
Carbohydrate Research, 149 (1986) 1-12 
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands 

GLYCOSYLTRANSFERASES. EARLY HISTORY, DEVELOPMENT AND 
FUTURE PROSPECTS* 

WINIFRED M. WATKINS 

Division of Immunochemicd Genetics, MRC Clinical Research Cenire, Watford Road, Harrow, 
Middlesex HAI 3UJ (Great Britain) 

(Received February 3rd, 1986; accepted for publication, February 3rd, 1986) 

The importance of polysaccharides as sources of energy and storage materials 
in plants and animals has long been recognised. However, it is only comparatively 
recently that biochemists, cell biologists, immunologists and molecular geneticists 
have come to appreciate the crucial role played by carbohydrates in a multiplicity 
of cell surface phenomena and as covalently attached units that are essential to the 
correct conformation and biological functioning of many proteins. An understand- 
ing of the formation, inter-relationships and genetic control of these carbohydrate 
structures is obviously dependent upon a knowledge of their pathways of bio- 
synthesis. It is therefore timely that an issue of Curbohydrute Research should be 
devoted to papqrs on the enzymes that catalyse the biosynthesis of glycosidic 
linkages in simple glycosides, oligosaccharides, polysaccharides and the carbo- 
hydrate moieties of glycosphingolipids, glycoproteins and proteoglycans. 

EARLY HISTORY 

The description glycosyltransferase defines enzymes that catalyse the transfer 
of a glycosyl residue from a donor to an acceptor substrate. Earlier workers estab- 
lished that some exoglycosidases’ and phosphorylases2-4 catalyse the transfer of 
sugar moieties to suitable acceptors to form di- and oligo-saccharides by a reversal 
of hydrolytic or phosphorolytic reactions. Indeed in the 1940s transglycosylation 
from sugar phosphates was advanced as a possible general mechanism for the 
biosynthesis of polysaccharides in viva 3,4. However, the role of phosphorylases is 
now acknowledged to be primarily degradative and present concepts of the mode 
of biosynthesis of glycosidic linkages stem from the characterisation by Luis Leloir 
and his colleagues5 in 1950 of a new class of compound containing a sugar esterified 
to a nucleoside diphosphate. Following this discovery the central role of the 
nucleotide sugars as donor substrates for the enzymes involved in the biosynthesis 
of both simple and complex carbohydrate structures soon became apparent. 

The first nucleotide sugar to be characterised, uridine 5’-a-D-glucopyranosyl 
diphosphate (“uridine diphosphate D-glucose”), was obtained from yeast5 but this 
discovery was followed rapidly by the isolation of similar compounds from animals, 

*Dedicated to Luis Leloir on the occasion of his 80th birthday. 
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plants and microorganisms 6. By the early 1960s over sixty different nucleotide 
sugars had been characterised containing hexoses, alditols, amino sugars or uranic 
acids as the sugar moieties’ and uridine, guanosine, cytidine, adenosine or 
thymidine as the nucleoside bases*. The first indications of the role of the nucleotide 
sugars as the glycosyl donors in transfer reactions emerged in 1953 from the obser- 
vations of Dutton and Storey9, who identified UDP-glucuronic acid as the donor 
for the biosynthesis of phenyl /3-D-glucopyranosiduronic acid catalysed by liver 
extracts, and of Leloir and Cabibl” who implicated UDP-D-glucose in the formation 
of trehalose phosphate catalysed by yeast extracts. Independently Buchanan” 
suggested that UDP-D-glucose might serve as the glucose donor in the synthesis of 
sucrose phosphate; a suggestion that was confirmed by Cardifii et al.” using wheat 
germ extracts as the enzyme source. The involvement of the sugar nucleotides in 
the biosynthesis of more complex polysaccharides was heralded by the work of 
Glaser and Brown who demonstrated the enzyme-catalysed transfer of N-acetyl-o- 
glucosamine from UDP-iV-acetyl-D-glucosamine to both hyaluronic acidI and 
chitin14. Subsequently UDP-D-glucose was shown to be the sugar donor for 
glycogen synthesis in animal@ and for callose formation in plant@. These tentative 
beginnings thus demonstrated the importance of the nucleotide sugars as donor 
substrates for glycosyltransferases involved in simple glycoside, disaccharide and 
complex carbohydrate biosynthesis. 

