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PREFACE

Synthesis has been a sustained area of major interest in carbohydrate science, and the
preceding Volume 62 of this series featured three chapters focusing in detail on the
construction of glycosidic linkages. Many established synthetic methods permit the
elaboration of complex target molecules, but frequently involve the use of tedious
protection—deprotection sequences and expensive or hazardous reagents. This current
Volume 63 of Advances presents two articles that offer promise of useful methodol-
ogies for simplified procedures amenable to low-cost large-scale applications, using
mild conditions and environmentally friendly materials.

Rauter and her coauthors Xavier, Lucas, and Santos (Lisbon) present here a
detailed overview of the potential for heterogeneous catalysts in useful synthetic
transformations of carbohydrates. Such silicon-based catalysts as zeolites are easy
to handle and recover, are nontoxic, and can offer interesting possibilities for exercis-
ing stereo- and regio-control in many established carbohydrate transformations.

In the midst of wide-ranging research on the role of complex oligosaccharides in
biological recognition processes, and the attendant focus on synthesis of such mole-
cules, the important role of oligosaccharides in large-scale commercial applications is
often overlooked. The contribution by Seibel and Buchholz (Wurzburg and Braunsch-
weig) in this volume addresses in detail those tools of particular value for preparation
of oligosaccharides that serve needs in the food, pharmaceutical, and cosmetic
industries. Major emphasis is devoted to the use of readily available enzymes (gly-
cosidases, glycosynthases, glucansucrases, fructansucrases) and abundant carbohy-
drate substrates, especially sucrose, and the applications of enzyme and substrate
engineering. Particular attention is given to those large-scale applications of oligo-
saccharides that serve as sweeteners, as well as promising new medical applications.

Two complementary treatments deal with different aspects of the intense current
interest in the biological recognition phenomena between carbohydrates and proteins.
Dam and Brewer (New York) examine in detail the energetics and mechanisms of
binding between lectins (carbohydrate-binding proteins) and the multivalent glyco-
protein receptors on the surface of normal and transformed cells, as well as other types
of carbohydrate receptors, including linear glycoproteins (mucins). The authors
postulate a common ‘‘bind-and-jump’’ mechanism that involves enhanced entropic
effects which facilitate binding and subsequent complex formation.

In an extensive and comprehensive survey, Chabre and Roy (Montreal) revisit the
subject of neoglycoconjugates introduced three decades ago by Stowell and Lee in
Volume 37 of this Series. It was then a nascent topic, and the Montreal authors now
bring together in a single large article the vast new literature base that has

xi
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subsequently evolved in the field of the ‘‘glycoside cluster effect.”” The years have
witnessed much creativity in the design and strategies of synthesis that have afforded
a wide array of novel carbohydrate structures, and reflect the ongoing dynamic
activity in this rapidly evolving area, even since the recent article by the Nicotra
group in Volume 61 of this series. Elaborate nanostructures, now termed glycoclusters
and glycodendrimers, feature arrays of carbohydrate epitopes joined via ligands onto
a variety of scaffolds, including calixarenes, porphyrins, and such carbon nanostruc-
tures as fullerenes and nanotubes. Their synthesis and characterization is addressed in
detail along with evaluation via such techniques as microarrays and other modern
analytical techniques, for their potential in application to biological systems.

The contributions of two of the world’s leading carbohydrate innovators are recog-
nized in this issue. The work of Roger Jeanloz evolved from a classical background in
synthesis and structure elucidation to wide applications in the biological area which
have led him to be considered as the father of the subject now known as glycobiology.
He contributed extensively to these Advances, with articles in Volumes 6, 11, 13, and 43
of the series, and his life and scientific work is the subject of the obituary article by
Sharon (Israel) and Hughes (London). The article by Kenne, Larm, and Alf Lindberg
(Stockholm) surveys the career of Bengt Lindberg, and especially notes Lindberg’s
development of the methodology for microscale analysis of carbohydrate structures that
has permitted determination of the sequence structure of minute samples of oligo- and
poly-saccharides from biological sources and has enabled the explosive growth of
modern research in glycobiology. Lindberg was also a notable contributor to this series,
with articles in Volumes 15, 31, 33, and 48 that document in Lindberg’s classic terse
style the evolution of structural methodology from early beginnings to sophisticated
applications, in particular for bacterial polysaccharides.

The death on October 8, 2009 of Antonio Gémez Sanchez is noted with regret. He
was one of the successors of the Seville carbohydrate school built up by Francisco
Garcia Gonzalez, with whom he coauthored in Volume 20 a chapter on the reaction of
amino sugars with 1,3-dicarbonyl compounds, a subject that was a major theme of
Gomez Sanchez’s research.

Sincere thanks are expressed to Professors Stephen Angyal and J. Grant Buchanan
for their many years of advice and support as members of the Board of Advisors.
Welcomed as a new member of the Board is Professor Todd Lowary.

DEeRrex HorTON
Washington, DC
November, 2009
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Roger William Jeanloz, who passed away on September 12, 2007, 6 weeks short of
his 90th birthday, was among the earliest pioneers in the field now known as
Glycobiology. He made seminal contributions to the subject, and trained a number
of leaders in the field. He was one of the prime organizers in the 1950s of the
Glycosaminoglycan, Glycoprotein, and Glycolipid Group (known as the 4Gs),
later named the Society of Complex Carbohydrates, and eventually the Society for
Glycobiology, of which he served as President in 1974.

From Glycogen and Deoxy Sugars to Complex Carbohydrates

Jeanloz was born on November 3, 1917 in Berne, Switzerland, to a French mother
and a Swiss—German father. He was brought up in French-speaking Geneva where he
pursued classical studies emphasizing Greek and Latin at College Calvin. In 1936, he
was awarded the B.S. degree from this College and in 1941 a Diploma in Chemical
Engineering from the University of Geneva, where he studied organic chemistry and
biochemistry. His keen interest in science and research began in 1941 when Kurt H.
Meyer, well known for his pioneering studies on cellulose and starch, accepted him as
a doctoral student. In Meyer’s laboratory, Jeanloz investigated the enzymatic degra-
dation of starch! and then the structure of muscle glycogen.? The latter studies were
the subject of his D.Sc. thesis, completed in 1943. At the same time he served as head
instructor for organic chemistry.

In 1943, after being awarded the D.Sc. degree, Jeanloz was appointed as Research
Associate, first with Meyer and then with Tadeusz Reichstein, Nobel Laureate for his
work on steroid hormones. With Reichstein he studied the chemistry of deoxy sugars,
some of which are constituents of these hormones, and developed® a new method for
the assay of these sugars. In 1946-1947 he spent 1 year in Canada as Research
Associate at the University of Montreal, where he collaborated with D. A. Prins
from the Research Division, Cleveland Clinic, Cleveland, OH, in the preparation of
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4 NATHAN SHARON AND R. COLIN HUGHES

a review of the chemistry of carbohydrates* for the prestigious Annual Reviews of
Biochemistry, the first of many important ones he wrote during his scientific career.
He then moved to the United States, where he worked for 1 year as a Senior Research
Fellow in the National Institutes of Health laboratory of the noted carbohydrate
chemist, Claude S. Hudson, where he became involved in the study of ribose and its
derivatives®~’, and he contributed with Hewitt Fletcher from the same laboratory a
review® on the chemistry of ribose in the fledgling Advances in Carbohydrate
Chemistry. The following 3 years were spent at the Worcester Foundation for
Experimental Biology, then under the direction of the noted endocrinologist Gregory
Pincus, working on steroid hormones, a subject on which he continued to collaborate
with the Pincus group for several years thereafter.>~4

In 1951, Jeanloz was invited by Dr. Walter Bauer, Chief of the Medical Services
and of the Arthritis Unit at the Massachusetts General Hospital, to become a member
of the Robert W. Lovett Memorial Group for the Study of Crippling Diseases, and to
organize a laboratory for the study of the chemical structure of the polysaccharides of
connective tissue and of related biochemical problems. Ten years later, he was
appointed as the Head of the newly formed Laboratory for Carbohydrate Research
of the Lovett Group, and in 1969 as Professor of Biological Chemistry and Molecular
Pharmacology at Harvard Medical School. He held these positions until his retire-
ment, and continued to be active in research and teaching thereafter. It was in the
Carbohydrate Research laboratory that Jeanloz, during half a century, made major
contributions to our knowledge of the structure, biosynthesis, and function of complex
carbohydrates, an area that now falls under the subject of glycobiology. Indeed, he
may be considered as one of the early glycobiologists.

Most prominent among his contributions were the elucidation of glycosaminoglycan
structures, chiefly by methylation analysis; the synthesis of rare amino sugars; establish-
ment of the structure of the polysaccharide backbone of the bacterial cell-wall peptido-
glycan; providing the foundation for structural studies of the carbohydrate moieties of
N- and O-linked glycoproteins; synthesis of many of the glycopeptide constituents of
glycoproteins; detailed structural analysis as well as synthesis of several of the dolichyl
sugar phosphates involved in protein glycosylation; characterization of glycans accu-
mulated in lysosomal storage diseases, and the action pattern of catabolic glycosidases.
In addition, analysis of TA-3 glycoprotein initiated in his laboratory led to the most
detailed investigation of any tumor-related glycoprotein examined at the time. His work
has had implications in many areas of biology, among them biochemistry and bacteriol-
ogy, immunology, and cancer research. A dominant feature of much of the this work was
Jeanloz’s emphasis on the importance of chemical synthesis of component parts of
complex glycoconjugates in order to distinguish, for example, D or L enantiomers, ring
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structures and o or f§ anomers, in the overall structure of biologically active
macromolecules.

