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This feature article describes the development of the first
automated solid-phase oligosaccharide synthesizer. A series of
chemical challenges had to be addressed to accomplish this
breakthrough and provide rapid access to oligosaccharides of
biological significance. Accelerated synthesis of glycoconjugates
promises to greatly impact the emerging field of glycobiology.
Chemical glycomics uses synthetic carbohydrates and analogs
to study their role in recognition, signal transduction pathways
and other events of fundamental biomedical significance and
shapes up to become the next major wave in biomedical
research. The automated synthesis of a novel malaria vaccine
candidate is discussed to illustrate the medical potential of
chemical glycomics.

Three repeating biopolymers are responsible for most of the
signa transduction processes in living organisms—nucleic
acids, proteins and glycoconjugates. Therole of nucleic acidsas
well as peptides and proteins has been extensively studied and
many tools are available to elucidate their structure, function
and interactions with other biomolecules. Genomics and
proteomics are areas of much activity in the biochemical,
biomedical, biotechnology and pharmaceutical areas. Funda-
mental breakthroughs in basic science and emerging new
technologies have fuelled these developments. A host of new
therapeutic targets is vigorously pursued as our understanding
of nucleic acids and proteins has significantly improved. In
recent years, a fairly well-defined picture of protein—protein
interactions, protein—nucleic acid interactions and nucleic acid—
nucleic acid interactions emerged (Fig. 1) and has been
exploited in a series of therapeutic approaches aiming to
modify, enhance or disrupt these interactions. Carbohydrates,
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Fig. 1 Interactions of the three main biopolymers.

the third major class of biopolymers, have seen less interest
from adrug devel opment perspective asfundamental glycobiol-
ogy is less well understood.

Two major technological breakthroughs helped genomics
and proteomicsto blossom. The sequencing of oligonucleotides
and proteinsis automated and allows for the composition of an
unknown sample to be determined quickly and reliably, thereby
providing a starting point for structure—function studies and the
design of modifications. In addition, the synthesis of defined
oligonucleotidest and peptides? can now be achieved by non-
experts in an automated fashion. Modified oligonucleotides,
peptides and proteins have found use as research tools and
therapeutic agents.

Glycomics—a term recently introduced to describe glyco-
biology and the interaction of carbohydrates with the other two
major classes of biopolymers has trailed the explosive growth
seen in genomics and proteomics. Carbohydrates are a highly
complex and diverse class of biopolymers commonly found in
nature as glycoconjugates (glycoproteins and glycolipids).3
Unlike oligonucleotides and peptides, carbohydrates are not just
linear oligomers, but are often branched. The nine common
monosaccharides found in mammalian cells can be combined in
adazzling variety of ways to form structures more diverse than
those accessible with the twenty naturally occurring amino
acids or four nucleotides. This structural complexity rendersthe
isolation of pure carbohydrates from natural sources extremely
difficult, when at all possible. No amplification methods
anal ogous to the polymerase chain reaction (PCR) for DNA are
available for carbohydrates. Until recently the identification of
specific carbohydrate sequences responsible for a particular
interaction had been hampered greatly by the unavailability of
generaly applicable sequencing methods. While this short-
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coming has been addressed by several groups4 segquencing
remains a skill practised by a few expert laboratories.

Accessto pure carbohydrates for biological, biochemical and
biophysical studies relies on chemical or enzymatic synthesis.
Given the structural complexity of carbohydrates, regio- and
stereosel ectivity of glycosylation reactions is the key challenge
for the assembly of oligosaccharides.> Synthetic chemists have
developed increasingly powerful and versatile methods that
have resulted in the assembly of ever more complex oligo-
saccharides and glycosaminoglycans. Still, the preparation of
such structuresis technically difficult, extremely time consum-
ing and is carried out by afew highly specialized laboratories.
Advances in enzymatic synthesis and in automated synthesis
planning have alleviated some of these challenges,® but still no
automated synthesis method was available until recently to fuel
the growing need for defined oligosaccharide structures as
glycomics efforts gather steam. In this feature article, the
development of the first automated oligosaccharide synthesizer
is summarized.

