
observed for 4GalT1. Its UDP portion binds to amino acids
residing entirely in the N-terminal sub-domain with the acidic
groups of the two aspartic acid of the D225V D227 seguence
(the a3GalT DXD motif) coordinating partially a manganese
ion. The two negatively charged oxygen atoms of the a and 3
diphosphate groups of the UDP moiety complete the manga-
nese ion coordination. The galactose residueis nested in asmall
pocket formed by residues belonging to the 3-strand 38, H280,
A281, A282.

The glycosyltransferases responsible for the synthesis of
ABO histo-blood group carbohydrates and certain
glycosphingolipids belong to the same a 1,3-glycosyltransferase
family asbovine a3Gal T because of their sequence similarities.
The human A-GT and B-GT transfer N-acetylgal actosamine and
galactose respectively to a1,2-fucosylated complex-type gly-
cans. Interestingly, both enzymes share strict amino acid se-
guence identity except at four positions. Two of these four po-
sitions, position 266 (Leu in A-GT and Met in B-GT) and 268
(Gly in A-GT and Alain B-GT), have been found to be critical
in defining the donor preference (43). The two bovine a3GalT
equivalent positions H280 and A282 are |ocated in the B-strand
8 in aposition very close to the galactose residue. Moreover
the acidic residue D316 interacts with the galactose by exten-
sive hydrogen bonding and the E317 residue, strictly conserved
among all the members of the a1,3 glycosyltransferase family,
is predicted to be involved as the possible general base.

F-2. TheSugar Transfer M echanism by Retention of a3GalT

Recent kinetic experiments performed with arecombi-
nant bovine a3GaT determine that its bi-substrate reaction pro-
ceeds by a sequential mechanism (versus a ping-pong or double
displacement mechanism) (44). This means that both donor and
acceptor substrates bind to the enzyme before any product re-
lease. It is not totally clear however if the substrate binding is
random or ordered and if ordered, if the donor substrate binds
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Fig. 4. Schematic representation of the
0a3GalT retaining reaction mechanism. The
steps (a) and (b) are derived from the substrate-bound
a3GaAT structure. The acceptor substrate schematized
in steps (c) and (d) is a lactosamine-type glycan
(GalB1,4GIcNAC-R).

first followed by the acceptor substrate or vice versa. Figure 4
schematizes the hypothetical a3Gal T retaining reaction mecha
nism. Residue E317 positioned above the 3-plane of the sugar
donor substrate could play the role of the general base which
could attack the C1 atom of the donor substrate galactose in-
verting (first inversion) its configuration (steps aand b). The
acceptor substrate could then be positioned close to the a-sugar
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plane in order to present the O atom of its deprotonated 3-hy-
droxyl group at the correct distance, so asto attack the C1 donor
sugar atom directly and invert once more its anomeric configu-
ration (second inversion) (steps c and d). The exact mechanism
responsible for deprotonation of the 3-hydroxyl group of the
acceptor substrate sugar is not yet known. More insights into
the reaction mechanism of a3GalT will be derived from site
directed mutagenesis studies of identified key residues and from
co-crystallisations or crystal soaking methods using acceptor
substrate analogs.

G. TheUridine Binding Domain (UBD) Common to I nvert-
ing and Retaining Glycosyltransfer ases

Therearefew X-ray crystal structureswith their pdb (Pro-
tein Data Bank) coordinates actually available for the large num-
ber of nucleotide-hexose glycosyltransferases that are currently
known: the B-glucosyltransferase from phage T4 (1bgt, 1bgu)
(46), SpsA from Bacillus subtilis (1ggq) (47) and the bovine
BAGAT1 (1fgx, 1fr8) (9). Quite recently, the structures of three
more inverting glycosyltransferases were reported : 31,3GIcAT-
1, the human glucuronyltransferase involved in GAG biosyn-
thesis (1fgg) (48), the rabbit GnTl, a 1,2 N-acetylgluco-
saminyltransferase (1fo8) (49) and the 31,4 N-Acetylglucos-
aminyltransferase of Escherichia coli MurG involved in the pep-
tidoglycan biosynthesis (1fok) (50). Finally, the structure of the
first prokaryotic retaining a4galactosyltransferase LgtC from
Neisseria meningitidiswas reported (1g9r, 1ga8) (17) aswell as
the bovine a3Gal T (1g8o, 1993) (11).