Applications of Methylation Analysis

Before joining the Lovett Group, Jeanloz devoted considerable effort to under-
standing the periodate oxidation reaction, starting with an examination of its effects
on glucosamine.'> He and Enrico Forchielli then used it to examine the structure of
hyaluronic acid'>'® and chitin.!” It rapidly became evident to him that this method, as
was the case in the successful determination of the structure of simpler polysacchar-
ides such as glycogen or starch, required supplementation with other ones, particu-
larly the methylation technique. The latter technique had already been attempted in
the field of glycosaminoglycans, but without positive results. The main difficulty
resided in the fact that degradation of a methylated heteropolysaccharide, made up of
repeating units of hexosamine and uronic acid with different linkages, could give rise
to a large number of mono- di- and tri-O-methylated monosaccharides. It was
therefore necessary to synthesize all of the reference substances, and to separate
and identify them in artificial mixtures. Jeanloz was encouraged in this long and
arduous task, which required gram quantities of starting materials, by the knowledge
that if shown to be efficient, the method could be applied not only to the elucidation of
the structure of the glycosaminoglycans but also to other classes of complex
carbohydrates.

In the course of the 1950s Jeanloz synthesized 13 methylated derivatives of
glucosamine and galactosamine (reviewed in Ref. 18). These included the 4-methyl'®
and 6-methyl?° ethers of glucosamine hydrochloride and the 3,6- and 4,6-dimethyl
ethers of this hexosamine.?! Concurrently the 3-22 4-,2% and 6->* monomethyl ethers of
galactosamine hydrochloride, and its 3,6-2> and 4,6-2° dimethyl ethers were also
prepared. Methylated derivatives of other monosaccharides were also synthesized
subsequently, among them those of muramic acid, with Harold Flowers?’
N-acetylmannosamine with Nasir-ud-Din.?8

The methylated glucosamine and galactosamine derivatives in particular were in
such demand by other laboratories as reference compounds that one research assistant
worked full time solely to replenish supplies of these compounds. In this synthetic
approach, which took 10 years to accomplish, Jeanloz was helped by several associ-
ates, including his wife Dorothy, and Pierre J. Stoffyn who joined his group in 1953
and stayed until 1961. One of the many results of their productive collaboration was
the Stoffyn and Jeanloz method?® for identification of hexosamines by ninhydrin
degradation to the corresponding pentoses, which is still the simplest method to
distinguish between glucosamine and galactosamine.

and
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Connective Tissue Glycosaminoglycan Structure

The methylated derivatives served as the basis of elegant studies in which Jeanloz
and his colleagues unequivocally established the structure of hyaluronan, dermatan
sulfate, and the chondroitin sulfates. They also clarified many confusing issues,
including the position of the sulfate groups in these polymers. In the course of this
work, they proved that dermatan sulfate contained L-iduronic acid, a sugar not known
before to occur in nature.

Application of the methylation technique to hyaluronan established the linkage at
position 3 of the glucosamine™ moiety and the linkage at position 4 of the glucuronic
acid moiety.*° Eventually, hyalobiouronic acid [-GlcA-(1 — 3)-GlcNAc], the repeat-
ing unit of hyaluronan was synthesized; it was identical with one of the acid degrada-
tion products of the parent polysaccharide.?!*> Jeanloz and his colleagues also
isolated methyl derivatives of hyalobiouronic acid from the methylated
polysaccharide.

Methylation analysis of chondroitin sulfate A showed that the sulfate is located at
position 4 of the galactosamine moiety, that the N-acetyl-f3-galactosamine residue is
located at position 4 of the glucuronic acid moiety, and that galactosamine possesses a
pyranose structure. This method gave also additional evidence for a f-(1 — 3) inter-
glycosidic linkage between glucuronic acid and N-acetylgalactosamine residues,
consistent with a repeating disaccharide unit of f-glucuronate-(1— 3)-4-sulfo-N-
acetyl-f3-galactosamine-(1 — 4). Using the same technique, Jeanloz also investigated
the structure of chondroitin sulfate C, and provided evidence that chondroitin sulfate
C is an unbranched polysaccharide composed of alternate residues of glucuronic acid
and N-acetylgalactosamine 6-sulfate residues f-glycosidically linked at positions
(1—3) and (1 —4), respectively (see Ref. 33 for a review).

Dermatan sulfate, also termed chondroitin sulfate B, a related glycosaminoglycan
constituent of connective tissue, was known to be composed of galactosamine and a
uronic acid, originally believed to be glucuronic acid but then claimed to be iduronic
acid based largely on color reactions and paper chromatography. However, the D or
L-enantiomer status of the latter monosaccharide was not clear. Jeanloz and Stoffyn
unequivocally characterized the monosaccharide as L-iduronic acid by consecutive
desulfation, reduction, and hydrolysis of the polysaccharide, followed by isolation of
the crystalline 2,3,4-tri-O-acetyl-1,6-anhydro- f-L-idopyranose, which was shown to
be identical to an authentic specimen synthesized from 1,2-O-isopropylidene-f-L-
idofuranose.>*

*All sugars are of the b configuration, unless otherwise noted.
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During this careful analytical work on chondroitin and dermatan sulfates, Jeanloz
noted that the stoichiometry of the purified glycosaminoglycans indicated significant
heterogeneity, in particular variable sulfation. It is now known that such variability in
sulfation and uronic acid content significantly impacts on the ability of connective-
tissue polysaccharides to bind a diverse range of biologically active molecules,
including growth factors and protease inhibitors.

Mammalian Membrane Glycolipids

As early as 1955, Jeanloz felt that the methods devised for the study of connective-
tissue glycosaminoglycans could be applied to other classes of glycoconjugates.
Together with Sen-itiro Hakomori, who came to the Laboratory for Carbohydrate
Research from the University of Sendai in Japan, he undertook the onerous task of
purifying the substances conferring human erythrocyte blood-type specificity. Extrac-
tion of erythrocytes of human A and B blood type afforded small amounts of
glycolipids (~1 mg/l of blood) possessing blood-group activity. Purification was
obtained by adsorption on activated alumina and activated silica gel, followed by
partition chromatography on cellulose. The active substances isolated from the two
different blood types showed great similarities. Partial hydrolysis showed a resistant
core composed of fatty acid, sphingosine, glucose, and galactose for the substances
isolated from both blood types. In both substances, additional residues of either
galactose or galactosamine constituents were located at, or near, the extremities of
the carbohydrate chain, hinting at the possibility that these sugars were part of the
blood type immunodeterminants.3> Subsequently, they isolated from human cancerous
tissue a glycolipid rich in fucose,® and together with Jerzy Koscielak and K. J. Bloch
showed that this glycolipid cross-reacted immunologically with human blood-group
substances.?” In addition, the first definitive evidence of the immunogenicity of
glycolipids was obtained by immunizing rabbits with a purified glycolipid (globoside)
with the formation of a precipitating antigloboside antibody.*® The antibody aggluti-
nated and hemolyzed human red cells, provided that they were pretreated with trypsin.

Bacterial Cell-Wall Peptidoglycan

In the early 1960s Jeanloz became intrigued by peptidoglycan, the rigid constituent
of bacterial cell walls that endows these microorganisms with their characteristic
shape, whether round (cocci) or elongated (bacilli). At the time it was believed that
the polysaccharide backbone of peptidoglycan consists of a repeating disaccharide in
which N-acetylglucosamine is f-(1 —6) linked to muramic acid (3-O-p-lactyl-N-
acetylglucosamine), and that linkage between the disaccharide units in the backbone
is f-(1—4). To establish unequivocally the structure of the disaccharide, the
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synthesis of muramic acid and its various derivatives, including the disaccharide /-
GlcNAc-(1 — 6)-MurNAc was performed in the Jeanloz lab by Harold Flowers®*—!
and by Toshiaki Osawa.*? These included various methyl ethers*} and glycosides,**
and acetyl derivatives* of muramic acid and its galacto-*°® and manno-*" analogues,
in the synthesis of several of which Pierre Sinay was involved. Additionally, muramic
acid 6-phosphate was synthesized*® and the absolute configuration of the carboxy-
ethyl (lactyl) side-chain of muramic acid was established.* In the course of these
studies, the peptidoglycan polysaccharide backbone was shown to contain some
disaccharide units having the manno (rather than gluco) analog of muramic acid.>®
Methods were developed quite early on for the large-scale preparation of bacterial cell
walls from Micrococcus lysodeikticus (later renamed M. luteus)’' and for the isolation
of the natural disaccharide from lysozyme digests of the walls. Comparison of the
synthetic disaccharide with the natural one revealed quite surprisingly that the two
were not identical. The conclusion was that the natural disaccharide is S-(1 —4)-
linked, as is the polysaccharide backbone throughout.>?> This was confirmed by
comparison of the natural disaccharide with synthetic -GlcNAc-(1 — 4)-MurNAc.
The bacterial polysaccharide is therefore chemically homologous to chitin.

