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Oligosaccharides play many important roles in biologi- 

cal processes and in pathology. Combinatorial library 

technologies for the rapid identification of potential 

oligosaccharide and glycoconjugate drugs could provide 

valuable tools for drug discovery, although rapid and effi- 

cient access to library constituents would be required. 

Developments in the solid-phase synthesis of oligosac- 

charides and glycoconjugates will provide the tools for 

medicinal chemists to generate combinatorial libraries 

of these complex systems in the future. 

0 
ligosaccharides play many important roles in bio- 

logical processes’-3, including involvement in the 

processes of cellular trafficking, cellular differen- 

tiation, cell-cell adhesion, hormone-cell recogni- 
tion, and viral-host cell* and bacterial-host cell5 attachment. 

Consequently, their involvement is implicated in many dis- 

eases, such as cancer, inflammatory disorders, cardiovascular 
diseases, microbial infections and lysosomal storage diseasesI. 

Saccharides have long been known to be important constitu- 

ents of medicinally important agents, such as the antitumor 
antibiotics, cardiac glycosides, and gangliosides. For example, 

the oligosaccharide moieties of the antitumor antibiotics 

ciclamycin and calicheamicin are important in the DNA recog- 
nition processes critical for the activity of the compounds. 

Cardiac glycosides, such as digoxin, are steroids conjugated 

to a trisaccharide. Gangliosides, lipid-oligosaccharide 

conjugates, have been used to treat spinal cord injury. Attach- 
ment of carbohydrates to peptides to form neoglycoconjugates 

helps to stabilize the peptide against degradation and 

occasionally facilitates transport of the peptide across biologi- 
cal barriers&. The use of saccharides as rigid scaffolding for 

presenting key functional elements in a defined arrangement 

for the identification of new receptor ligands is another area 
of great promise+“. Access to the molecular diversity of 

carbohydrates would, therefore, be valuable for drug discov- 

ery in the areas of biologically significant oligosaccharides and 

analogs, glycoconjugates and analogs, neoglycoconjugates 

and carbohydrate molecular scaffolding. 
Combinatorial library technology as a new paradigm for 

accelerating the identification of novel lead structures by 

rapidly generating vast chemical diversity has gained wide 
acceptance in the drug discovery community12J3. The rapid 

synthesis of many compounds, either as mixtures or in a spa- 

tially arrayed format, has depended on the application of 

reliable chemistry, either on solid phase or in solution1b16. 
Coupled with novel deconvolution strategies and micro- 

sequencing techniques that enable the identification of the 

biologically active members of a mixture or an array, these 
developments in chemical library generation have significantly 

expanded the capabilities of medicinal chemists. 

The new techniques have, however, been primarily applied 
to the generation of peptide17J8 and oligonucleotidel9 libraries 

and a few libraries of small molecules2S2j. Meanwhile, the 

application of library technology to the synthesis of oligosac- 

charides and glycoconjugates has largely been ignored. 

Primary reasons include the complexity of the monosacchar- 
ide building block involving multiple reactive sites, the lack 
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of a single universal reaction for forming glycosidic bonds of a carbohydrate-based library. The attractive aspects of solid- 
that can be applied reliably to a wide variety of substrates, either phase synthesis include the use of excess reagents to drive the 
in solution or on the solid phase, and the absence of well- reactions to completion and therefore obtain high chemical 
developed solid-phase technology that is applicable to the yields, and the elimination of tedious work-up and purification 
synthesis of oligosaccharides or giycoconjugates using combi- steps. Compared with the solid-phase synthesis of peptides 
natorial approaches. Other issues to be addressed include and oligonucleotides, however, the solid-phase synthesis of 
methods and strategies for deconvoluting complex mixtures oligosaccharides is hampered by both stereochemical and con- 
of oligosaccharides or glycoconjugates. Microsequencing tech- centrated functional group complexity. The stereochemistry of 
niques and amplification technologies similar to those used a glycosidic linkage can be either o! (axial) or j3 (equatorial), and 
for peptides and oligonucleotides are not available, and library- the presence of multiple reactive sites on a monosaccharide unit 
encoding methods being developed for some small molecule complicates molecular construction because of the need to en- 
libraries have not yet been applied to such complex molecules sure site-selective glycosylation. Oligosaccharide construction is 
as oligosaccharides or glycoconjugatesW2. Of all of these issues, different from that of peptides and oligonucleotides in the need 
however, the most significant is the ability to prepare the library to access both linear and branched systems and to construct 
constituents rapidly, efficiently and with sufficient purity. glycosidic linkages to sites with widely different reactivities. 