Although no clear structural resemblance between all
these glycosyltransferases has been observed and despite alow
level of amino acid identity (lessthan 10 %), their three-dimen-
siona structuresrevea acertain similarity in the spatial arrange-
ment of those secondary structure elements that are involved in
the binding of the UDP moiety. These similarities are particu-
larly significant in the case of the N-terminal 100 amino acid
portion of SpsA (residuesVal4 to Tyr101), the N-terminal por-
tion of human GIcAT-1 between residues Thr76 and Ser200 and
that of GnT | between residues 11€110 and Leu217, the first 100
amino acids residues of LgtC ( residues Asp2 to Arg109), the
bovine a3Gal T polypeptide between residuesVal 129 and Asn231
to alesser extent the middle portion of the bovine B4GaAT1 (resi-
dues Lys181 to Pro257). The topology of the domain which
binds to the nucleotide-sugar is quite well conserved with agen-
era central 3, 2, 1, 4 parallel 3-strand arrangement surrounded
by a variable number of helices on both sides, reminiscent of
the mononucleotide binding motif or Rossmann fold. The posi-
tion of the short DXD sequence which stabilizes the manganese
ion and thus indirectly binds the diphosphate moiety of UDPis
equivalent in all structures. The D98D99 sequence of SpsA, the
D194DD196 sequence of GICAT-1, the E211DD213 sequence
of GnT I, the D252V D254 sequence of 4GalT1 and the
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D103ID105 of LgtC are all located between strands 34-35, and
the D225V D227 sequence of a3GalT between the equivalent
B-strands 35-B6. Taken together, these observations show that
both theinverting glycosyltransferases and the retaining enzymes
contain a UDP-binding domain of very similar spatial structure,
in which key acidic amino acids occupy equivalent positions.

The sub-domain as identified above, including the DXD
motif, was termed UDP Binding Domain (UBD) (11). In
glycosyltransferases it encompasses virtually all those residues
that bind Mn?* and the UDP portion of the donor substrate. More-
over, residues found interacting with the UDP moiety of the donor
substrate are located in approximately the same structural sec-
ondary elementsin al structures studied. These residues are lo-
cated at the end of B-strands31 and B2, in the middle of the a-
helix a3 and in the DXD motif between B-strands 4 and (35
from the canonical UBD structure (11). The UBD may be an
example of convergent evolution, or may point to a common
ancestral origin, even though sequence identity between the en-
zymesislower than 10%. Alternatively, the glycosyltransferases
may be the product of gene fusion involving an ancestral UDP-
binding protein. An analysis of intron-exon organization of the
different glycosyltransferase genes demonstrates that the por-
tion of the gene encoding the UBD has not been conserved as a
single exon, which may argue against exon-shuffling. The UDP-
binding module (UBD) seems common to all
glycosyltransferases that use a UDP-sugar as donor substrate
and should facilitate the identification of additional glycosyl-
transferases present in the various genomic data banks.

The UBD shared by numerous glycosyltransferases re-
minds us to some extent of the nudleotide binding domain com-
mon to other nucleotide binding proteins, particularly those with
an NAD-binding domain (Nicotinamide Adenine Dinucleotide)
found in NAD-dependent dehydrogenases, such as LDH,
GAPDH and LADH. Inthose enzymes, despite the absence of
amino acid sequence homology, all NAD binding domains have
similar three-dimensional structures with a central 3-sheet of
six paralel B-strands with a-helices on both sides (51).
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