One of the minor by products of the isolation procedure of the disaccharide from
lysozyme digests of bacterial cell walls was the tetrasaccharide f-GlcNAc-(1—4)-
p-MurNAc-(1—4)--GlcNAc-(1—4)-MurNAc. This structure is readily cleaved by
lysozyme, and has proved to be extremely useful in other laboratories for the study of
the mechanism of action of the enzyme.

Invertebrate Matrix Glycoconjugates

In the late 1960s, Jeanloz began an extended study of the extracellular matrix of
invertebrates. Earlier, Jeanloz’s colleague in the Lovett Unit, Jerry Gross, had pointed
out that invertebrate matrices contained greater and more varied amounts of carbohy-
drate than vertebrate matrices. The Jeanloz laboratory, in particular Richard Katzman,
together with Andy Kang of the Gross laboratory, set out to identify these poorly
characterized glycoconjugates from three invertebrate phyla, the sea anemone Metri-
dium diocanthus, the sea cucumber Thyone briareus, and a marine sponge Hippos-
pongia gossypina.>>=>3 The major oligosaccharide chain of the invertebrate collagens,
present in higher amounts than in vertebrate collagens, was shown to be a-glucopyr-
anosyl-(1 — 2)-f5-galactopyranosyl-(1 — 5)-L-lysine, similar to the major glycan of
vertebrate collagen. Asparagine-linked N-glycans containing glucosamine, fucose,
and mannose were also present. Further studies showed the presence in sea cucumber
matrix of two major acidic glycosaminoglycans, namely a chondroitin sulfate similar
in structure to vertebrate chondroitins, and a novel polyfucose sulfate. This latter
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component was named thyonatan and characterized as an o-(1 — 2)-linked polyfu-
cose-4-sulfate polysaccharide. The absence of an amino sugar distinguishes thyonatan
from all known vertebrate connective-tissue glycoconjugates. Chondroitin and thyo-
natan were not found in sponges and sea anemone, leading to the speculation that
acidic glycoconjugates play no crucial role in collagen fibril formation, contrasting
with the prevailing idea at the time that regularly spaced acidic groups may act as a
template upon which collagen fibrils are built up. Interestingly, arabinose was isolated
from sponge connective tissue: its identity was confirmed by the preparation of a
crystalline derivative of benzyl-1-phenylhydrazine.’® Although arabinose is a com-
mon sugar in plants, it is very rare in animals. Katzman proposed that the arabinofur-
anosylnucleosides of uracil and thymidine, isolated in the 1950s from sponges, may
serve in biosynthesis of arabinose-containing polysaccharides in these organisms.
Interest in invertebrate matrix glycoconjugates has recently increased. Some of these
matrices, for example the sea cucumber, have an ability to alter their stiffness in
response to changes in pH or ionic concentrations, creating the possibility of deriving
new dynamic neocomposites for biomedical applications.

Rare Amino Sugars

The synthetic studies of Jeanloz led to the solution of many other questions in
carbohydrate chemistry, especially that of uncommon amino sugars. Resulting from
these studies was the synthesis, mainly with Dorothy Jeanloz and with Sonia Tar-
asiejskaya of several amino sugars, some of which for instance, gulosamine,>”->® had
been shown to be constituents of aminoglycoside antibiotics, such as the streptothri-
cins, and others that at the time were not known to occur in Nature. These included
allosamine and talosamine, 3-amino-3-deoxyidose, and 3-amino-3-deoxygulose, as
well as 2,4-diamino-2,4-dideoxyglucose.’*-®! Bacillosamine (2,4-diamino-2,4,6-tri-
deoxyglucose), another rare amino sugar, was first isolated in the Jeanloz laboratory
by Nathan Sharon from a bacterial polysaccharide that he prepared at the Weizman
Institute, Rehovot.®? This structure, determined later elsewhere, has recently been
identified as a constituent of the carbohydrate—peptide linking group of glycoproteins
of many eubacterial pathogens, and appears to be required for their virulence. It is
therefore attracting considerable current interest.

Structural Analysis of Protein-Bound Oligosaccharides

A number of the central themes of current glycoconjugate research can be traced
back to studies begun in the Jeanloz laboratory. One prominent example is the
elucidation of the sequences of the carbohydrates linked N- or O-glycosylically to
asparagine or serine/threonine residues respectively in glycoproteins. Little was
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known about these structures at the time: rapid methods have subsequently been
developed, providing information that is crucial in glycomics, describing the variety
of glycan structures in different organisms and tissues. Work was initiated in the late
1950s by the Jeanloz laboratory on two serum glycoproteins, alpha 1-acid glycopro-
tein and fetuin by Ed Eylar and Robert Spiro, respectively.®>-5¢ In this work, purified
glycosidases, such as Diplococcus pneumoniae neuraminidase and /?-N-acetylgluco-
saminidase, were used for the first time. Sequential removal of sugars from the
nonreducing terminals of the glycans by the glycosidases led to rational, if partial,
proposals for oligosaccharide sequence. Additional information was obtained by mild
acid hydrolysis for fragment sequencing, methylation analysis, and sequential period-
ate oxidation (Smith degradation). For the first time, the common presence of
N-acetyllactosamine at the termini of complex-type asparagine-linked glycans was
demonstrated and shown unequivocally by analysis of the crystalline disaccharide.
Jeanloz also suggested from studies with alpha 1-acid glycoprotein that the inner core,
linked to asparagine directly, was composed of two N-acetylglucosamine and several
mannose residues. As additional proof of the proposed structures Jeanloz and his
colleagues, in particular Hari Garg, used chemical synthesis.®” The carbodiimide
coupling reagent was employed extensively for the synthesis of asparagine-linked
compounds such as -GlcNAc-N-Asn. Syntheses were also described of disaccharide
fragments such as f-GlcNAc-(1 —4)-GlcNAc and trisaccharides such as a-Man-
(1 —6)-f-GlcNAc-(1 —4)-GIlcNAc. These were coupled to give the corresponding
asparagine-linked derivatives. Subsequently, methods were developed for the synthe-
sis of O-glycans, based on the core structure a-GalNAc1-Ser.%’

Lipid Intermediates in Glycoprotein Biosynthesis

Long-chain isoprenoid alcohols, polyprenols and dolichols, were identified in the
1970s as intermediates in biosynthesis of bacterial polysaccharides as well as in the
multistep process of protein glycosylation in plants and animals. The donor that initiates
N-linked glycan synthesis is a Glc;MangGIcNAc; structure attached to the lipid dolichol
through a pyrophosphate linkage. The enzymes that build up a dolichyl pyrophosphate-
intermediate containing two N-acetylglucosamine residues and the first five mannose
residues utilize sugar nucleotides directly. Transfer of the last four mannose residues and
the three glucose residues are mediated by dolichyl phosphate-linked sugars. Progress in
this research was hampered by the low abundance of the phosphorylated dolichol
intermediates in cell extracts. Jeanloz and his colleagues, in particular Chris Warren
and Annette Hercovics and initially in a very productive collaboration with Jack Stro-
minger’s laboratory at Harvard, undertook the unequivocal chemical synthesis of these
still poorly characterized molecules, and their utilization in biochemical studies for
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comparison with the natural compounds (see for example, Refs. 68-70). Although the
work raised many difficult problems, a novel methodology was developed for the first
facile synthesis of dolichol phosphate and pyrophosphate, and their sugar derivatives.
Although it was generally assumed at the time that the lipid moiety in the lipid inter-
mediates was dolichol, this had not been established as insufficient material was available
for chemical characterization: similarly the anomeric identity of the sugar intermediates
was not known. To address these points, the radioactively labeled lipid intermediates
formed in tissues such as calf pancreas microsomes were characterized by comparison
with the synthetic compounds. Using this approach, the formation in tissues was
established of dolichyl-f-mannosyl phosphate, dolichyl-fS-glucosyl phosphate and
dolichyl-f-N-acetylglucosaminyl pyrophosphate. A lipid-linked di-N-acetylchitobiose
structure formed in the microsomal fraction was shown unequivocally to be identical to
synthetic di-N-acetylchitobiosyl-dolichyl pyrophosphate. In a technical tour de force the
pyrophosphate-linked lipid intermediate containing a substantial part of the natural
Glc;MangGlecNAc, lipid intermediate was prepared.”! In this work, the synthetic chem-
istry in the Jeanloz laboratory went hand in hand with the biochemistry, and made a major
contribution to understanding of the mode of assembly of the asparagine-linked
carbohydrates.