In the late 1960s investigations on the biosynthesis of bacterial cell surface 
polysaccharides disclosed a second class of donor substrate involved in trans- 
glycosylation reactions. The usual reaction involving transfer from a nuclcotide 
sugar: 

XDP-sugar + acceptor + sugar-acceptor + XDP 

leads to the release of a nucleoside diphosphate (where X may be uridine, 
guanosine, adenosine or thymidine). Hence the observations by Strominger and 
his colleagues that in the biosynthesis of peptidoglycans the transfer of penta- 
peptidyl-N-acetylmuramic acid from its UDP derivative generated UMP and not 
UDPI’ suggested that some different mechanism might be operating. Eventually a 
complex pathway was unravelled which revealed the part played by lipid-linked 
sugars as intermediates in glycosyltransferase reactions. The sequence of events 
was shown to involve first the transfer of the pentapeptidyl-N-acetylmuramyl 
phosphate from its UDP-derivative to an endogenous phospholipid with the forma- 
tion of an N-acetylmuramyl-(pentapeptide)-P-P-lipid complex and the release of 
UMP, then the transfer of N-acetylglucosamine from UDP-N-acetylglucosamine to 
the N-acetylmuramyl residue to form a disaccharide pentapeptide-lipid complex 
and finally, after further modification to the peptide part, transfer of the disacchar- 
ide pentapeptide from the lipid carrier to the growing end of the linear peptido- 
glycan18. Soon after the involvement of lipid carriers had been demonstrated in 
peptidoglycan synthesis, Weiner e# aLI and Wright et aZ.2n detected the occurrence 
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of lipid-linked intermediates in the biosynthesis of lipopolysaccharides of Gram- 
negative bacteria. The core polysaccharide of the complex lipopolysaccharide 
structure is built up by the sequential addition of sugar residues but the outer O- 
specific side chains, responsible for the antigenic properties of the polysaccharides, 
are first built up in repeating tri- or tetra-saccharide units on a phospholipid inter- 
mediate and subsequently transferred to the core regio#, The lipid intermediates 
involved in both peptidoglycanU and 0-antigenzo synthesis were identified as the 
phosphoric monoesters of a C55 polyisoprenoid alcohol. Similar compounds were 
implicated in the synthesis of mannan in Micrococcus lysodeikticusz3, in teichoic 
acid synthesis in Stu~hyZococc~ds Zactis24 and in other bacterial polysaccharides18. 
The disclosure of the part played by lipid-intermediates in complex carbohydrate 
assembly in bacterial polysaccharides stimulated a search for a function for lipid 
complexes in the glycosyl transfer systems in higher organisms. Once again seminal 
observations came from the laboratory of Leloir25*26 which eventually led to the 
demonstration of the important part played by long chain isoprenyl alcohols, the 
dolichols, as carriers of the monosaccharides and oligosaccharides transferred by 
enzymes involved in the assembly of asparagine-linked oligosaccharide chains in 
glycoproteinsn. Hence the group of enzymes generally understood today by the 
term glycosyltransferase are those that utilise either nucleotide sugars or lipid- 
linked sugars as their donor substrates. 

DEVELOPMENT 

The discovery of the natural donor substrates for the glycosyltransferases 
made practicable for the first time systematic investigations of the occurrence, 
properties and regulation of the enzymes involved in the biosynthesis of glycosidic 
linkages in vivo. Over the last three decades these studies have generated a vast 
literature and in this short introduction it is possible to comment on only a few 
salient features. For a detailed account of general progress in the field up to 19’71 
the reader is referred to the review of Nikaido and HassidB and for more recent 
articles on mammalian glycosyltransferases to the comprehensive surveys of 
Schachtep, Beyer et a1.30 and Berger et ~1.~~. 