Solid-phase synthesis of oligosaccharides 

Much effort has been directed towards the development of 

technologies such as solid-phase oligosaccharide synthesis that 

are suitable for rapid and efficient generation of the constituents 

Solid-phase synthesis of oligosaccharides using existing 
glycosylation chemistries was first attempted approximately 

25 years ago (Figure 1)3337. These attempts demonstrated that 

it is possible to attach a carbohydrate to a polymer support, 

then glycosylate the polymer-bound monosaccharide and 
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Figure 1. 7be first reported example of solid-phase synthesis of an oligosaccharide. i%e glycosidic bond is formed by 
alcoholysis of an anomerk bromide glycosyl donor. i%e polymeric support is polystyrene divinylbenzene copolymer. 
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remove the product from the solid support. Solid-supported 

synthesis of oligosaccharide-like systems, in which the 
monosaccharides were linked by phosphate units, was 

also reported by different authors, but in these cases the 

difficult-to-form glycosidic linkage was replaced by the well- 

developed phosphodiester bond construction (Figure @HO. 
Recently, new efforts directed toward solid-phase synthesis 

of oligosaccharides are providing solutions. Application not 
only of traditional solid supports such as polystyrene resins 

and controlled-pore glass, but also of soluble polymeric sys- 

tems based on polyethyleneglycol are now being used for 

polymer-supported oligosaccharide synthesis (Figure 3)4i-““. 
Although the application of more traditional glycosylation 

chemistries is being investigated for polymer-supported syn- 

thesis45.46, it is the development of new and efficient glycosyl- 

ation technologies that increasingly appears to provide a solu- 
tion to the problem of solid-phase carbohydrate chemistry. 

Solid-phase technologies that show promise for potential 

practical application include those based on glycosylsulfoxide 
(Figure 4)4734*, glycal (Figure 5) +--jl, trichloromethylimidate 

(Figure 3)4i,42,*4z4j and enzymatic (Figure 6>52,53 glycosylation 

technologies. These technologies for solid-phase oligosac- 
charide synthesis hold great promise for application to the 

generation of oligosaccharide and glycoconjugate libraries, 

but many issues remain unresolvedsq. The ideal strategy for 

solid-phase synthesis of oligosaccharides would, for example, 
use a single glycosyl donor technology to construct each 

glycosidic linkage, irrespective of whether it is to a primary or 

secondary alcohol or of a or j3 stereochemistry at the anomeric 
center, The single donor approach reduces the number of 

glycosyl donors and simplifies the optimization of the 

chemistries required to synthesize an oligosaccharide library 
on the solid phase. This ability has only been demonstated for 

the glycosylsulfoxide-based solid-phase method*‘. In addition, 

even under optimized solution conditions, the formation of a 

linkages to sialic acid and p linkages to mannose is very 
difficult and still remains a serious challenge for current solid- 

phase methodologies. Also, because saccharides are poly- 

functional molecules with multiple potential glycosylation 

sites and so a unified strategy for protecting functional groups 
is needed for use with any nonenzymatic solid-phase 

approach. Even with present limitations, however, it is poss- 

ible to generate oligosaccharide libraries with considerable 
molecular diversity. 

Solid-phase synthesis of glycoconjugates 
Solid-phase preparation of glycoconjugates has focused 

.primarily on glycopeptides, because of their immense biological 
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F&w-e 2. Synthesis of teichoic acid substructure using solid-phase synthesis - an example of solid-phase synthesis in 
which the building blocks consist of monosaccharide substructures lin&ed byphosphodiester bonds. R, BOM. 
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Figure 3 Glycosylation using a solublepolymer-bound 
glycosyl acceptor and trkhloromethylimidate glycosyl 
donor technology. The reactants are completely soluble 
in the reaction mixture and the polymer-bound 
product is precipitated when the reaction is complete, 
tbusfacilitatingproductpurification. 

significance55-59. Solid-phase 0 or N-linked glycopeptide syn- 

thesis has relied on two approaches, the ‘convergent’ or 

‘building blocks’ methods (Figures 7 and 8)6Mz. Typically, 
however, in neither approach is glycosylation performed 

on the solid phase. Each approach takes advantage of the 
well-established amide-bond-forming reaction to build the 

glycopeptide. The ‘convergent’ approach uses a C-l amino- 

derivatized saccharide and constructs an amide bond to an 

activated carboxylate group of a resin-bound peptide@. It has 
been demonstrated that the use of the convergent approach 

for the formation of an amide linkage between a C-l amino- 

functionalized saccharide and an active ester of the peptide 

does not require the use of hydroxyl-protecting groups on the 
saccharide unit (Figure 9Ps65. In another example of the use 

of the convergent strategy, the oligosaccharide was con- 

structed on the solid phase and coupled to a peptide via a car- 
boxylate group on the peptide and the C-l amino group of 

the polymer-bound oligosaccharide@. 