Lysosomal Glycosidase Deficiencies

In the late 1980s, Jeanloz and Chris Warren, in collaboration with Brian Winchester
from the Institute of Child Health, University of London and Peter Daniel from the
Kennedy Schriver of Mental Retardation, Boston, became interested in the lysosomal
storage disease mannosidosis, as well as in the toxicosis induced in sheep by ingestion
of foodstuffs containing the toxin swainsonine, a powerful mannosidase inhibitor.”>~73
In part this interest was prompted by the need for relatively large amounts of
mannose-rich oligosaccharides for chemical synthesis of dolichol intermediates and
glycopeptides. Urine from patients with no or low levels of lysosomal mannosidases
is a convenient source of such oligosaccharides. The work unexpectedly revealed
some interesting data on the patterns of glycan catabolism. The structures of oligo-
saccharides accumulated and excreted by mannosidosis patients, as well as from cats
and cattle genetically affected by loss of lysosomal mannosidases, were characterized.
In all cases, the structures were consistent with the incomplete breakdown of N-linked
glycans or biosynthetic intermediates. There were clear interspecies differences,
however. Compounds containing a core of di-N-acetylchitobiose, instead of a single
N-acetylglucosamine residue were isolated from cattle and cats but were absent in
human mannosidosis. Human tissues alone contain a lysosomal endo-f-N-acetylglu-
cosaminidase, accounting for this difference. There were also major differences in the
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structures of the excreted oligomannose compounds, presumably reflecting differ-
ences in substrate specificity of lysosomal mannosidases in the three species. In
human mannosidosis, where there is a complete deficiency of the major lysosomal
mannosidase, the structure and levels of the stored oligosaccharides appeared to result
from the action of a minor lysosomal mannosidase with specificity for an o-(1 — 6)
linkage. In feline mannosidosis, a severe deficiency of lysosomal mannosidases leads
to storage of intact ManoGIcNAc, oligosaccharides and the undegraded Mans;.
GlcNAc, core of complex-type glycans. In further studies, the detection of abnormal
catabolic products in placenta was found to offer a promising early diagnosis of
lysosomal mannosidase deficiency.”®

Tumor-Cell Glycoproteins

At the end of the 1960s, there was considerable interest in emerging evidence that
altered cell surface glycosylation appeared to be common in malignant and premalig-
nant epithelial and some nonepithelial cells. The presence at cell surfaces of large
amounts of carbohydrate-containing macromolecules had previously been demon-
strated by histochemical staining. However, the identity of these components and their
relevance to carcinogenesis was poorly understood. At this time, the Jeanloz labora-
tory, in particular John Codington, began work on the glycoconjugates of tumor cells
in collaboration with Barbara Sanford of the MGH Pathology Division.”” 8% Previous
work had shown that some sub-lines of the TA3 tumor cell, derived from a spontan-
eous mammary adenocarcinoma of an A-strain mouse, have a surface membrane
enriched in carbohydrate. It was also known that these sub-lines had lost strain
specificity and were transplantable into strains of allogeneic mice, thus evading
immunological rejection across major histocompatibility barriers. Sanford had
shown further that successful transplantation of the TA3 sub-lines into allogeneic
mice was markedly reduced by treatment of the cells with neuraminidase. The
suggestion was that these cells escape the host defense system through cell surface
antigen masking by highly sialylated cell-surface glycoconjugates. In 1972, the major
sialylated glycoconjugate of TA3 cells was isolated in the Jeanloz laboratory and
called epiglycanin. As shown a little later epiglycanin turned out to be a surface
membrane-associated mucin containing a typical serine and threonine-rich tandem-
repeat sequence, a transmembrane domain and a cytoplasmic domain. The extracel-
lular domain was shown by Dirk van den Eijden and Codington to be heavily
substituted with O-glycans, based on the core structure [-Gal-(1— 3)-GalNAc
attached to serine or threonine residues, heavily substituted with sialyl residues.
Immunoelectron microscopy showed that epiglycanin covers the TA3 cell surface
with an extended filamentous coat. Crucially, this glycoprotein was found not to be
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present, or present in low amounts, in TA3 tumor sublines that cannot grow in
allogeneic hosts, offering strong corroboration of the idea that cell surface epiglycanin
sterically hinders cytotoxic T-cells from mounting an immune response against the
tumor. Many types of cancer cells are now known to possess large concentrations of
mucin-like substances at their cell surface. These, like epiglycanin, are characterized
by the presence of multiple O-glycosylically-linked glycans and extended rod-like
conformations. The evidence indicates that these structures, like epiglycanin, play
roles in hindering immune surveillance mechanisms and increasing metastatic poten-
tial. Recently, the human orthologue of epiglycanin has been cloned and named
Muc21. It is expressed in many malignant tissues, including lung adenocarcinomas
and breast cancers, and is of much current interest.

Editor, Symposia Organizer, and Expert on Carbohydrate Nomenclature

The productivity of Jeanloz is exemplified by his bibliography of more than 400
publications. He authored many reviews, which are outstanding for their clarity,
concise style, and interpretation. He also edited several books, the most notable of
which is The Amino Sugars, a three-volume treatise coedited with Endre Balazs.?! He
was particularly concerned with the nomenclature of carbohydrates and was instru-
mental in resolving key issues and introducing many new and well-defined terms such
as hyaluronan and glycosaminoglycan.?%33 In his publications, he was always careful
in using the full chemical nomenclature of carbohydrates. Thus, he favored the term
2-amino-2-deoxy-D-glucose for N-acetylglucosamine, and almost completely avoided
the use of the abbreviation ‘‘GIcN.”’ In addition to his research and teaching activities
at Harvard and elsewhere throughout the world, Jeanloz served on numerous com-
mittees and editorial boards; among others, he was one of the founders in the early
1960s of the journal Carbohydrate Research, the first of its kind devoted to the
subject.

The community of carbohydrate scientists is especially indebted to him as a central
figure in the setting up and organization of the International Symposia on Glycocon-
jugates. The first of these Symposia was convened in 1965 in Swampscott with
Jeanloz as Co-Chairman. He was also the prime mover in encouraging his European
colleagues to organize the second and third meetings in Lille in 1973 and in Brighton
in 1975, respectively, and was active in the organization of the 4th Symposium on
Glycoconjugates held at Wood’s Hole. Together with John Gregory he edited the two-
volume proceedings of this Symposium.?* In 1974—1975, Jeanloz was president of the
National Society of Complex Carbohydrates. He was also active for many years in the
Division of Carbohydrate Chemistry of the American Chemical Society, of which he
served as Chairman. His numerous achievements have brought him many national
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and international honors. These include the Medal of the Société de Chimie Biologi-
que de France; Medal of the University de Liége; Prix Jaubert, University of Geneva,;
Claude S. Hudson Award, American Chemical Society; Docteur Honoris Causa,
University of Paris; and recently the Alexander von Humboldt Award, Germany’s
most prestigious scientific award. Posthumously, the second edition of Essentials in
Glycobiology, edited by Ajit Varki et al. and published in 2008, is dedicated to his
memory and that of Rosalind Kornfeld ‘‘pioneers in the elucidation of glycan
structure and function.”

Dedicated Teacher, Avid Sportsman, and Inveterate Traveler

The scope of Jeanloz’s activities, and the knowledge and enthusiasm that he
imparted to his colleagues, all combined to inspire his many students. He was for
many years a tutor with the Faculty of Arts and Sciences of Harvard University,
retiring from this activity only a few months before his death. Because of his qualities,
he was able to attract and in many cases keep able associates to his laboratory and
frequently continued collaborations with them after they left. The excellent training
they received from Jeanloz and the contacts and friendships made in his laboratory
exercised decisive influence on their careers. His demonstration of the importance of
applying the rigorous techniques of organic chemistry to the solution of biochemical
problems was the most crucial point of this training.

The uniquely congenial atmosphere in the Jeanloz laboratory that is remembered
with affection by those who worked with him was aided greatly by the presence of his
charming wife, Dorothea, an organic chemist, who collaborated with him for many
years. In spite of their busy schedules, Dorothea and Roger always took great interest
in the well-being of their associates. Jeanloz’s personal qualities and bon vivant
character endeared him to all of his colleagues.

Jeanloz was an inveterate traveler, who taught students from about as many
countries as he had visited, a total difficult to tally in any category. In his younger
years he was a skilled alpinist, and made many of the classical climbs in the Swiss
French Alps. He was also an expert skier, a sport he continued to enjoy into his more
advanced years, often accompanied by his grandchildren. Jeanloz was a lover of
classical music, and an enthusiastic gardener. His love for plants came early in his life
when he brought bouquets of alpine flowers from mountain expeditions. His interest
in sports can be traced to his childhood. At the age of 12, he started playing basketball,
a sport that had been introduced into Switzerland by the American YMCA. He was a
member of the Geneva team that was selected to represent Switzerland in interna-
tional games. Later he became a keen tennis player, and was a familiar figure on the
tennis courts of the MGH, and in the Longwood Cricket Club near the family home in



R. W.JEANLOZ 15

Newton, Massachusetts, where they raised their four children Danielle, Sylvie, Ray-
mond, and Claude. For many of the later years Roger and Dorothy enjoyed time in
their delightful second home in Tourettes-sur-Loup in the south of France, where they
were often generous hosts to friends and colleagues.

In 1986, a Symposium was held to honor Roger Jeanloz as part of the 8th Interna-
tional Symposium on Glycoconjugates in Houston, Texas. For this occasion the
eminent British scientist Albert Neuberger wrote: ‘‘His (Jeanloz’s) work is character-
ized by a mastery of all chemical and biological methods, by reliability of the results
obtained, and by careful and balanced interpretation. There is hardly any topic in this
wide field, which he has not touched, and which has not benefited from his research.
Roger Jeanloz has made his laboratory one of the few outstanding centers in the field
of complex carbohydrates. His combination of supreme chemical competence and
biological understanding are the hallmark of his career.”’