One of the most striking features of the glycosyltransferases is the stringency 
of their specificity requirements that permit complex oligosaccharide structures to 
be precisely assembled in the absence of a template. Insofar as the donor substrates 
are concerned, all glycosyltransferases exhibit specificity towards both the sugar 
moiety and the nucleotide or lipid carrier. In plants and microorganisms the same 
sugar may be carried by more than one nucleotide although each glycosyl- 
transferase shows a marked preference, or absolute specificity, for only one carrier. 
For example in plants UDP-D-glucose is the glucosyl donor for sucrose bio- 
synthesis’*, whereas ADP-D-glucose is the donor for starch biosynthesis32 and 
GDP-D-glucose the donor for cellulose biosynthesis33. A plausible explanation for 
the use of several different nucleotides as carriers of monosaccharides, first 
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advanced by Ginsburg7, is that this diversity provides a means for the independent 
control of various metabolic pathways. In mammalian tissues the segregation of 
pathways appears to be under a different form of control because the sugars 
commonly occurring in the oligosaccharide chains of glycoproteins, glycolipids and 
proteoglycans have so far been found associated each with only one nucleotide 
carrier29-31. Thus, although there is a family of mammalian galactosyltransferases 
capable of catalysing the addition of o-galactose in either a- or /3-anomeric configu- 

ration to different positional linkages in a variety of acceptor sugars, the donor 
substrate for this family of enzymes is invariably UDP-D-galactose. Uridine diphos- 
phate sugars also serve as donor substrates for the formation of glycosides of gluco- 
se, iV-acetylglucosamine, N-acetylgalactosamine, xylose and glucuronic acid, 
whereas guanosine diphosphate sugars serve as nucleotide donors for the synthesis 
of mannosides and fucosides. The donor used by the sialyltransferases differs from 

the other nucleotide carriers in being a monophosphate, CMP-sialic acid, and 
certain of the mannosyl- and glucosyl-transferases involved in glycosylation steps in 
the biosynthesis of N-linked oligosaccharide chains of glycoproteins utilise as sub- 
strates the lipid-linked sugars dolichyl mannosyl phosphate and dolichyl glucosyl 
phosphate27. 

Even before the discovery of the appropriate enzymes, ideas on the strict 
acceptor specificity of the glycosyltransferases were developed from a knowledge 
of the behaviour of certain complex heterosaccharide structures exhibiting 
antigenic properties. Sequential degradation of the oligosaccharide chains of 

human ABH and Lewis blood group specific glycoproteins with exoglycosidases 
revealed that removal of a single terminal non-reducing sugar resulted in a loss of 
a particular antigenic property and the development of a new specificitys. This 
procedure could be repeated sequentially down the chain for as long as the 
appropriate specific exo-glycosidases and antibodies were available; demonstrating 
that each new carbohydrate structure exposed could function as an antigenic deter- 
minant and that the antigenicity of each structure is masked by the addition of a 
single sugar unit. This pattern of activity suggested that biosynthesis proceeded by 
a reversal of the degradation pathway and that each specific structure is built up 
sequentially by the addition of single sugar units. Since the blood group specific 
determinants are precisely defined carbohydrate structures3v3 it was apparent that 
the process could not be random and that the product of one transfer reaction must be 
the preferred substrate for the next transferase in the series. Predictions from these 
studies that the primary products of the human ABO, H and Lewis blood group 
genes were glycosyltransferase enzymes adding the final sugar to precursor struc- 
tures to complete the biosynthesis of each determinant37 were later confirmed by 
the characterisation of the appropriate human glycosyltransferases3,N. Similar 
studies on the enzymes in pig submaxillary glands demonstrated that the bio- 
synthesis of a blood group A reactive structure resulted from the concerted action 
of five distinct glycosyltransferase@‘. 

Extensive pioneering studies on the glycosyltransferases involved in the 
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biosynthesis of mammalian glycoproteins41*” enabled the maxim to be formulated 
that serial transfer of sugar units, with the product of one enzyme reaction be- 
coming the requisite substrate for the next reaction, is the general mechanism of 
synthesis of oligosaccharide chains 42,43. This concept has now to be modified slightly 
with respect to the asparagine-linked oligosaccharidesz7 but sequential addition 
appears to be the normal pathway for the biosynthesis of O-linked oligosaccharide 
chains2g-31 and for the assembly of the oligosaccharide moieties of glycolipids”. 

