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Abstract

The last 10 years has witnessed enormous advances in
the structural enzymology of enzymatic glycosyl transfer. De-
velopments in molecular biology, coupled with the possibility
for “rapid-throughput” protein crystallography have led to a
plethora of 3-D structures for glycoside hydrolases. Synergistic
application of synthetic chemistry to structural biology has led
to the development of humerous oligosaccharide mimics and
mechanistic probes. Underpinning much of thiswork isaclas-
sification of carbohydrate-active enzymes (“ CAZymes’) which
has now been extended to include glycoside hydrolases, carbo-
hydrate esterases, polysaccharide lyases and glycosyltrans-
ferases, together with their associated non-catalytic modules.
Recently, there have been exciting developments in our under-
standing of the structures and catalytic mechanismsinvolved in
the synthesis of glycosidic bonds both by Nature’s own cata-
lytic apparatus and by mutant glycoside hydrolases termed
“glycosynthases’. Here we review those developmentsinclud-
ing the structure of the Bacillus subtilis SpsA, a“family GT-2"
glycosyltransferase, and discuss its relevance to the synthesis of
biopolymers such as cellulose, chitin, hyaluronan and the Nod
factors.
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A. Carbohydrate-Active Enzymes and Their Sequence
Families

Carbohydrates, in the form of di-, oligo- and polysac-
charides and glycoconjugates play numerousrolesin living or-
ganisms from structure, food storage and utilisation through to
cellular signalling. These diverse roles, permitted by the struc-
tural and chemical diversity of oligosaccharides (1), arereflected
in a spectrum of carbohydrate-active synthetic
(glycosyltransferases) and degradative/modifying enzymes (gly-
coside hydrolases, polysaccharide lyases and carbohydrate es-
terases). Recent developments and advances in molecular biol-
ogy (including the many genome projects) have coincided with
the advent of “high-throughput” crystallography (made possible
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by modern synchrotron sources, cryo-crystallographic tech-
niques, rapid 2-D X-ray detectors and fast computers coupled
to powerful algorithms). Together with enzymology and syn-
thetic chemistry these techniques have together provided a de-
tailed understanding of the reaction mechanism and underlying
chemistry involved in glycosyl transfer (reviewed in Refs. 2 and
3). One of the driving forces for the advancement in the glyco-
side hydrolase field has been the search for new biocatal ysts by
enzyme companies. In the search for new antibiotics, anti-
adhesins and anti-viral agents we are also beginning to see a
great commercial and medical interest in the synthetic appara-
tus- the glycosyltransferases.

This multitude of enzymes poses humerous problems
concerning classification. Many systems of nomenclature have
been proposed and many remain in use. A sequence-based com-
parison of glycoside hydrolases was proposed by one of usin
1991 (4). The hydrolase families have been updated regularly
(5, 6) and recently reviewed (7). The classification has been
expanded to include glycosyltransferases (8), carbohydrate es-
terases, polysaccharide lyases and all their associated non-cata
Iytic modules (9). Details of the latest classification are avail-
able on the web at URL http://afmb.cnrs-mrs.fr/~pedro/CAZY/
db.html. A feature of these classificationsisthat, since sequence
similarity is reflected in structural similarity, a classification
based upon sequence alone necessarily also provides a wealth
of information on the 3-D structure of the protein. We can there-
fore state, with some confidence, that within a sequence-derived
family 3-D structure will be conserved. Furthermore, since the
enzymatic reaction mechanism is dictated by the relative loca-
tions of functional groups within their 3-D template, the mecha-
nism and stereochemistry of the catalysed reaction is conserved
within each family (first described in Ref. 10), with only afew
notable exceptions. As we enter into the post-genomic era, the
power of this classification as a tool directing “structural
genomics’, especially in the complex area of glycobiology, is
magnifying.