Roger Jeanloz will be remembered with great affection and utmost respect by his
many friends, colleagues, and disciples wherever they are.

List of associates who worked with Jeanloz at the Laboratory of Carbohydrate
Research:

E. Alpert, J. Alroy, C. Augi, L. S Azaroff, J. Badet, N. Baggett, E. A. Balasz,
M. Beppu, A. K. Bhattacharaya, A. Bhattacharyya, V. P. Bhavanandan, P. Biely, K.
C. Blieszner, G. Blix, D. J. Bloch, K. J. Bloch, K. J. Bloch Sr., C. H. Bolton, A. A.
Bothner, M. C. Brown, B. Bugge, R. A. Byrn, G. F. Cahill, M. S. Choudhary, A.-M.
Close, J. F. Codington, A. G. Cooper, T. Dalianis, P. F. Daniel, D. Daniels, D. M.
Darby, H. R. Das, E. A. Davidson, P. Degand, M. R. Dick, F. DuBois, D. van den
Ejnden, J. V. Ellard, N. A. Evans, E. H. Eylar, N. E. Fayaz-ud-Din, H. M. Flowers, R.
Fricke, D. M. Frim, T. C. Fuller, C. Gansser, H. G. Garg, J. De Gasperi, M. C. Glick,
D. Gminsky, A. M. Golovchenko, Y. Goussault, P. H. Gross, M. Gut, M. A. Gva-
lambor, P. Gyorgy, S. Hakomori, H. van Halbeeck, A. M. Halford, M. D. A. Halford,
M. H. Halford, A. Hallen, V. B. Hatcher, F. Heatley, A. Herscovics, O. Hoshino, S. A.
Houssain, R. C. Hughes, M. R. Jahnke, L. F. James, D. Jeanloz, A. Jimbo, M. Z. Jones,
R. Kaifu, R. L. Katzman, R. D. Kilker, W. Klaftke, G. Klein, E. H. Kolodny, Y.
Konami, J. Koscielak, J. J. Lamar, G. Lamblin, L. A. Lampert, D. W. Laske, R. D.
Lasky, M. L. Laver, M. M. Lee, N. Lee, C. Levrat, M. Lhermitte, K. B. Linsley, E.
Lisowska, C. M. Liu, I. Y. Liu, T. Matsumoto, M. D. Maxfield, J. W. McArthur, D.
Medrek, C. Merser, M.-L. Milat, D. K. Miller, S. C. Miller, T. Mitvedt, K Miyai, Y.
Mizuno, J. D. Moore, J. H. G. M. Mutsaers, S. Nakabayashi, T. E. Nash, E. Salomon,
R. Naves, N. Nikrui, H. Von Nocolai, T. Osawa, P. D. Palmer, M. Parquet, P.
Perchfelides, J. M. Petit, J. R. Poortmans, D. Power, E. S. Rachaman, S. S. Raghavan,
A. M. C. Rapin, E. J. S Rathke, V. N. Reinhold, G. P. Roberts, A. A. Rossini, S. W.
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Rostad, P. Roussel, S. Sadeh, M. M. El Sadek, B. H. Sanford, S. Santikarn, W. Sasak,
D. M. Schmid, K. Schmid, A. S. Schmit, D. Schwarzenbach, G. O. H. Schwarzmann, J.
F. Scott, M. Shaban, M. Shalev, N. Sharon, C. Silber, P. Sinay, H. S. Slayte, M. Spinola,
R. G. Spiro, G. F. Springer, D. K. Stearns, R. L. Stephens, P. F. Stoffyn, G. Strecker, S.
Suzuki, Z. Tarasiejska-Glazer, P. Thoma, J. S. Tkacz, M. Tomoda, M. Trémeege, R. B.
Trimble, B. Tuttle, Nasir-ud-Din, J. R. Vercellotti, A. Veyrieres, J. F. G. Vliegenthart, R.
Vrba, E. Walker, C. D. Warren, H. Wecyer, J. F. Wedgwood, N. R. Williams, B.
Winchester, J. K. Wold, I. Yamashina, T. Yamazaki, J. Yoshikawa, N. Zamchek, U.
Zehavi, F. Zilliken.

The work of only a few of the more than two hundred colleagues and collaborators
of Jeanloz listed here could be detailed within the scope of this tribute.

NATHAN SHARON
R. COLIN HUGHES
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BENGT LINDBERG

1919-2008

One of the most important carbohydrate chemists during the last century, Bengt
Lindberg, passed away on March 20, 2008.

Bengt Lindberg was born on July 17, 1919, in Stockholm, the capital of Sweden,
and lived in the southern part of this city throughout his life. There he had all his
school education and graduated in 1937 with excellent grades from Sodra Latin, an
old, well-reputed high school close to his home. At school Lindberg was already
interested in life science, especially mathematics, and he continued his education at
Stockholms Hogskola (nowadays Stockholm University), where he studied mathematics,
chemistry, and physics. After he obtained his B.Sc. in 1942 and M.Sc. in 1944, he
moved to the Royal Institute of Technology in Stockholm, where he specialized in
organic chemistry. His supervisor was Professor Holger Erdtman, an internation-
ally reputed scientist in natural product chemistry. Erdtman understood the poten-
tial of the young man and introduced Bengt to natural product chemistry, and
became a mentor for his academic career, which continued as a life-long friend-
ship. Bengt had high ambitions and he wanted to break new ground as an organic
chemist. At the age of 24, on Erdtman’s initiative, he started to work on carbohy-
drate chemistry. This was a virgin research field in Sweden in the 1940s and it
was regarded as difficult and complicated. It was a challenge that suited the young
and ambitious Bengt Lindberg. His first contribution within this field was a study
on Zemplén’s glycoside synthesis ‘‘Untersuchungen iiber die Zemplénsche Gluco-
sidsynthese’” published in 1944 (Arkiv Kemi Mineral. Geol.). Géza Zemplén was a
former coworker of Emil Fischer and he discovered the usefulness of mercuric
acetate in the synthesis of glycosides. This procedure was suitable for the prepa-
ration of alkyl glycosides and, with the application of proper amounts of alcohols,
either a- or f-glycosides could be obtained.

The results from his first study on glycoside synthesis and from the studies on the
transformation of ‘‘acetochloro sugars’® by TiCly, described by Eugene Pacsu,
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initiated another 12 publications dealing with the isomerization of acetylated glyco-
sides by strong acids. In 1949, Bengt Lindberg published the first example of the
synthesis of an o-D-glucopyranosyl-glycoside by converting ff-gentiobiose octaace-
tate in chloroform, in the presence of TiCly, into f-isomaltose octaacetate. This first
synthesis of an «-linked glucoside attracted much attention from the scientific com-
munity (Nature, 1949).

In 1950, Bengt Lindberg defended his thesis ‘‘Studies on glycosides, especially the
o/p transformation.’” At that time Bengt had more than 20 scientific publications and
had already gained an international reputation as a carbohydrate chemist. He included
only 11 publications in the thesis; all dealing with the transformation reaction.
His formal thesis amounted to one page containing an abstract and a list of these
11 scientific publications. With his characteristic razor-sharp logic he informed the
opponent and the dissertation committee that they will find backgrounds and discus-
sions in the publications. ‘‘I find it unnecessary to repeat myself by writing an
extensive thesis.”” This demonstration annoyed the academic community, and Bengt
Lindberg was not awarded the highest mark on his thesis. Later Bengt admitted that
this behavior showed a lack of judgment from his side and he prohibited his own
Ph.D. students to follow his example.

After his dissertation Bengt Lindberg was appointed associate professor at the
Royal Institute of Technology in Stockholm, and in 1956 he became head of the
wood chemistry department at the Svenska Triforskningsinstitutet (Swedish Forest
Research Laboratory). In 1959, he was awarded the honorary title of Professor by the
Swedish King.

During these years, he managed to recruit a large number of highly talented co-
workers who later ended up in leading industrial positions and as professors in
academic institutions. His group was most productive, and postdoctoral researchers
from different countries joined the team. Structural studies on oligo- and poly-
saccharides from different natural sources were initiated. These studies resulted in a
series of more than 30 papers dealing with, respectively, high and low molecular-mass
carbohydrates from wood, algae, and lichen. To simplify the structural studies,
different degradation, substitution, and chromatographic technologies were intro-
duced. The analysis of different methylated sugars was improved when they could
be separated on carbon columns (Acta Chem. Scand., 1954) and a review ‘‘Methods in
Structural Polysaccharide Chemistry,”” which set the standard for structural studies on
polysaccharides, was published in 1960 (Advances in Carbohydrate Chemistry).
The methylation analysis was further improved, and the procedure was summarized
in the article ‘‘Hydrolysis of methylated polysaccharides’’ (Methods in Carbohydrate
Chemistry, 1965).
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Even if the main focus on the research activities were directed towards structural
studies on carbohydrates of natural origin, the synthesis of model substances, deriva-
tization of oligo- and poly-saccharides, oxidation, and reduction of carbohydrates, and
identification of the products all were performed during this time.