Early indirect evidence suggested that each glycosidic linkage is formed by 
the action of a single highly specific glycosyltransferase and this led Hagopian and 
EylaF to propose the “one enzyme-one linkage” hypothesis which suggests that 
there are as many glycosyltransferases as there are different types of glycosidic 
linkages. This concept, when coupled with the uone gene-one enzyme” hypothesis 
originating from the classical work of Garrod, Bateson, Beadle and Tatum, 
suggests that one gene is ultimately responsible for the synthesis of one glycosidic 
linkage. A vast number of different glycosyltransferases have now been identified 
and the precise specificity of several have been established for highly purified prep- 
arations”; as a broad generalisation, the concept of a different glycosyltransferase 
for each type of linkage appears to be valid. There are, however, some instances 
where the relationships between gene, glycosyltransferase and glycosidic linkage 
are more complex than this simple concept might suggest. 

A case in point is lactose synthetase. This was the first mammalian galactosyl- 
transferase to be characterised and the mechanism for lactose synthesis was shown 
to proceed by the straightforward transfer of o-galactose from UDP-D-galactose to 
the O-4 position of D-glucose &. However, subsequent attempts by Brodbeck and 
Ebneti7 to purify soluble lactose synthetase from milk led to the isolation of two 
proteins, A and B. Neither component individually had the capacity to synthesise 
lactose but combination of the two proteins restored catalytic activity. Further 

studies revealed that the A component was identical with the (1+4)-&D-galactosyl- 
transferase that catalyses the transfer of o-galactose to terminal non-reducing 2- 
acetamido-2-deoxy-o-glucopyranosyl groups in glycoprotein@, and that the B 
component was a-lactalbumin4g, a protein produced exclusively by the mammary 
gland. The physiological role of cz-lactalbumin is to inhibit the transfer of galactose 
to IV-acetylglucosamine and to stimulate the synthesis of lactose. The lactose 
synthetase A protein has been the subject of considerable study and it was the first 
glycosyltransferase to be purified to homogeneityS. Evidence of continued interest 
in this enzyme is provided by the fact that it forms the subject of two papers in this 
issueslJr. To date no other protein with a specifier function for a glycosyltransferase 
has been described and it is conceivable that the mechanism has been evolved 
uniquely to ensure production of lactose by the mammary gland. However, it has 
to be borne in mind that other specialised tissues, or cell types, might produce 
proteins which modify the speciEcity of ubiquitous glycosyltransferascs in order to 
synthesise di- or oligo-saccharides appropriate to the functioning of that tissue or 
cell type. 
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Another apparent exception to the rule of one gene-one enzymeone glyco- 
sidic linkage is the observation that the blood group B gene associated (1+3)-a-D- 

galactosyltransferase has some capacity to transfer N-acetyl-o-galactosamine5” and 
the (1+3)-N-acetyl-cY-o-galactosaminyhransferase product of the allelic blood 
group A gene has some ability to transfer D-gahCtOSe5”; hence both enzymes have 
the potential to synthesise A and B antigenic determinants. However, from a 
genetic point of view it is perhaps more surprising that the enzymic products of 
allelic genes should have major differences in their substrate specificities than that 
they should share some overlapping functions. No other polymorphic genetic loci 
encoding glycosyltransferases with qualitatively different donor substrate specifi- 

cities have yet been recognised in mammalian sources but examples are known in 
the plant kingdomss. The topic of the dual function of the B gene-associated trans- 
ferase is further addressed in a paper in this issuesb. 

The Lewis blood group system provides another example of a seemingly 
anomalous glycosyltransferase. An ti-t.-fucosyltransferase present only in those 
individuals carrying an Le gene appears to transfer L-fucose not only to the O-4 
position of subterminal N-acetylglucosamine residues to form Lea and Leb 
structures--J” but also to the O-3 position of o-glucose in lactose and in milk oligo- 
saccharides5’.“*. The ability to transfer the donor sugar to either N-acetylglucos- 
amine or D-glucose resembles the specificity shift found for the lactose synthetase 
systern4’.* but this is the first example of a glycosyltransferase adding the donor 

sugar to two different positions in the acceptor molecules. Whether the Le gene 
product is indeed an enzyme with a dual function or whether a modifier of some 
kind is involved is a question that remains to be answered. 