Carbohydrate-active enzymes are frequently modular (an
example is shown in Fig. 1). Indeed, this modularity is one of
the most exciting revelations of the past 20 years (11). Typi-
cally, the modular structure may simply be a non-catal ytic mod-
ulelinked to the catal ytic domain, but frequently multi-modular
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Dockerin Esterase CE-1

Fig. 1. An example of the, often complex, modularity of carbohydrate-active
enzymes: the xylanase Xyn10B from Clostridium thermocellum. The enzyme
contains two catalytic modules, a family 10 glycoside hydrolase and a family 1 carbohy-
drate esterase, a single cellulosomal dockerin sequence and two other non-catalytic “ X6”
domains, at least one of which has recently been shown to be axylan-binding module (44).
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proteins are observed which contain numerous non-catalytic and
catalytic modules. Sometimes, but not always, these non-cata-
Iytic modules are involved in substrate-binding, but for many
the function is, as yet, unknown. Glycosidic bond synthesisis
performed by two classes of catal ytic domain in the sequence
classification: activated-sugar dependent glycosyltransferases
and glycoside hydrolases utilising transglycosylation. Prior to
examining recent work on Nature's synthetic apparatus, the
glycosyltransferases, it is worth reviewing the recent successes
in the application of mutant hydrolytic enzymes for glycosidic
bond synthesis in vitro.

B. Glycosynthases: Mutant Hydrolasesfor Chemoenzymatic
Synthesis

One of the most exciting recent advances in the
chemoenzymatic synthesis of glycosidic bonds is the devel op-
ment of mutant glycoside hydrolases, termed “glycosynthases”
by the Withers group at the University of British Columbia
These engineered enzymes have the potential to deliver specifi-
cally designed oligosaccharides on the large-scale required for
clinical assessment (12). In order to understand how these mu-
tant enzymes work, however, we must first revisit the catalytic
mechanism of retaining glycoside hydrolases.

The reaction of retaining 3-glycoside hydrolases occurs
via a double-displacement reaction mechanism in which a co-
vaent glycosyl-enzymeintermediateisformed and subsequently
hydrolysed via oxocarbenium-ion-like transition-states, Fig. 2
(2,3,13,14). A feature of this mechanism is that the covalent
glycosyl-enzyme intermediate may be intercepted with non-
water nucleophiles, typically other saccharide species, to gen-
erate elongated reaction products in a process known as
transglycosylation. Indeed, for many natural enzymes, this
transglycosylation process is their modus operandi: examples
being cyclodextrin glycosyltransferase (15) and xyloglucan
xyloglucosyltransferase. In the pursuit of new and efficient syn-
theses for biologically-active oligosaccharides (16,17) such
transglycosylation processes have been exploited in “classical”
chemoenzymatic syntheses (recently reviewed in Ref. 18). The
drawback of this approach is that the derived product is neces-
sarily also a substrate for the enzyme and the hydrolytic path-
way in 55M water usually prevails. Tight kinetic or thermody-
namic control isrequired if the processisto be even moderately
successful.

Recent exciting devel opments by the Withers group have
demonstrated the potential of mutant glycosidases in
chemoenzymatic synthesis (12). Replacement of the enzymatic
carboxylate nucleophile (alwaysAsp or Glu) of aretaining gly-
cosidase renders the enzyme hydrolytically inactive. When com-
bined with activated a-1-F sugars (whose axial fluoride mimics
the high-energy covalent intermediate shown in Fig. 2), how-
ever, these mutant enzymes are able to synthesise oligosaccha-
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Fig. 2. Theretaining mechanism. A covaent glycosyl-enzyme intermediate is formed, and subsequently hydrolysed, via
oxacarbenium-ion like transition states. A feature of the retaining mechanism is that the covalent intermediate may be inter-
cepted with non-water nucleophilesin a synthetic process known as transglycosylation.

ridesin very high yield indeed. The vacant space presented by
the Glu-Alaor Glu-Ser mutations is more than adequate to ac-
commodate the axial fluoride substituent of the activated do-
nor sugar, Fig. 3 and the powerful fluoride-ion leaving group
pushes the reaction in favour of synthesis. Quantitative (95—
100%) yields are not uncommon.

The glycosynthase technology has been further refined,
by the group at UBC, to utilise a serine in place of the nucleo-
phile. These 2"-generation glycosynthases display afar greater
catalytic power (presumably due to the H-bond between serine
hydroxyl and the departing fluoride ion) which greatly enhances
the catalytic repertoire and synthetic utility of the enyzmes (19).
Other groups have now a so developed successful glycosynthase
mutants on a variety of different structural templates (20-22).
The development of a powerful glycosynthase on an
endoglucanase template displaying multiple sugar binding
subsites has been used, in conjunction with exploitation of the
3-D structure of the enzyme, to generate avariety of substituted
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and branched oligosaccharides (21). It is likely that
glycosynthases, when appropriately harnessed, will open up new
horizons for the enzymatic synthesis of oligo and polysaccha-
ridesand will rival, and in some instances even surpass, Nature's
own synthetic apparatus.