In 1965, Bengt Lindberg was invited to take the Chair in Organic Chemistry at
Stockholm University, and there he started to create an organization working with
carbohydrate chemistry that later was called the ‘‘Lindberg group’’ by the scientific
community. The name was not his invention. The environment around this group was
open-minded and creative, and it had a broad perspective on carbohydrate chemistry
with emphasis on structural analysis and development of methods allowing faster
analysis with smaller amounts of sample. When monosaccharide analysis by gas
chromatography of alditol acetates became available, the group applied the method
on partially methylated sugars (Acta Chem. Scand., 1967). In combination with the
Hakomori procedure (1964) for methylation of polysaccharides and the use of gas
chromatography—mass spectrometry, a new concept for methylation analysis of
carbohydrates was developed (Angewandte Chemie, 1970). The new method allowed
identification of the monomers and their linkage positions in a polysaccharide within
a few days and used only a few milligram of sample. Lindberg early understood the
importance of the method, and looked for new challenges, finding these in the
bacterial polysaccharides. These polysaccharides were available in only small quan-
tities and they consisted of oligosaccharide repeating-units built up of different
monosaccharides that defined the immunological properties of the bacteria. This
was a difficult field, and it demanded the collaboration of synthetic and analytical
chemists, as well as microbiologists and immunologists. This led to numerous pro-
jects with other scientists, primarily at the Karolinska Insitutet, but also on an
international level. These projects unraveled the structures of complex bacterial
polysaccharides acting as surface antigens in the capsule and lipopolysaccharide
(O-antigens). The specificities of poly- and mono-clonal antibodies could be deter-
mined by using the synthetic di-, tri-, tetra-, and larger oligosaccharides. Coupling of
the oligosaccharides to immunogenic carrier proteins made the elucidation and
production of defined oligo- and poly-clonal antibody reagents possible. Elucidation
of the structures of the capsular polysaccharides in Haemophilus type b and Strepto-
coccus pneumoniae resulted in the development of glycoconjugate vaccines
for prevention of bacterial meningitis, pneumonia, and septicemia. Thus such vaccines
as Hib-titer, Act-Hib, Menactra, and Prevnar have reduced mortality in infants
well above 95%.

To solve the more complicated structures, a continuing development of technolo-
gies as tools for the structure determination took place and several methods now
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commonly used were developed. Examples of these are the uronic acid degradation,
the chromic acid oxidation, and the N-deacetylation—deamination degradation. Struc-
tural studies of the resulting fragments made it possible to determine anomeric config-
urations and sequences of individual monosaccharide units in the parent polysaccharides.
Other methods were the use of chiral 2-octanol for determination of b and L configuration
by gas chromatography of the acetylated 2-octyl glycosides. These technologies, which
are still in use, were combined with such spectroscopic methods as NMR and MS. Bengt
remained interested and also active in the carbohydrate field many years after retirement,
and he continued to publish scientific papers until 2002.

In 1967, Bengt Lindberg was elected to the Royal Swedish Academy of Sciences
and was a member of the Nobel committee for chemistry between 1974 and 1987. He
presented the prize winners of 1979 (Herbert Brown and Georg Wittig) and the prize
winner of 1984 (Bruce Merrifield). He received a number of Swedish awards for his
scientific contributions, including the Celsius medal (1985). He was awarded
the Haworth Memorial Medal from the Royal Society of Chemistry (1981) and was
the first non-American to receive the Hudson Award from the American Chemical
Society (1983).

He set high standards for his own and his collaborator’s work, and emphasized the
importance of innovation and work across scientific borders. Many scientists with
different backgrounds visited and worked in his laboratory for various periods. They
solved the structures of a range of complex carbohydrates. The ‘‘Lindberg group’’
had a unique atmosphere of creativity and hard, disciplined work. We look back on
that time with gratitude and pleasure; as we feel that we were involved in something
scientifically important.

The lifetime achievement of Bengt Lindberg has, among other things, resulted in
~400 scientific publications (some of these being among the most cited papers
dealing with carbohydrates), a number of reviews, and more than 40 Ph.D.s providing
input in the carbohydrate field. A number of his students have continued his scientific
work as professors in the academic community, and many others have leading
positions in governmental institutions and industry.

In his private life Bengt showed a keen interest in recreation in the wilderness,
canoeing, hiking, cross-country skiing, and skating. Many hours were spent with
coworkers at coffee breaks with discussions on equipment, hard weather conditions,
and distances traversed, making the laboratory also a friendly and familiar environ-
ment. Bengt was a heavy smoker, but in spite of that he was physically fit and an
excellent squash player. Bengt had also a tender heart under his tough surface
(although he did not like to admit it), as well as a wry sense of humor. He was a
family man and loved children, especially his granddaughters.
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In summary, Bengt Lindberg was one of the most admired and cited chemists in
Sweden during the twentieth century.

Bengt is survived by his wife Ethel, daughter Elsa, and his granddaughters Hanna
and Emma.

LENNART KENNE
OLLE LARM
ALF LINDBERG
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PPTS, Pyridinium p-toluenesulfonate; SE, 2-Trimethylsilylethyl; TBDMS, tert-Butyl-
dimethylsilyl; TBDPS, tert-Butyldiphenylsilyl; TEMPO, 2,6,6-Tetramethyl-1-piperidi-
nyloxy; Tf, Trifluoromethanesulfonyl; THF, Tetrahydrofuran; THP, Tetrahydropyran;
TIPDS, 1,1,3,3-Tetraisopropyl-1,3-disiloxanyl; TMS, Trimethylsilyl.

I. INTRODUCTION

The use of aluminosilicate porous materials as heterogeneous catalysts in organic
synthesis has attracted considerable attention since the introduction of synthetic
zeolites by Union Carbide approximately 50 years ago.! Zeolites and related silicon-
based materials have found a wide range of applications, allowing mild and conve-
nient catalytic methodologies in organic transformations.?> In terms of the so-called
“green” chemistry, these materials offer the positive features of lack of toxicity,
noncorrosiveness, easy recovery, and possibility of reuse. Moreover, they can provide
stereo- and regio-control in chemical reactions as a result of their regular porous
structure and the consequent shape-selective properties. This constitutes an important
goal for organic synthesis, and for carbohydrate chemistry in particular, where there
are important issues of reaction selectivity because of the multifunctionalized nature
of the molecules involved.

Many essential transformations of carbohydrates regularly employ toxic and
corrosive reagents, such as Lewis acids and strong mineral acids. Hence, the use of
zeolites and related porous solids as catalysts in such reactions affords a practical and
environmentally compatible alternative to the standard protocols.

In this chapter, we demonstrate the potential of such agents as catalysts/promoters
in key steps for the derivatization of sugars. The most significant catalytic approaches
in carbohydrate chemistry that use aluminosilicate porous materials, namely zeolites
and montmorillonite clays, are reviewed and discussed. Silica gel is a porous solid
silicate that has also been used for heterogeneous catalysis of organic reactions in
general. We include here its usefulness as promoter and reagent support for the
reactions under consideration.

II. ZEOLITES, CLAYS, AND SILICA GEL AS HETEROGENEOUS CATALYSTS
AND THEIR USE IN ORGANIC SYNTHESIS

Natural zeolites have been known for over 200 years, since the discovery of the first
zeolite mineral, stilbit, by Crgnstedt.* However, the first synthetic zeolites were only
developed in the 1960s, through research in the laboratories of the petroleum
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companies Union Carbide and Mobil Oil.!-?*" Since then, remarkable progress in our
knowledge of their structure and use in synthetic methodologies has been made, and a
wide range of synthetic zeolites are known. These materials have became the most
widely used catalysts in the petroleum refining industry and also perform an important
and still increasing role in the synthesis of fine and specialty chemicals. There are
several reviews and books concerning the structural aspects of zeolites, and their use
in chemical processes, and particularly in organic synthesis.>® A comprehensive
survey of their structural characteristics, properties and applications, is therefore not
our purpose. However, it is worth mentioning the main aspects that enable them to
serve as catalysts of valuable and distinctive performance in organic transformations.

These microporous crystalline materials possess a framework consisting of AlO,
and SiOy tetrahedra linked to each other by the oxygen atoms at the corner points of
each tetrahedron. The tetrahedral connections lead to the formation of a three-
dimensional structure having pores, channels, and cavities of uniform size and
dimensions that are similar to those of small molecules. Depending on the arrange-
ment of the tetrahedral connections, which is influenced by the method used for their
preparation, several predictable structures may be obtained. The most commonly used
zeolites for synthetic transformations include large-pore zeolites, such as zeolites
X, Y, Beta, or mordenite, medium-pore zeolites, such as ZSM-5, and small-pore
zeolites such as zeolite A (Table I). The latter, whose pore diameters are between 0.3

TABLE I
Dimensions of Zeolites Commonly Used in Catalysis

Zeolite (Structure Type) Dimensions Commercial Products

Small Pore Zeolites

Zeolite A (LTA) 4.1 A diameter pore, Linde types 4, 3, 5 A
11.4 A diameter cavity

Medium Pore Zeolites

ZSM-5 (MFI) 53x5.6A channel, CBV-3020, CBV 3024E,
5.1x5.5 A channel CBV-30014

Large Pore Zeolites

Zeolite X/Y (FAU) 7.4 A diameter pore, 13X, CBV-100, CBV-400,
11.8 A diameter cavity CBV-500, CBV-720,

HSZ-320NAA, HSZ-90HUA

Mordenite (MOR) 65x7A channel, HSZ-620HOA, CBV-10A,
2.6 5.7 A channel HSZ-690HOA

Zeolite beta (BEA) 7.6 %64 A channel, CP-811BL-25, CP-814E

5.5x5.5 A channel
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and 0.45 nm, allow the absorption of only small molecules. It is typically used as
drying agent, and includes the commercialized 3, 4, and 5 A Linde-type molecular
sieves (MS).