Solid phase synthesis has proven extremely efficient for the
assembly of peptides and oligonucleotides asit does not require
purification after each reaction step, utilizes excess reagent to
drive reactions to completion and lends itself to automation.1.2
A series of different approaches to solid phase oligosaccharide
synthesis had been described and all critical aspects including
the choice of synthetic strategy, differentially protected glyco-
sylating agents, solid support materials, and linkersto attach the
first monosaccharide to the support matrix were explored.”

Much progress concerning different aspects of solid phase
oligosaccharide assembly had been made, but no generaly
applicable approach had evolved when we began our efforts
towards an automated solid phase oligosaccharide synthesizer
in 1998.7 We decided to utilize the acceptor bound approach and
to attach the anomeric position of the reducing end sugar to the
solid support. This strategy had been selected by many other
groups as well since the glycosylating agent, the reactive
species, can be used in excess to drive the glycosidic bond
forming reaction to completion. Decomposed glycosyl donor
can be simply removed by washing the resin.

Although a host of powerful glycosylating agents had been
developed over the past century, we focused initialy on the
establishment of a novel, readily prepared, effective and
versatile glycosylating agent. Inspired by nature's use of
glycosyl nuclectide diphosphates in glycosyl transferase reac-
tions, we focused our attention on glycosyl phosphate triesters
(glycosyl phosphates) (Scheme 1). Glycosyl phosphates had
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Scheme 1 Synthesis of glycosyl phosphate triesters from glycal precursors.
R: protecting groups; R”: Bn or butyl, R”: Ac, Bz, or Piv.

been reported previously to function as glycosylating agents but
were considered too cumbersome to prepare and too unstable
for routine use in glycosylation reactions.®8 Differentially
protected glycals proved convenient starting materials for a
three step, one-pot procedure ensuring the rapid procurement of
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different glycosyl phosphates and dithiophosphates. Epoxida-
tion with dimethyl dioxirane (DM DO) wasfollowed by opening
of the 1,2-anhydrosugar with a phosphoric acid diester to result
in the installation of the anomeric phosphate. Depending on the
nature of the solvent used for the opening of the epoxide, either
the morereactive $-phosphates or the very stable somewhat less
reactive «-phosphates were preferentially formed.® Acylation
of the C2 hydroxyl group produced the desired glycosyl
phosphates in good to excellent yield following filtration
through ashort plug of silicagel. While glycosyl phosphates are
relatively labile under acidic conditions, in pure form they can
be stored for many months in the refrigerator (3-phosphates)
and even at room temperature («-phosphates).10

After ready access to glycosyl phosphates had been estab-
lished, treatment with trimethyl silyltriflate (TMSOTf) or tert-
butyldimethyl silyl triflate (TBSOTT) resulted in high yielding
glycosylation reactions, at low temperature and very short
reaction times.810 A host of cis- and trans-glycosidic linkages
was accessible in excellent yield and complete selectivity. In
addition to hydroxy! groups, thiols, C-alkyl and C-aryl groups
also functioned as nucleophiles in glycosylation reactions to
form thioglycosides and C-glycosides (Scheme 2). These
methods served well in natural products total synthesis.11

PivO OR
thiols
1°, 2° hydroxyls TBSOTY
phenols CH,Cl, -78°[C
TBSOTf
CH,Cl,
78°C Bno o
5 min BnO SR
BnO
BnO PivO
BnO O
Dimethylbergenin BnO OR
PivO

Scheme 2 Glycosyl phosphates as versatile glycosylating reagents.

Besides establishing glycosyl phosphates as anovel glycosyl
building block, attention was also paid to the development of
protective groups that may be selectively removed from a
complex carbohydrate in order to form branched oligosacchar-
ides. Halobenzyl ether protective groupsthat can be removed by
palladium catalyzed aryl amination followed by treatment with
acid expanded the ether protecting group assortment.12 The
2-azidomethyl benzoate can be removed via Staudinger reduc-
tion under neutral conditions and served well in the assembly of
larger structures.13 A variety of different glycosyl phosphate
building blocks equipped with a range of protecting group
patterns was prepared for use on solid support.