Despite the very precise specificities of the glycosyltransferases which permit 
complex heterosaccharide structures to be synthesised with high fidelity, consider- 
able heterogeneity is found in the oligosaccharide chains of glycoproteins. The in- 

formation available on the preferred pathways of action of the glycosyltransferases 
and the knowledge that certain products become “chain-stoppers” enables explana- 
tions to be put forward for this heterogeneity 29-31. At a branch point, competition 

between two or more glycosyltransferases for the same acceptor substrate may 
occur and the subsequent development of that oligosaccharide chain will depend 
upon which enzyme is successful. The first sugar linked to protein-bound serine or 

threonine residues in O-linked chains is N-acetylgalactosamine and the structure 
formed is a possible substrate for either a sialyltransferase with the formation of 

(Y-Neup5Ac-(2-,6)-cy-o-GalpNAc-Thr/Ser or a galactosyltransferase with the 
formation of P-D-Galp-(l-+3)-a-D-GalpNAc-Thr/Ser. If the sialyltransferase 
acts first, the structure formed is not a substrate for the /3-galactosyltransferase and 
the chain cannot be extended whereas if the &galactosyltransferase acts first the 

structure becomes the acceptor for further sequential sugar additions. Schachter et 
al9 studied the biosynthesis of pig and sheep submaxillary mucins and found that 
although the glands of both animals contain the galactosyltransferase the ratio of 
sialyltransferase to galactosyltransfcrase is much higher in ovine glands with a 
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consequence that 95% of the oligosaccharide chains in ovine submaxillary mucin 
terminate with the structure a-Neu$Ac-(2+6)-a-o-GalpNAc-Thr/Ser, where- 
as in porcine glands longer oligosaccharide chains are synthesised. Similarly 
heterogeneity of the terminal groupings in the blood group-specific glycoproteins 
leading to the possibility of multiple specific determinants associated with ABH 
and Lewis blood groups being carried on the same macromolecule37 can be 
explained on the basis of the competition of more than one glycosyltransferase for 
certain precursor structures and the fact that, once some structures are formed, 
they are not suitable substrates for any of the remaining glycosyltransferases3s39. 
Beyer et al.9 studied the pathways of biosynthesis of the non-reducing terminal 
sequences frequently found in glycoproteins by use of highly purified sialyl-, 
fucosyl- and IV-acetylgalactosaminyl-transferases; they confirmed the importance 
of the order in which the transferases act and the fact that the actions of certain 

glycosyltransferases are mutually exclusive. Two papers in this issue make further 
contributions to our knowledge of the fine specificity of glycosyltransferasesW~“r. 

The discovery of the biosynthesis of oligosaccharide chains by the concerted 
action of a series of glycosyltransferases led to the concept of multi-glycosyl- 
transferase systems43 and the idea that the enzymes involved in the formation of a 
particular oligosaccharide chain might be arranged along physically separate 
assembly lineszg. Recently an alternative suggestion was put forward to account for 
the way in which terminal glycosylation might be controlled when two enzymes 
competing for the same substrate were simultaneously present. In blood group AB 
individuals the puzzling observation was made that the polyglycosylpeptides 
isolated from red cell membranes carry either A or B determinants, but not both, 
despite the fact that each peptide carries an average of three or four determinant&. 
Experimentally it was confirmed that when polyglycosylpeptides from group 0 cell 
membranes were used as acceptor molecules in the presence of both the a-(1+3)- 
IV-acetyl-o-galactosaminyl- and Cy-(143)~o-galactosyl-transferases, the A and B 
determinants were found on different polyglycosylpeptide@. As an explanation, it 
was suggested that once the enzyme-acceptor complex is formed it does not 
dissociate until all the H acceptor sites are substituted with the monosaccharide 
transferred by the bound glycosyltransferase. The validity and generality of this 
idea will need to be explored in greater detail but it offers an intriguing alternative 
to intracellular compartmentalisation. 