C. Sequences and Families of Activated-Sugar Dependent

Glycosyltransfer ases

The majority of glycosidic bonds in nature are
synthesised, not by glycoside hydrolases performing
transglycosylation, but by synthetic enzymes utilising activated
sugar donors. Typically the activating group is a nucleoside-
phospho- or lipid-linked sugar. These enzymes are termed
“glycosyltransferases’. The catalytic mechanisms of these en-
zymes is becoming clearer. Most likely a catalytic base is re-
quired to activate the sugar acceptor species for nucleophilic
attack and an enzymatic carboxylate may be required to coordi-
nate a phosphate-bound divalent metal ion on the activated sugar
donor. A mechanistic scheme for inverting glycosyltransferases
(analogous to the “glycosynthase” reaction, described above)
may easily be proposed, Fig. 4. The reaction mechanism for
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Fig. 3. The Glycosynthaser eaction. An a-1-F glycoside
is used as an activated donor in combination with a nucleo-
phile mutant of aretaining glycoside hydrolase (12).
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Fig. 4. The putative reaction mechanism for
inverting NDP-sugar transfer ases.
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retaining glycosyltransferases, however, remains unclear. At the
3-D level, the activated-sugar dependent glycosyltransferases
are just beginning to appear in the public domain. From one
structure (23) just 18 months ago, there are already another 6 or
7 known or reported in public. When we look at the sequence
resource, however, we can seethat agreat deal remains unknown.

We have entered the “ post-genomic” age. Recent devel-
opmentsin molecular biology have generated an enormous num-
ber of open-reading frames for putative glycosyltransferases.
Unlike the situation in the glycoside hydrolase field, however
(2, 24), the wealth of putative glycosyltransferase sequencesis
not paralleled by knowledge of the structures, mechanisms or
even the substrates for these proteins. For the activated-sugar
dependent glycosyltransferases Henrissat hasidentified 51 fami-
lies on the basis of their amino-acid sequence similarities, build-
ing upon the initial identification of 27 families described in
(8). At the time of writing, 3-D structures have been reported for
seven of these: the DNA-modifying -glucosyltransferase from
bacteriophage T4 (23); the sporul ation specificnucl eotide sugar
transferase SpsA from Bacillus subtilis (25) in glycosyltrans-
ferase family GT-2; the bovine 3-1,4 galactosyltransferase from
family GT-7(26); the MurG enzyme from family GT-28 (27);
the rabbit N-acetylglucosamine transferase from family GT-13
(46) and the human B-glucuronyltransferase (47) from family
GT-43. Of particular recent note are the two structures for re-
taining glycosyltransferases: the a-1,4-galactosyltransferase
LgtC from family GT-8(48) and the bovine a-1, 3-
galactosyltransferase from family GT-6 (49) which show inter-
esting similarities to glycogen phosphorylases (28). Enzymes
from other families have been crystallised, including the family
GT-1 Amycolatopsis orientalis GtfB protein. For the majority
of glycosyltransferase families, however, thereis no 3-D repre-
sentative. Furthermore, little is known of the function for most
of the putative enzymes identified through genomic sequenc-
ing.

When one considers the large number of open-reading
frames for these enzymesit is perhaps not surprising that sugar
donor and acceptor species have been defined for very few en-
zymes. Thisreflectsthe difficulty in obtaining and characterising
the glycosyltransferases, many of which are membrane-bound,
and the problemsin characterising these enzymes. The synthetic
obstacles that may have to be overcome to identify the function
of some of these enzymes are enormous. One of the great chal-
lenges of the moment is the development of functional screens
for these enzymes: Hindsgaul's exciting use of frontal affinity
techniques may provide part of the answer (29). The sequence
classification, however, lends itself to a directed structural
genomics approach to glycosyltransferase structure and func-
tion. For the study of inverting glycosyltransferases, we initi-
ated such studies on family GT-2: the prototypical inverting
glycosyltransferase family.
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D. Glycosyltransferase Family GT-2