With building blocks capable of efficient and selective
glycosylations at hand, the linker, the crucia protective group
connecting the first sugar and the solid support had to be
selected. Thislinker hasto withstand all chemistries throughout
the assembly process, but hasto succumb rapidly and efficiently
to cleavage conditions. An alkene containing linker was chosen
as a unique functional group otherwise not found in naturally
occurring oligosaccharides. We introduced an octenediol linker
that is readily accessible from cyclooctadiene, easily installed
and allows for the cleavage of the oligosaccharides from solid
support in form of n-pentenyl glycosides by olefin cross-
metathesis (Scheme 3).14 n-Pentenyl glycosides offer much
flexibility since they may serve as glycosylating agents and
facilitate a host of reactions to connect oligosaccharides
released from the solid support to surfaces, proteins or labels.15



O/\cu

Merrifield's resin

2) NaH, MeOH
3) 3%dichloroacetic acid

Glycosylations
—— = Oligosaccharides by block couplings

Gubbs cat.

OR
Ethylene RO 0

OR"

Polystyrene resins such as Merrifield's resin (chloromethyl
polystyrene) and macroporous polystyrene (e.g. Argopore™)
were readily equipped with the octenediol linker and served in
the subsequent solid phase assembly of oligosaccharides.

Linear oligosaccharides were the first target of solid phase
assembly. Initialy, manual solid phase experiments established
that the assembly of linear sequences of glucoses and mannoses
using glycosyl phosphates and glycosy! trichloroacetimidates
was quite straightforward.14 Still, lengthy washing and drying
steps limited oligosaccharide el ongation to incorporation of one
building block per day.

The repetitive nature of the coupling and deprotection steps
involved in oligosaccharide assembly suggested the use of an
automated synthesizer to carry out all manipulations. Severa
practica matters had to be considered in designing an
automated oligosaccharide synthesizer. The scale of the reac-
tion should be flexible since anywhere from milligrams of
oligosaccharide to grams of product should be accessible. The
addition of each building block should be as fast as possible
without compromising coupling or deprotection efficiencies.
Finally, glycosylation reactions require low temperatures in
contrast to amide bond and phosphate diester formation in
peptide and nucleic acid synthesis. Rather than designing an
entire new synthesizer we adapted an ABI 433 peptide
synthesizer (Fig. 2).16 The saccharide building blocks are stored
in cartridges that are advanced toward an intake needle in the
order of incorporation. All other reagents and solvents are kept
in argon-pressurized bottles and delivered to the reaction vessel
via aseries of valves. The reactions occur in a custom designed,
doublewalled, coolable reaction vessel that may be vortexed. A
chiller alows for the adjustment of the reaction temperature
from —25 °C to +40 °C. The reaction vessel can be purged by
forcing the solution through the frit at the bottom of the reaction
vessel by argon pressure.

Based on the experience from sol ution phase experiments, we
utilized acoupling cycle (Table 1) consisting of a coupling step
using five equivalents of glycosylating agent that was repeated
to ensure high coupling yields, followed by a deprotection step
that was al so repeated.16 After a series of washing stepsthe next
cycle began. Similar coupling cycles were used for the
incorporation of glycosyl trichloroacetimidates differing in the
amount of activator and the reaction temperature. After the
utility of this automated approach had been demonstrated on
some linear oligosaccharides, the synthesis of biologically
relevant carbohydrates was undertaken.

Initially we focused on the automated assembly of the
phytoalexin elicitor B-glucan (Scheme 4). This class of
moleculesisimportant for signalling in plants and has served as
a benchmark to evaluate new synthetic methodologies for
carbohydrate synthesis.1” To facilitate the synthetic process we
decided to address the challenge of constructing a branched
structure by initially incorporating a disaccharide into a linear
assembly scheme. Monosaccharide 2 and disaccharide building
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Fig. 2 Thefirst automated oligosaccharide synthesizr based on an ABI 433
peptide synthesizer.