One of the most exciting developments in the last decade has been the elucida- 
tion of the pathways of biosynthesis of asparagine-linked oligosaccharides27*29-31H. 
The story that has unfolded is so remarkable that it would have been difficult to 
believe but for the wealth of evidence to support it. The overall pattern appears to 
be similar in the plant and animal kingdoms. Very briefly stated, a branched oligo- 
saccharide with the structure Glc,Man,GlcNAc, is built up sequentially on the lipid 
carrier dolichyl phosphate. The first seven sugars (two GlcNAc and five Man 
residues) are derived from the nucleotide sugars UDP-GlcNAc and GDP-Man, 
whereas the next seven sugars (four Man and three Glc residues) are derived from 
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the lipid carriers Do&P-Man and Dol-P-Glc. The oligosaccharide is then transferred 
to an asparagine residue in a newly synthesised protein with the release of dolichyl 
phosphate. The oligosaccharide chains then undergo a series of degradation, or 
“processing”, steps catalysed by a number of specific exoglycosidases. Removal of 
three glucose units leaves the “high-mannose” chains which in some glycoproteins 
are not further processed. Other chains are more extensively degraded and then 
built up into “complex-type” chains with a constant core structure of 
Man,GlcNAc,. To achieve this core structure, four further mannose units are 
removed from the Man,GlcNAc, structure followed by the transfer of GlcNAc to 
a remaining mannose unit; only after this additional residue is added are two more 
mannose units removed. Further transfers of N-acetylglucosamine, galactose, sialic 
acid and fucose may then be catalysed by a series of glycosyl transfer reactions. The 

outer chains of these complex-type structures may be relatively short or large and 
highly branched. The unravelling of these highly complex pathways has been a 
major tour de force resulting from intense activity in many different laborato- 
ries27,29-31,64. Two papers in this issue relate to activities of glycosyltransferases in- 
volved at certain stages in the biosynthesis of N-linked chains; one is concerned 
with the enzyme catalysing mannosyl transfer to dolichyl phosphate6s and the other 
with the effect of the addition of a “bisecting” iV-acetylglucosamine residue on the 
binding of biantennary complex oligosaccharides to lectin@. 

The vital importance of glycosylation for the biological activity of many 
proteins is becoming increasingly apparent as attempts are made to genetically 
engineer functional proteins for medical and industrial purposes. The introduction 

of reagents that inhibit synthesis and processing of N-linked chains27 has made it 
possible to study the effects of alterations of glycosylation on the function of 
proteins. The results of perturbation of processing on the activity of the neurotoxin 
responsive Na+ channels in mouse neuroblastoma cells forms the subject of a report 
in this issue6’. The glycosylation of a fungal glucosyltransferase itself is also con- 
sidered in a paper@ demonstrating that antibodies raised against the purified 

enzyme are specific for the carbohydrate moiety of the glycoprotein. This is an 
aspect that has to be explored before antibodies to glycosyltransferases are used for 
the localisation of the enzymes in tissue slices or on cell surfaces, because antibodies 
specific for carbohydrate structures are likely to detect a wider range of molecules 
than simply the glycosyltransferase which was used as the immunogen. 

Although the glycosyltransferases involved in the biosynthesis of poly- 
saccharides such as glycogen, starch and cellulose have been extensively studiedz, 
problems of regulation and initiation of synthesis remain to be solved. One paper 
in this issue invokes a unique guanosyl oligonucleotide as an activator of cellulose 
synthesis is Acetobacter xyliniunP and the authors of a second paper conclude that 

a covalently linked protein functions as a primer of glycogen synthesis by the liver’“. 
These two papers should each provide a stimulus for further research in these areas. 
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FUTURE PROSPECTS 

Although very substantial developments have taken place in the last three 
decades in our knowledge of the occurrence and properties of the glycosyl- 
transferases, many facets of the role of these enzymes in the biosynthesis and 
regulation of carbohydrate structures have still to be clarified. As with all forms of 
research, the most exciting advances are likely to be those not yet anticipated-but 
certain areas are obviously ready for exploitation. A number of the enzymes 
necessary for the biosynthesis of known glycosidic linkages remain to be identified 
and relatively few of the glycosyltransferases that have been character&d have yet 
been purified to homogeneity. The introduction of affinity chromatographic 
method6 has been a major advance in the purification of the glycosyltransferases, 
but progress in the isolation of pure enzyme proteins in amounts sufficient for 
structural studies is frequently hampered by the very low concentrations in which 
the enzymes occur in tissues and body fluids. 