Family GT-2 is one of the largest families of nucleotide-
sugar-dependent glycosyltransferases. The mgjority of the open-
reading frames in this family encode enzymes of unknown or
putative function, but it also contains some of the most exciting
and important enzymes. These range from those involved in the
synthesis of major polysaccharides such as cellulose, chitin and
hyaluronic acid through to the intricacies of lipopolysaccharides
and bacterial cell-surface O-antigens. It is also, in evolutionary
terms, the most ancient of the inverting glycosyltransferase fami-
lies since it isthe only such family present in all genomes se-
guenced to date. The majority of family 2 enzymes which have
been characterised, although displaying awide diversity of sugar
substrates, use UDP or dTDP sugars as the glycosyl-donor spe-
cies, although the family also contains the GDP-mannose de-
pendent dolichol-phospho-mannose synthases. At the mecha-
nistic level, family GT-2 members are inverting enzymes which
use nucleosi de-diphospho-a-D-sugarsto generate 3-linked prod-
ucts, as shown in Fig. 4. For many years an enormous number
of questions surrounded this family of enzymes: what was their
mechanism, do they indeed use nucleotide-sugars rather than
lipid-sugars, what was the role of the conserved residues and,
for the polymerising (sometimes called “ processive”) members
- did they add the sugar at the reducing or non-reducing end of
the growing chain ? The structure determination of a putative
glycosyltransferase, SpsA, from B. subtilis shed the first “three-
dimensional light” on family 2 (25).

E. The 3-D structure of SpsA from Bacillus subtilis

Whilst many of family 2 enzymes are known to be mem-
brane-bound, SpsA from B. subtilis, may be expressed as a
soluble proteinin E. coli (30). It is also one of the smallest fam-
ily GT-2 enzymes and theref ore makes an ideal “ precursor” sys-
tem for the anal ysis of complex structure-function relationships
in glycosyltransferase family 2. The spsA gene encodes a puta-
tive glycosyltransferase implicated in the production of the ma-
ture spore-coat during the spore response of B. subtilis (31, 32).
It encodes a protein of 256 amino-acids whose substrate speci-
ficity is undefined but whose sequence has been classified into
family 2. Expression of spsA in sporulating Bacilli is under con-
trol of a o®-dependent promoter activated by the GerE protein
(31). SpsA may be involved in any aspect of the glycosylation
of the spore-coa and sequence comparison gives little indica-
tion of its specificity with an extremely diverse array of activi-
ties associated with the closest homologues. Sequence similar-
ity is found with enzymesinvolved in teichoic and colanic acid
synthesis, galactose and rhamnose transfer, lipopolysaccharide
production and the synthesis of cellulose and chitin. The sugar
donor and acceptor specificities of SpsA, however, remain un-
known.
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The structure of SpsA was solved by X-ray crystallogra-
phy at aresolution of 1.5A (25) both in native form and in nucle-
otide complexes with UDP-Mg and UDP-Mn. It has an overall
size of approximately 45 x 40 x 36A. The 256 amino-acids of
SpsA fold into what may be described as two domains (although
one could also consider that it is a single extended domain). The
first (N-terminal) domain, residues 2-100, forms atypical nucle-
otide-binding domain of 4 central parallel 3-strands flanked on
both sides by two a-hdlices, Fig. 5. The remainder of the struc-
ture, residues 101-256, is composed of amixed [3-sheet flanked
by three helices on one side and one on the other. The C-termi-
nal domain presents an open groove which may be the binding-
site for the acceptor. At the time of structure solution, the only
other available structure for an NDP-sugar transferase was the
DNA-modifying B-glucosyltransferase from bacteriophage T4
(23). The nucleotide-binding domain of SpsA displays some
topological similarity with the T4 enzyme but this similarity
does not extend to the mode of nucleotide-binding, the confor-
mation of the nucleotide or the presentation of potential cata-
Iytic residues in the vicinity of the distal phosphate.