Zeolites possess high adsorption capacity, and their unique and regular pore and
channel structure leads to shape selectivity, which can be of reactant, product, or
transition-state type. Because of size restrictions inside the zeolite, some reactants or
products are more able to enter or leave the zeolite cavities than others, and in a
chemical reaction, the more appropriate transition states, also in terms of size or
shape, will be preferentially formed. This feature can be used to control the direction
and the stereo- or regio-chemical outcome of a given reaction, avoiding the formation
of undesired isomers or side products. Another important feature, crucial for their
catalytic activity, is their Brgnsted and Lewis acidity. The Brgnsted acidity is asso-
ciated with bridging hydroxyl groups attached to a framework of oxygen atoms that
link tetrahedral Si and Al atoms: AI(OH)Si. Lewis acidity is conferred by the metal
ions that compensate for the anionic aluminum centers or by the aluminum centers
deficient in oxygen.

Thus, zeolites may replace such environmentally unfriendly acid catalysts as AICl;
or H,SO, in organic transformations, contributing to cleaner and safer methodologies.
The strength and concentration of the acid sites can be modified by controlling the
Si/Al ratio, and therefore the zeolite acidity can be adjusted for a particular application.

The chemical and thermal stability of these solid catalysts is also an important
advantage for their use, making them resistant to higher reaction temperatures and to a
variety of chemical attacks. Moreover, the ease of handling and recovering of the
zeolite by a simple filtration, with the possibility of reusing it, are valuable features
for a catalysis-based reaction.

Among the wide variety of organic reactions in which zeolites have been employed
as catalysts, may be emphasized the transformations of aromatic hydrocarbons of
importance in petrochemistry, and in the synthesis of intermediates for pharmaceuti-
cal or fragrance products.’ In particular, Friedel-Crafts acylation and alkylation over
zeolites have been widely used for the synthesis of fine chemicals.® Insights into the
mechanism of aromatic acylation over zeolites have been disclosed.” The production
of ethylbenzene from benzene and ethylene, catalyzed by HZSM-5 zeolite and
developed by the Mobil-Badger Company, was the first commercialized industrial
process for aromatic alkylation over zeolites.® Other typical examples of zeolite-
mediated Friedel-Crafts reactions are the regioselective formation of p-xylene by
alkylation of toluene with methanol over HZSM-5,° or the regioselective p-acylation
of toluene with acetic anhydride over HBEA zeolites.!? In both transformations, the
p-isomers are obtained in nearly quantitative yield.
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Zeolites have also been described as efficient catalysts for acylation,!! for the
preparation of acetals,'? and proved to be useful for acetal hydrolysis'? or intramo-
lecular lactonization of hydroxyalkanoic acids,'* to name a few examples of their
application. A number of isomerizations and skeletal rearrangements promoted by
these porous materials have also been reported. From these, we can underline
two important industrial processes such as the isomerization of xylenes,? and the
Beckmann rearrangement of cyclohexanone oxime to e-caprolactam,!® which is an
intermediate for polyamide manufacture. Other applications include the conversion of
n-butane to isobutane, ' Fries rearrangement of phenyl esters,!” or the rearrangement
of epoxides to carbonyl compounds.'®

Clay minerals are compositionally similar to zeolites.!® They differ, however, in
their crystalline structure, which, in the case of clays, consists of tetrahedral and
octahedral layers. The arrangements of these layers give rise to four different main
groups of clays, namely smectite, illite, vermiculite, and kaolinite.!® Among these,
montmorillonite clays, which belong to the smectite group, are the most useful clay
catalysts in synthetic organic chemistry. Their structural unit consists of a sandwich of
one octahedrally coordinated sheet of [Al,(OH)gs] groups between two sheets of
tetrahedrally coordinated silicate [SiO4]*~ groups. A particular feature of montmoril-
lonite relies on its propensity to exchange the central cation, either at the tetrahedral
sites, that is substitution of Si** by AI3*, or at the octahedral sites, in which substitu-
tion of AI** by Mg+ may occur. The substitution of cations in the lattice by lower
valent cations results in a residual negative charge in the lattice, which can be
balanced by cations, presumably situated between the lattice layers. The interlayer
cations contribute strongly to the Brgnsted acid character of clays, mainly because of
the dissociation of the intercalated water molecules coordinated to cations. The
Lewis-acidity character results from the AI** ions at the crystal edges. The catalytic
activity of montmorillonites thus relies on their high capacity for ion exchange, strong
acidity and, like zeolites, on their high surface area and sorptive properties. These
materials are also environmentally benign, and allow mild reaction conditions and
simple procedures.

A diverse group of organic reactions catalyzed by montmorillonite has been
described and some reviews on this subject have been published.!® Examples of
those transformations include addition reactions, such as Michael addition of thiols
to o,f-unsaturated carbonyl compounds,?® electrophilic aromatic substitutions,'*¢
nucleophilic substitution of alcohols,?! 196.22 and deprotection,??
cyclizations,!°®< isomerizations, and rearrangements.

Another silicon-based porous solid which has been used in heterogeneous catalysis
of organic reactions is silica gel. However, unlike zeolites and clays, silica gel is

acetal synthesis
19b,24
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amorphous and is most frequently used as a relatively inert support material.
Nevertheless, its preparation for catalytic processes has been patented.?> The structure
of this material is based on a rigid three-dimensional network of branched and cross-
linked siloxane (Si—O-Si) chains, which result from polymerization of silicic acid.?®

The silica gel network readily retains water molecules. Therefore, the presence of
hydrates or silicic acid is ascribed to be the support reagents responsible for mediating
a chemical transformation.?’

Silica gel-based catalytic systems have been described as efficient promoters for a
number of organic reactions.?® Illustrative examples include the oxidative cleavage of
double bonds catalyzed by silica-supported KMnQ,,2° reaction of epoxides with
lithium halides to give ff-halohydrins performed on silica gel, selective deprotection
of tert-butyldimethylsilyl ethers catalyzed by silica gel-supported phosphomolybdic
acid (PMA),?' and synthesis of cyclic carbonates from epoxides and carbon dioxide
over silica-supported quaternary ammonium salts.>?

Taking into consideration the advantages of using the foregoing siliceous materials
in organic transformations, it is not surprising that many synthetic procedures
employing these catalysts have been developed in carbohydrate chemistry. The utility
of these inorganic templates is demonstrated by their application in reactions that
traditionally involve strong Brgnsted or Lewis acids, such as glycosylation and
acetonation. Several research groups have established new protocols for key trans-
formations of carbohydrates, profiting from the active catalytic sites and the reaction
selectivity associated with such catalysts. The most significant results in this field are
presented and discussed in this survey.

III. CATALYSIS OF KEY TRANSFORMATIONS IN CARBOHYDRATE CHEMISTRY

1. Glycosylation

The term glycosylation stands for synthetic methodologies that permit linking the
anomeric carbon of a sugar to other sugar units or other molecules. In 1893, Fischer
reported his historical glycosylation procedure, consisting of the reaction of unpro-
tected monosaccharides with simple alcohols in the presence of HCL.?® Since then,
numerous methodologies for glycoside synthesis have been developed.** Most of
them require activation of the glycosyl donor, as by Lewis acids, heavy metal salts, or
protic acids. As demonstrated in this chapter, zeolites, montmorillonite clays, and
silica provide mild and efficient catalyst-based procedures for these types of
reactions.
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a. Zeolites.—(i) Medium and Large-Pore Zeolites. The first zeolite-catalyzed
glycosylation procedure was reported by Corma et al.>> and consisted of the Fischer
glycosylation of D-glucose with butanol. Different acid zeolites were used for this
purpose, including HY, H-beta, HZSM-5, H-mordenite, and mesoporous MCM-22
MSs. All of the catalysts proved to be efficient for the conversion of glucose into the
corresponding butyl glucoside, giving first the glucofuranoside product 2, which is
then isomerized to the pyranoside 3 (Scheme 1). The zeolite efficiency was correlated
to its acid strength and its channel system, showing that both aspects influenced the
reaction. Thus, zeolite HY performed the best, attributable to its adequately large-pore
system, whereas MCM-22, despite having higher acidity, gave a poorer outcome,
which may be explained by its unidirectional system of channels, and the consequent
restriction to the diffusion entry of the reactants. It was also shown that zeolites
having higher Si/Al ratio are more efficient for the transformation. This parameter not
only defines the number and strength of acid sites, but also determines the adsorption
properties of the zeolite. The results obtained are therefore consistent with the fact
that zeolites having a high density of acid sites are highly hydrophilic and apt to form
and strongly adsorb the polar glucosides, thus decreasing the efficiency of the
catalyst. Taking into account all of the studied factors, the best catalysts were
considered to be those large-pore tridirectional zeolites having high Si/Al ratios,
namely faujasite and H-beta. Moreover, the formation of oligosaccharides and alkyl
oligosaccharide glycosides was not detected, because of constrains in the zeolites’
framework, where bulkier transition states are limited by shape-selective effects. The
roles of the crystallite size and the hydrophobic character of the H-beta zeolite were
also studied for this transformation.?® It was demonstrated that, when maximum
reaction rate is desired, the influence of diffusion through the micropores has to be
minimized. This can be achieved by increasing the pore diameter and decreasing the
length of the micropores, that is, the crystallite size. Concerning the Si/Al ratio, an
optimum must be found for which adsorption properties, and number and strength of
acid-active sites, are best matched. Also it was concluded that a high hydrophobicity
of the catalyst is fundamental for its activity.