Isolation of the genes encoding the glycosyltransferases, followed by insertion 
of the DNA into microorganisms, may be one route by which larger quantities of 
enzyme proteins will eventually be obtained. Successful procedures for cloning 
bacterial glycosyltransferase genes have been described71v72 and a start has been 
made on eukaryotic genes with the report of the isolation of a cDNA clone that 
produces a fusion protein reacting with an antibody raised against a sialyl- 
transferase from rat livern. The isolation of the ABO blood group genes would 
enable an answer to be obtained to the vexed questions of how the allelic A and B 
genes encode enzymes with qualitatively different sugar specificities and whether 
the 0 gene encodes an enzymically inactive protein. This system should also serve 
as a model for the determination of the extent of alteration in the base composition 
of the DNA, and hence of the amino acid sequence of the protein, necessary to 
change the specificity of the glycosyltransferase from one sugar to another. The 
suggestion that the secretor gene, Se, is not, as earlier thought, a regulator gene 
controlling the expression of the blood group H gene but a second structural gene 
encoding an a-(1+2)-L-fucosyltransferase74 is also amenable to exploration by 
molecular genetic techniques. 

Despite the spectacular advances in the information concerning the pathways 
of biosynthesis of N-linked oligosaccharide chains, the factors that direct the 
terminal processing reactions and regulate the subsequent glycosylation events are 
only just beginning to be understood”; considerable progress can therefore be 
expected in deciphering the signals that determine which of the many possible 
structures the mature oligosaccharides will assume. Early biochemical analysis of 
subcellular fractions demonstrated glycosyltransferase activities in the endopiasmic 
reticulum and Golgi apparatusa and more recent studies have shown that the 
enzymes catalysing terminal glycosylation occur iu different Golgi subcellular 
fractions from those involved in the earlier steps 75. The availability of antibodies to 
the purified glycosyltransferases is now making possible the precise localisation of 
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the enzymes by immunoelectron microscopy76 and this technique can be expected 
to find much wider application in the future. 

The oligosaccharide units of glycoproteins and/or glycolipids have been 
implicated in a wide variety of normal biological functions including cell-cell 
recognition, cell adhesion, cell differentiation, the clearance of glycoproteins from 
the blood, the compartmentalisation of lysosomal enzymes, the binding of 
antibodies and lectins to cell surfaces and the binding of toxins and microorganisms 
to host cells”~3r. Purified glycosyltransferases provide powerful tools for probing 
many of these structure-function relationships since removal of sugars from glyco- 
proteins or glycolipids with cxoglycosidases, followed by reglycosylation enables 
the importance of the monosaccharide added, and the linkage attachment of that 
sugar, to be assessed in relation to biological activity. A simple early example of 
this technique was the demonstration that ceruloplasmin was rapidly cleared from 
the circulation after neuraminidase treatment and that the elimination could be 
prevented by resialylation of the glycoprotein with a sialyltransferase”. A report in 
this issue describes the use of a similar technique to examine the role of sialic acid 
in the binding of erythrocytes to macrophages7s and numerous other examples 
could be quoted. The availability of a wider range of highly purified glycosyl- 
transferases of precisely established acceptor specificity should enable this method 
to be extendedto the elucidation of many of the unresolved questions relating to 
the functions of oligosaccharides. 

As more glycosyltransferases are discovered, there is an increasing demand 
for the well-characterised oligosaccharide substrates that are needed in specificity 
studies; it is to be anticipated that more extensive use will be made of purified 
glycosyltransferases for the biosynthesis of oligosaccharides31.32, especially for those 
structures which have yet to be synthesised by chemical procedures. Two previously 
undescribed glycosyltransferases involved in the biosynthesis of human blood group 
characters are reported in this issue KJNJ but the enzyme responsible for this forma- 
tion of the P, antigen in the blood group P system remains to be identified. A 
further profitable approach to the study of glycosyltransferases under controlled 
conditions is the use of cultured cell lines. Enzymes occurring in cultured cells are 
described in two papers in this issue67*x1 and an extension of this approach, which 
has already proved effective in providing information on the genesis of cell surface 
oligosaccharidess2, is the isolation of mutant cell lines. 

This catalogue of applications of the glycosyltransferases, and of methods 
used to investigate their distribution, properties and functions could be extended 
still further, especially in relation to changes in enzyme expression occurring in 
disease states. Suffice it to say that the discovery of the glycosyltransferases opened 
up an area of research which is now being rapidly developed and becoming of 
increasing importance in biochemistry and medicine. 
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