Table 1 Coupling cycles used with phosphate donors

Step  Function Reagent Time/min
1 Couple 5 Equiv. donor and 5 equiv. TMSOTf 30
2 Wash Dichloromethane 6
3 Couple 5 Equiv. donor and 5 equiv. TMSOTf 30
4 Wash 1:9 Methanol : dichloromethane 4
5 Wash Tetrahydrofuran 4
6 Wash 3:2 Pyridine : acetic acid 3
7 Deprotection 2 x 20 Equiv. hydrazine (3 : 2 80

pyridine : acetic acid)
8 Wash 3:2 Pyridine : acetic acid 3
9 Wash 1:9 Methanol : dichloromethane 4

10 Wash 0.2 M Acetic acid in tetrahydrofuran 4

11 Wash Tetrahydrofuran 4

12 Wash Dichloromethane 6

block 3 were incorporated in an alternating fashion. Using our
standard coupling cycle, hexasaccharide 4 was obtained after 9
h, followed by cleavage from the solid support. Synthesis of the
dodecasaccharide 5 proved equally facile and was accom-
plished in 16 h after purification by HPLC.16

As is the case for the other repeating biopolymers, nucleic
acidsand peptides, the formation of internal deletion sequences,
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Scheme 4 Automated solid phase synthesis of 3-phytoalexin elicitor glucans using glycosyl phosphate building blocks.

caused by incomplete couplings during solid phase assembly,
are the most difficult impurities to remove at the end of the
synthesis. Inspired by the capping steps used routinely in
oligonucleotide assembly, we explored a ‘ cap-tag’ approach.18
In addition to placing a cap on al hydroxyl groups that did not
react during the coupling step, the chemical moiety introduced
torender the hydroxyl group unreactive, aso served asatag that
destined al oligosaccharides marked for ready removal at the
end of the synthesis. Two cap-tags were introduced (Scheme 5).

o \(
ﬁ)l\o — Oligosaccharide > Sli — O — Oligosaccharide

Ns CH,CH,(CF,);CF3

A-Tag F-Tag

Scheme 5 Cap-tags to facilitate purification of the products of automated
oligosaccharide syntheses.

An azide containing tag (A-Tag) was reduced after assembly
was compl ete and could be removed by exposure to a scavenger
resin. Alternatively, fluorous technology was employed by
placement of a fluorinated silyl ether (F-Tag). Deletion
sequences marked in this manner were readily removed by
passing the reaction mixture after cleavage from the solid
support through acolumn of fluoroussilicagel. The purification
of oligosaccharides assembled by using this cap-tag step were
significantly simplified as demonstrated on the synthesis of a
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trisaccharide using short coupling times and suboptimal
amounts of building blocksin order to result in couplings of low
efficiency (75%). Thisexampleillustrated the power of the cap-
tag approach to massively simplify the purification of oligo-
saccharide syntheses.18

Following a series of methodological advancesand theinitial
proof of principal of the automated oligosaccharide synthesizer
that accelerates carbohydrate assembly 50-100 fold, we
intended to utilize this instrument to address biochemical and
biomedical questions. In the context of specific target structures
required for biological studies, the scope of the automated
synthesizer was extended. Branched oligosaccharides had
previously been accessed via incorporation of disaccharides
(Scheme 6).16 A branched cap tetrasaccharide, found ex-
clusively on the cell surface of the protozoan parasite Leishma-
nia served as the initia synthetic challenge in accessing
branched structures.1® The central mannose building block 9
was equipped with orthogonal acetate and levulinate ester
protecting groups. After attachment to the solid support, the
levulinate was selectively removed, followed by installation of
glactose phosphate 10. Addition of two additional mannose
trichloroacetimidates 11 furnished the desired tetrasaccharide
12 injust 9 h (Scheme 7).1° This synthesis demonstrated that
branched structures are accessible by automation, using differ-
ent temporary protecting groups while also showing that
different glycosylating reagents can be incorporated into one
automated synthesis cycle. The tetrasaccharide obtained from
this synthesis was conjugated to acarrier protein and has shown
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Scheme 7 Automated synthesis of the Leishmania cap tetrasacharide.

promising results in initial animal experiments targeted at the
development of a synthetic leishmaniasis vaccine.20

Automated assembly of an anti-toxin malaria
vaccine

Malaria has been detrimental to the development of many poor
countries. This infectious disease afflicts currently 5% of the
world’ s population, resulting in 100 million clinical casesand 3
million deaths per year. A vaccine against this disease would be
of great importance as current trestments are facing increasingly
resistant parasites. To illustrate the potentia of chemical
glycomics to fundamentally impact medicine, the automated
oligosaccharide synthesizer was applied to the development of

a synthetic anti-toxin malaria vaccine. Much of malaria’s
mortality is due to an inflammatory cascade initiated by a
glycosylphosphatidylinositol (GPI) malarial toxin, released
when parasites rupture the host’s red blood cells. We demon-
strated that anti-GPI vaccination can prevent malarial pathology
in an animal model. Mice immunized with chemically synthe-
sized GPI 13 (Fig. 3) bound to a carrier protein were