The ‘building blocks’ approach requires the synthesis of the 
desired N or Olinked glycosylated and appropriately pro- 

tected ammo acids, which are then used in standard solid- 

phase peptide synthesis (Figure 10)67-78. This approach has 

been used extensively to build glycopeptides in which the 

position of the saccharide unit varies within the peptide 
sequence. 

Enzyme technology has also been applied to the solid- 

phase synthesis of glycopeptides. The use of enzymes to 

construct glycopeptides has focused primarily on the use of 
glycosyltransferases to extend the saccharide unit from a pre- 

formed glycopeptide fragment (Figure 11)52~79~so. Advantages 

associated with enzyme technology include the ability to 
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FEgure 4. Solid-phase synthesis of oligosaccbarides using glycosylsulfoxide donor technology. The polymer support is 
Merrifield resin, a polystyrene divinylbenzene copolymer. 
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Figure 5. Solid-phase synthesis of oligosaccharides using glycal-based donor technology. i%epolymer support is 
polystyrene divinylbenzene copolymer 
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Figure 6 Solid-phase synthesis of oligosaccbarides using enzyme-based glycosylation technology. i%e polymer support 
is controlled-pore glass. 
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Figure Z 7&e convepent approach for the construction of glycopqtides on the solid phase. Typically, the amino acid 
chain is built on the polymer support, and tbepresyntbesized saccbaride unit is then coupled to the resin-bound 
peptide by an amide bond employing the C-l amino derivative of the saccbaride. X, Acid activating group. 
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Figure 8. The building blocks approach for the construction of a glycopeptide on the solid phase. Typically, a 
monosaccharide or oligosaccbaride is attached to a single amino acid in which the a-amino group is protected. The 
carboxylic acid functionality is then converted to an active esterfollowed by use as a building block in solid-phase 
peptide synthesis. X, acid activating group; P, amine protecting group. 

Figure 9. Application of the convergent strategy for solid-phase glycopeptide synthesis. An unprotected C-l amino- 
functionalized monosaccharide or oligosaccharide is coupled to a glutamic acid residue. 7hepolymer support is a 
bolystyrene resin with a highly acid-labile linker (super acid-sensitive resin; SASRIN]. 
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F@we 10. Typical example of a ‘building block’for 
glycopeptide synthesis. Use ofpentajluorophenyl esters 
as activated forms of the acid terminus is a key feature 
of this type of building block. 

provide efficient and stereospecific glycosidic bond formation 

cosubstrate.93. 

and the elimination of the need to use protecting groups on 

the carbohydrate moieties. Although enzyme-compatible 
resins have been developed, reducing the general problem of 

the accessibility of the interior of polymeric resin beads to the 
enzyme'9,81.8", enzyme-based solid-phase chemistry is still 

limited by low reaction rates and the availability of 
glycosyltransferases and their sugar-phosphate-nucleotide 

Access to the carbohydrate diversity of a glycopeptide is 

currently only limited by the availability of the necessary sac- 

be necessary to prepare the saccharide units. 

charide units, irrespective of strategy. Application of the 

‘building blocks’ strategy requires that each iV or Olinked 

amino acid saccharide unit be synthesized separately. Thus, 
with the ‘building blocks’ approach although it is easy to vary 

the position of the carbohydrate-containing amino acid, it is 
not as easy to vary the nature of the carbohydrate itself with- 

out constructing a new building block. This approach also 

requires glycosidic linkages to survive repeated exposure to 
various types of chemistry during the construction of a full 

glycopeptide. In spite of these limitations, by application of 

the split resin technique, the ‘building blocks’ strategy has 

yielded glycopeptide libraries of modest size-. The gener- 
ation of a small library of glycopeptides by the convergent 

strategy has been accomplished by amino-derivatization of 

the reducing end of several commercially available oligosac- 
charides then formation of amide bonds to a series of car- 

boxyl-containing resin-bound peptide@. Currently, only N- 

linked oligosaccharides can be effectively accessed by the 

convergent approach. If access to other than the limited num- 
ber of commercially available saccharides is required, it will 
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Figure II. Solid-phase synthesis of &copeptides using enzyme-based glycosylation technology. 7be solid suppO?f is an 
amino-functionalized silica. 
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Conclusion 

The key element needed for generating carbohydrate-based 
chemical libraries for screening against biological targets is a 

chemical technology that enables rapid and efficient gener- 

ation of the constituents of the library. Associated technologies, 
such as sequencing methods and library deconvolution 

methods, would be very valuable but are currently not 

necessary to begin the preparation of carbohydrate-based 
libraries. Through use of a spatially arrayed reaction format 

and information handling systems, access to oligosaccharide 

and glycoconjugate diversity is possible with currently 
available solid-phase synthesis technologies. 
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