In the UDP complexes, the uracil moiety bindsin a hy-
drophobic pocket featuring Tyr 11. A number of hydrogen-bond-
ing interactions are important. Asp 39 at the end of strand 3-2,
hydrogen-bonds with the N3 of the uracil base. Asp 39 is one of
two aspartateswhich are “signature” motifsin family 2 (the other
being Asp 99) and whose function has been long specul ated upon,
especialy in the related cellulose synthase system (33). It pre-
sumably functions to provide specificity for UDP or dTDP do-
nors. In the Mn-UDP complex, asingle Mn?* ion is found lo-
cated between the two phosphates, which in turn interacts with
the protein viaAsp 99. This strictly invariant residue lies on f3-
strand 4, as was predicted using hydrophobic cluster analysis
(34). It seemslikely tha therole of thisresidueisto assist leav-
ing-group departure through coordination of the divalent man-
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Fig. 5. The 3-D structure of SpsA. This figure was dravn with the MOL SCRIPT program (45).
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ganeseion. Mutation of the equivalent of Asp 99 in Acetobacter
xylinum cellulose synthase led to loss of cellulose synthase ac-
tivity, implying acritical rolein catalysis (33). In SpsA, Asp 99
formsa“DD” motif (Asp 98 bindsto the ribose hydroxyls) which
is equivalent to the “DxD” motif displayed by many
glycosyltransferases (35). We can safely say that the“ DxD” motif
will frequently be involved in coordinating the divalent metal
and/or the ribose in many otherwise unrelated
glycosyltransferases. A note of caution isimportant here. The
majority of open-reading frames on the sequence databases con-
tain DxD motifs. Therefore, a DxD motif alone isnot indicative
of aglycosyltransferases and many of the DxD motifsfound in
glycosyltransferases may be fortuitous and not involved in Mn?
binding at all. Furthermore, since some “DxD” motifs exist as
“DDx”, “DDD” and“DxDD" the exact details of the ribose and
metal ion coordination, and the relative importance of each as-
partate, will vary in each particular case.

F. SpsA —aModel for Family 2 Glycosyltr ansfer ases ?

The Mn-UDP complex of SpsA may be interpreted in
light of the known sequence conservation within family 2. The
vast mgjority of sequence conservation in family 2 isin the N-
terminal nucleotide-binding domain, residues 2—100. Three clus-
ters of invariance are of interest. These involve residuesin di-
rect contact with the NDP donor. Tyr 11 isinvolved in stacking
with the nucleotide base, Asp 39 in UDP binding and Asp 99
sits adjacent to the distal phosphate where it coordinates the
leaving-group Mn?* ion, described above, Fig. 6. Theinverting
mechanism is generally believed to require an additional cata-
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Iytic base (expected to be adeprotonated Asp or Glu residue) to
activate the sugar acceptor species for nucleophilic attack. In
SpsA a candidate for a general base is much more difficult to
identify. The C-terminal domain is much less conserved than
the N-terminal region. Sequence alignments point to Asp 191 as
the most likely base, but they may not be interpreted with confi-
dence.

The 3-D structure reveals 4 potentia bases in approxi-
mately the correct physical location to actiavate a sugar accep-
tor. These are the “triad” of Asp 158, His 159 and Cys 160 and
Asp 191. None of theresidues of the Asp, His, Cystriad appear
to be conserved, although we must stress that sequence align-
ments in thisregion are difficult to interpret with any great cer-
tainty. Geometrically Asp 191 isin an ideal location in the 3-D
structure and it interacts with a glycerol molecule in away that
may be analogous to its coordination of the natural sugar accep-
tor. Additionally, iterative sequence searches with PSI-BLAST
(36) suggest that thisresidue may be conserved throughout family
2, but again sequence alignments may not be interpreted with
great confidence. At thetime of structure solution (25) we there-
fore proposed that Asp 191 may function asthe basein SpsA. A
variety of recent studies lend weight to this proposal. Equiva-
lently positioned bases are found in the family GT-28 bovine [3-
galactosyltransferase structure (26), in the rabbit N-
acetylglucosamine transferase from family GT-13 (46); and in
the human B-glucuronyltransferase (47) from family GT-43. The
human family GT-43 enzyme shows the sugar acceptor hydro-
gen-bonding to this base in a perfect position for nucleophilic
attack on the sugar donor (47). Site-directed mutagenesis of the
Snorhizobium meliloti glucosyltransferase, ExoM, by Geremia
and colleagues confirms the roles for the equivalents of Asp 39,
Asp 99 and Asp 191 in this related enzyme (37). The structural
and functional similarities of the various inverting
glycosyltransferase families have recently been reviewed(50, 51).
Furthermore, site-directed mutagenesis of the Snorhizobium
meliloti glucosyltransferase, ExoM, by Geremia and colleagues
confirmsthe rolesfor the equivalents of Asp 39, Asp 99 and Asp
191 in this related enzyme (37).