OH oy
HO O 0 .
Ho _—R-O(CHy),NH

—

o] o
HO O
HO
OH

OM

13 HO AN ) 00 o

O\Z/Jﬁ(;H
P\
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Fig. 3 The anti-toxin malaria GPI vaccine candidate.

substantially protected from death caused by malaria para-
sites.21 Between 60 and 75% of vaccinated mice survived,
compared to a 0 to 9% survival rate for unvaccinated mice.
While the solution-phase synthesis of 13 allowed for the
procurement of much larger amounts of GPI than through
isolation of natural GPI, faster access to 13 was important for
the further development of anti-toxin malaria vaccines.

Ideally, the entire carbohydrate skeleton would be prepared
on solid phase, but the « linkage between inositol and
glucosamine presented too great a challenge to a fully
automated approach at thistime. Thus, GPI 13 wasto bederived
from disaccharide 15 prepared in solution and tetra-mannosy!
fragment 14 rapidly prepared using automated solid-phase
methodology (Scheme 8).22 The two fragments were to be
joined to fashion a hexasaccharide for further elaboration to
vaccine 13. Tetrasaccharide 14a was accessed by automated
solid phase synthesis using the readily available trichlor-
oacetimidate building blocks 11, 16-18 (Scheme 9).

Cleavage of the octenediol linker using Grubbs’ catalystinan
atmosphere of ethylene provided n-pentenyl tetrasaccharide
14a in just 9 h. Conversion of 14a into the corresponding
tetrasaccharide trichloroacetimidate 14b was followed by union
with disaccharide 15 to afford a fully protected 20. Further
elaboration and remova of all protective groups furnished

malarial toxin 13 in the manner previously outlined (Scheme
9).22

Current work

Currently, much effort is directed at identifying a defined set of
building blocks that will allow access to most naturally
occurring structures. More efficient syntheses for the approx-
imately 50 building blocks are being devel oped to enable access
to the monomers employed in excess on solid support. The
automated oligosaccharide synthesizer is used to assemble
examples of al major classes of glycoconjugates including
structures representative of N-linked and O-linked glycopro-
teins, glycolipids and glycosaminoglycans including heparin.
The applications of these synthetic structures are manifold;
rapid accessto a host of oligosaccharidesfacilitatesthe creation
of carbohydrate arrays to identify carbohydrate-protein, carbo-
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Scheme 8 Synthetic plan for the semi-automated assembly of aanti malaria
vaccine candidate.

hydrate-nucleic acid and carbohydrate-carbohydrate interac-
tionsin ahighthroughput format. Signaling processesinvolving
glycolipids and glycoproteins are being elucidated and we are
beginning to unravel the role carbohydrates play in the
fundamental processes of the immune response. Carbohydrate
based vaccines are being pursued not only against tropical
diseases but also against cancer and bacterial infections.

Conclusion

Our laboratory has devel oped the first automated oligosacchar-
ide synthesizer by using glycosyl phosphates as readily
accessible, efficient and selective building blocks, introducing a
versatile octenediol linker and coupling protocolsthat allow for
a simple two step coupling—deprotection cycle to be used for
oligosaccharide assembly. A peptide synthesizer was re-
engineered to serve as automated oligosaccharide synthesizer
and provides access to structures as large as dodecasaccharides
about twenty fold faster than previous methods. Even branched
structures are now accessible and a series of oligosaccharides of
biological relevance have been prepared. The synthesis of an
anti-toxin malaria vaccine and many other interesting carbohy-
drates has come within reach. While this synthesizer has greatly
simplified access to a wide variety of naturaly occurring
carbohydrates some linkages are not yet accessible on this
instrument and further development work remains to be done.
Instruments for non-specialists are still several years away, but
those skilled in organic synthesis may find the use of an
automated oligosaccharide synthesizer to greatly speed up
oligosaccharide assembly. Faster access to defined glycoconju-
gates has aready begun to affect chemical glycomics. Further
exciting advances in this rapidly evolving field are just around
the corner.
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