G. Reducing or Non-Reducing End Elongation ?

The enzymatic synthesis of polysaccharides, including
the world’s most abundant polymer cellulose, remains an ex-
tremely controversial area. Two schools of thought exist for the
direction of synthesis. Pulse-chase experiments, using (a-linked)
UDP-[*C]Glc together with various membrane fractions from
A. xylinum, demonstrated that the labelled compound was chased
into the water-soluble fraction of the polymer, awvay from its
reducing-end, during synthesis. This was interpreted with a
scheme in which cellulose is extended by addition at the reduc-
ing-end (38). In order to maintain the 3-linked stereochemistry
of the product, a model in which cellulose synthase transfers
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Fig. 7. Family GT-2 catalysed transfer of UDP glycosidesto a pNP acceptor species demonstrating the direct non-
reducing end transfer. This has been shown for the synthesis of pNP-chitooligosaccharides by recombinant NodC, for example (41).

glucose between lipid-pyrophosphate intermedi ates was invoked.
Conversely, electron crystallographic analysis of cellulose crys-
tals which were both eroded at their non-reducing end by CBH
Il and Ag-stained at their reducing-end, demonstrated the orien-
tation of the chains (“parallel-up”) with respect to the long axis
of the crystal (39). Following this, the direction of cellulose syn-
thesis could be demonstrated by microdiffraction and tilt ex-
periments alone. These experiments indicate a model in which
cellulose is extended a the non-reducing end. Similar experi-
ments al so suggest anon-reducing end elongation for chitin syn-
thesis (40). Recently, elegant work using pNPGIcNAc as an ar-
tificia glycosyl acceptor species has conclusively demonstrated
that the family 2 nodulation factor, NodC, elongates the poly-
mer at the non-reducing end by direct transfer to O-4 of the
acceptor (41), Fig. 7. Lipid intermediates are not used.

At the 3-D level, although one must be cautious since
the catalytic function of SpsA has not been demonstrated, the
sequence similarity of SpsA to cellulose and chitin synthases
and the NodC factor allows us to comment on the two models.
The SpsA structure lends no support to amodel involving lipid
intermediates or elongation at the reducing-end. In order to
maintain the correct stereochemistry, the Han and Robyt model
demands that cellulose synthase is not a UDP-GIc transferase,
but instead is involved in the shuttling of glucose between lipid
pyrophosphate intermediates. Whilst similar mechanisms exist
for other polymers, their rolein cellulose synthesis must be ques-
tioned. Cellulose synthase sequences show strong sequence simi-
larity with known NDP-dependent transf erases, indeed it isthis
similarity that isthe defining feature of glycosyltransferase fam-
ily 2 (8). The SpsA structure confirms that the majority of the
seguence conservation is observed in residues in intimate con-
tact with the nucleotide moiety (either UDP or dTDPin the case
of SpsA). Mutation of the equivalents of Asp 39 or Asp 99 re-
sultsin loss of activity (33). It seems unlikely that family 2 en-
zymes would display strong similarities to known UDP-sugar
transferases and possessinvariant and catal ytically-essentia resi-
dues known to bind UDP on other systems, were it not involved
in UDP binding itself. The direct observation of growing cellu-
lose and chitin chains (39, 40), taken together with sequence
conservation in family 2, the structure of SpsA (25), and direct
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observation of the direction of polysaccharide elongation on
numerous family 2 enzymes (for example 41, 42, 43) therefore
strongly supports a model in which family 2 enzymes extend
the polymer at the non-reducing end by direct transfer of the
sugar from the nucleotide-donor to the acceptor.

H. The Polymerising Tr ansfer ases. One or Two Catalytic
Centres?

The second unresolved controversy in family GT-2 re-
mains the nature and action of the “polymerising” transferases.
These enzymes are able to use the product of one addition asthe
acceptor for the next, and so polymerise the growing polysac-
charide chain. Examples are cellulose synthase, chitin synthase,
theroot nodulation factor NodC and hyal uronan synthases. These
enzymes are frequently termed “ processive” or “polymerising”
transferasesin the literature, implying that they physically main-
tain a growing chain whilst performing numerous catalytic
events. Sincethis has never been conclusively demonstrated and,
furthermore, recombinant NodC demonstrably releases single
addition products (41), we prefer to use the more conservative
term “polymerising” transferases. The question with these en-
zymes is whether they possess a single catalytic centre or two
distinct centres. The dual active centre model is very seductive:
it could explain how polymerising enzymes add two monosac-
charides in different orientations (to satisfy the 180° rotation
between adjacent monosaccharides in the structure of chitin and
cellulose) and could also explain the alternating addition of two
different monosaccharides with diff erent linkagesin hyaluronan.
The seductive features of this model have led to its widespread
and rapid acceptance. Yet, whilst alluring we should remember
that thereis, as yet, no experimental evidence to support it, and
very much against.

Early sequence work on these enzymes identified two
distinct “domains’ in the polymerising family 2 transferases
termed A and B (34). On the basis of sequence conservation
within the respective “domains’ (D.....DxD indomain A and
D...... QxxRW in domain B) it was postulated that the
polymerising transferases possessed two catal ytic centres and
that it was these two active sitesthat generated their many unique
properties. The dual-addition model is based upon the belief that
any single catalytic centre required just two acidic (aspartatesin
this case) amino acids, one to coordinate a divalent metal ion
and another to act as a catalytic base for activation of the sugar
acceptor, Fig. 4. Hence, conserved Asps in two distinct “do-
mains’ could easily be interpreted in terms of two catalytic
centres. Furthermore, the second motif (D...... QXXRW) ap-
peared only to be present in the polymerising enzymes which
again suggested that it may represent the second catalytic cen-
tre.

Viewed in light of the SpsA structure, and other recent
evidence, this dual addition model is less convincing. Firstly,

Trends in Glycoscience and Glycotechnology
Vol.13 No.70 (March 2001) pp.105-120

SpsAU OO0 (/)O00000D000Oo200000o0o0oogn
OoOoODODOOO0O@EOD4D4203)0000000O0ODOO
gbz2n0o0ooooooboooooooobbooooboboo
gbboobooboobooooboboobooboooboobo

HOOOODOoOoooooooooboobooo

goooocer20bpoo200oooogoooos ooor
gooboooooboooooboooobboooboloooooboboo
gbboobooboobooooboboobooboooboobo
gooooooboboooboboooboboooobbooo
O00000000000O000ONedCOOOOOOOOODO
gbooboobooobooooooboobooo® booogr o
go“ oo ooboobooobobooboboooboabo
gboobooboooboboooboboobooboooboobo
O000000O0000Oo00OoooOONedCOOOOOOO
ooooooDoOOOo0ooo@yocoooooooo* ooor o
gbboobooboobooooboboobooboooboobo
10Doo0o0obobooobo200b0boooboooooboon
gbboobooboobooooboboobooboooboobo
gobooooobooobooboooobboo20bbo0obobooo
goo0oooooOo@EUuOoooooOooooooogoooo
O0001se J0000o0oOono)yoooooooooanooo
gboooobooboobooooboboobooboooboabo
gbooobooboooboboooboboobooboooobo
gboooobooboobooooboboobooboooboabo
gbooobooboooboboooboboobooboooobo
gboooooogoobo

gboooooooboboooooooboobooooog
ooooooz2ogooAOBOOOOOD20000D000DDODOO
oooooO@&)oooo0ooooooooooooooo@o
OOAOD.DxDOOOOOBOD.QxxRW)ODOOOOOOOO
gobob2200b0000o0bbo0oobooooobooobobooo
ooooob2000000000DbO000bDoObOOoOoD
gobooooobooob400bbooobobboobboo
O0200000000@pOOOoOoOoOooOoOOO)§DOoOong
gbooobooboobobooobooboooboobooobooobo
gboooboobooboooobobooboboooboobo
gbobooboooboob20b00b00b00b0o0obogAsp
oofob2000oboooooooo0ooooooo20oO
OO0DOoO@M.(xRW)OOOOODOODOOoOoOOoooooo
oooooooob220ooboboobobboboboobooooboo
gooooo

SpsA O 000000 DOO0O000DOOO0OO00OooDoOO
gbooobooboobobooobooboooboobooobooobo

116 ©2001 FCCA (Forum: Carbohydrates Coming of Age)



domain A of the processive transferases clearly equates to the
N-terminal nucleotide-binding domain of SpsA alone. Theroles
for the D*...D%(x)D®* motif are clearly demonstrated and the
similarity between SpsA and the cellulose, chitin and hyaluronan
synthases over thisregion is convincing. The first tenet of the
dual addition model istherefore unsound: a single catalytic cen-
trerequires, in this case, more than two acidic amino-acids—the
whole of the D....DxD motif is used merely to bind a single
UDP-Mn molecule. This leads us to propose that the first do-
main “A” of cellulose synthase and related family 2 enzymesis
simply the nucleotide-binding domain and that it, alone, does
not constitute a viable catalytic centre. Furthermore, the clear
implication from thisis that the catalytic base of SpsA is de-
rived from the C-terminal domain, with strengthening evidence
pointing to Asp 191. Inthiscase, the D...DxD...D motifs of the
polymerising enzymes most likely only represent asingle cata-
lytic centre. Indeed, BLAST searches do indicate, albeit with
low confidence, that the “B Domain” D from the D...QxxRW
motif of cellulose synthase is equivalent to Asp 191 of SpsA.
Thisleaves just the QxxRW motif of polymerising transferases
as unique to them and these authors admit that they can offer
little speculation on its function at this time.

Other considerations also lead us to doubt atwin active
centre model. Domains A and B of the polymerising enzymes
occupy a“space” of approximately 230 amino-acids. Yet thisis
the same size as the smallest family 2 member. It seems un-
likely to these authors that polymerising enzymes sgqueeze two
distinct catalytic centres into the same 3-D space that is used by
the smallest single addition enzyme. What little experimental
evidence that exists also argues against atwin catal ytic centre
model. Furthermore recombinant NodC performsrepested single
additions (41): both odd and even sized oligosaccharides are
released by the enzyme. Thereis no evidence, in that case, for a
concerted dual addition as predicted by the twin active centre
model.

Some enzymes, however, do clearly possess two tandem
family 2 catalytic domains. The hyaluronan synthase from
Pasturella multicoda (42) clearly contain two repeats of an SpsA-
like enzyme in an approximately 900 amino-acid protein. These
enzymes do not display the so-called “ processive” QxxRW motif.
Itisclear that this area of polymer synthesisis extremely com-
plex and it is not surprising that controversy exists, especially
with so little experimental information. These authors see no
reason to invoke atwin centre model to generae the structural
repeating unit of cellulose, with adjacent monosaccharides re-
lated by 180°. Yet, the synthesis of hyaluronan does pose prob-
lemsfor asingle active-centre model. This polysaccharide con-
tains alternating [3-1,4 N-acetylglucosamine and (3-1,3 glucu-
ronic acid. How such apolysaccharide is synthesised remains a
mystery. The 3-D structure of a polymerising family 2 enzyme
would help advance the field considerably.
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F. Structural Glycobiology — Future Directions

We have reviewed advancesin our knowledge of the en-
zymatic synthesis of di-, oligo- and polysaccharides, both by
glycosyltransferases and mutant hydrolytic enzymes termed
“glycosynthases’. It is clear that many questions remain unre-
solved. For example, little is known of the mode of action of
retaining glycosyltransferases: do they perform catalysisvia a
covalent intermediate and if so, what is the nature of thisinter-
mediate ? How do the polymerising transferases work ? What
are the structures and mechanisms of the remaining 40 or so
different sequence-based families, and how many of these will
form“clans’ of related 3-D structures despite low or insignifi-
cant sequence similarity. Recent results suggest anumber of these
enzymes form clans of related structures. In the post-genomic
era, how will we tackle the enormous challenge of functionally
characterising the numerous gene products of unknown func-
tion and how might we exploit these enzymes for medical and
industrial benefit ? Evidence from the glycoside hydrolase field
suggests tha the future lies with a synergistic approach in which
bioinformaticsis used closely with structural biology, synthetic
chemistry and enzymology: the results are keenly anticipated.
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