In further work, the same research group showed that it was possible to effect
transacetalation of the initial butyl glucosides 2, 3 with octanol and dodecanol over
H-beta zeolites. Direct Fischer glucosylation, leading to the desired long-chain gluco-
sides 4, 5, was also possible (Scheme 1).3”

The zeolite-catalyzed glucosylation of n-butanol was also investigated by Chapat
et al *® using dealuminated HY faujasites. The thermodynamically more-stable butyl
glucopyranosides were predictably the final reaction products, resulting from
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SCHEME 1. Acid-zeolite catalyzed formation of alkyl glucosides by Fischer glucosylation and by
transacetalation of butyl glucosides.

isomerization of the intermediate furanosides. These results accord with those previ-
ously reported by Corma et al.>3% Zeolites having different Si/Al ratios were used to
discover the optimal value, a balance between the number of acid sites and their
strength. The performance of the HY zeolites was compared to that of HBEA zeolite
in terms of selectivity. A higher f/a-anomer ratio (1.5) was obtained when HY
zeolites were used, attributable to shape-selective properties of the catalysts for the
transition states involved.

Although selectivity for the pyranosides has been found in the previously cited
reports, our research group has demonstrated that selectivity for the kinetically
controlled product, the furanoside derivative 7, may be achieved by zeolite-mediated
Fischer glycosylation of N-acetylgalactosamine (6) with methanol (Scheme 2) under
reflux for 48 h, and the expected f-selectivity was obtained.>® Large-pore zeolites
(HY and HBEA) and the medium-pore HZSM-5 zeolite were tested in order to
evaluate the influence of pore dimensions, the framework Si/Al ratio, and concentra-
tion of the acid sites, on the reaction efficiency and regioselectivity (Table II). For
large-pore zeolites, the Brgnsted acidity proved to be the determinant factor, and the
HY zeolite (3.1) led to the highest conversion and best regioselectivity to the methyl
furanoside, isolated as its acetylated (8) or isopropylidene (9) derivatives. Therefore,
HY (13.2) and HBEA zeolites, which possess similar Brgnsted acidity, led to identical
conversion of starting material and furanoside/pyranoside ratio (2:1). When zeolite
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SCHEME 2. Fischer glycosylation of GalNAc catalyzed by acid zeolites.

TABLE II
Fischer Glycosylation of GalNAc with Methanol Followed by Acetylation (Compounds 8 and 11),
as Mediated by Acid Zeolites

Acid-Site Concentration  Fischer Glycosylation

(umol g~ 1) Yield (%)
External Surface
Zeolite (Si/Al Ratio) Area (m*g™ 1) Bronsted Lewis 8 11 12
HY (3.1) 37 670 247 67 31 2
HY (13.2) 64 327 74 32 14 52
HZSM-5 (13.3) 4 469 102 28 2 69
HBEA (12.5) 178 315 340 33 15 52

HZSM-5 was used, the starting material (12) was recovered in 69% yield, a result
most probably attributable to its more confined-pore structure. However, the highest
regioselectivity for the furanoside/pyranoside form (14:1) was obtained with this
medium-pore zeolite. It could also be concluded that the external surface area of
the zeolites and the Lewis acid sites (Table II), do not have any effect on yield/
regioselectivity of this reaction.

Glycosylation using 1-O-acetyl sugars (glycosyl acetates) is a common and practi-
cal method for glycoside synthesis. These glycosyl donors are readily prepared and
are generally activated by a Lewis acid. Helferich*® introduced glycosyl acetates in
1933, and since then, several Lewis acids have been reported as promoters for glycosy-
lation.3**4! H-beta zeolite was used by Aich and Loganathan*? for the synthesis of
aryl glycosides by reaction of a variety of phenols (15a—e) with f-D-glucose and
p-D-galactose pentaacetates (13, 14) under solvent-free conditions (Scheme 3).
The corresponding f-glycopyranosides (16a—e, 17a—e) were obtained in moderate
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SCHEME 3. Phenols glycosylation promoted by H-beta zeolite.

yields (36-46%), along with the 2-deacetylated o-glycopyranosides (18a—e, 19a—e), in
23—28% yield. Noteworthy is the fact that the latter by-products were obtained in a
single-step reaction, in considerably higher yield than that previously described using
multistep methods (< 12% overall yield*?).

Subsequently, the same authors employed a similar methodology for the glycosyl-
ation of long-chain alcohols.** Different forms of beta zeolite (H-beta, Na-beta,
Fe-beta, and Zn-beta) were used as catalysts for the reaction of -D-galactose penta-
acetate with cetyl alcohol, performed under conditions similar to those described in
the previous work. The highest conversion was obtained over Fe-beta, which was
therefore chosen for the subsequent glycosylation reactions with the other fatty
alcohols. The major products were the alkyl glycopyranosides, whose yields ranged
from 33% to 43%, and the C2-hydroxy a-glycopyranosides were obtained as second-
ary products in 18-19% yields.

1,2-Anhydro sugars are convenient glycosyl donors for the synthesis of 1,2-trans-
glycosides, since the opening of the oxirane ring with nucleophiles proceeds with
inversion of the configuration at the anomeric center.*> One of the most significant
methods using 1,2-anhydro sugars as glycosyl donors was reported by Danishefsky
et al.** who described the preparation of f-glycosides by reaction of alcohols with
1,2-¢-anhydro sugars in the presence of ZnCl, at —78 °C.

Matsushita et al.*® performed the glycosylation of cyclohexanol with 1,2-anhydro-
3,4,6-tri-O-pivaloyl-a-D-glucopyranose (20) over silica gel and zeolites, including the
mordenite-type zeolites HM, HY, and NaY. The HY zeolite presented the best
catalytic performance, enabling the formation of the f-O-glycoside 21 in 79%
yield, along with the diol 22 (Scheme 4). Stereoselectivity for the f-glycoside was
obtained with most of the catalysts tested (68-72% yield). Zeolite NaY, having the
weakest acidity among the solid acids, promoted the reaction only slightly.

Glycals have been widely used as glycosyl donors, especially for the synthesis of
2-deoxyglycosides.****#7 In addition, they can be readily converted into 2,3-unsaturated
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SCHEME 4. Glycosylation of cyclohexanol with 1,2-anhydro sugar 20 in the presence of HY zeolite.
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SCHEME 5. Ferrier rearrangement catalyzed by acid zeolites.

glycosyl derivatives by the Ferrier rearrangement.*® This transformation involves
migration of the glycal double bond with loss of an acyloxy group at the allylic position,
under catalysis by Lewis acids. The intermediate delocalized carbenium ion then reacts
with O-, C-, N-, or S-nucleophiles to give the corresponding 2,3-unsaturated glycosyl
derivatives. Various catalysts have been used in this reaction, boron trifluoride etherate
being the Lewis acid most frequently employed. Ferrier rearrangement of glycals
possessing ether protection at the allylic position has only been reported for 3-O-
methyl-p-glucal*” and 3-O-benzyl-p-glucal,’® under catalysis by boron trifluoride ethe-
rate. We have explored the potential of acid zeolites as promoters for the Ferrier
rearrangement  of  1,5-anhydro-2,5,6-tri-O-benzyl-2-deoxy-p-arabino-hex-1-enitol
(nonpreferred trivial name: tri-O-benzyl-p-glucal, 23).3° Thus, reaction of 23 with
octanol, 6-hydroxyflavanone, and propane-2-thiol, in the presence of HY (3.1), HY
(13.2), HBEA, and HZSM-5 afforded only the corresponding 2,3-unsaturated ¢-glycosyl
derivatives (24-26) (Scheme 5), in low to moderate yield. Yields increased with
concentration of the Brgnsted acid sites and with zeolite hydrophilicity. Hence, the
best results were obtained when the reactions were performed over HY (3.1) zeolite,
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and the target molecules were obtained in moderate yield (24 and 26 in 46% and 50%
yields, respectively), while the glycosylflavonoid 25 was recovered in only 38% yield.
The a-selectivity observed in these catalytic transformations arises from the well-known
anomeric effect. This new methodology for synthesis of 2,3-unsaturated glycosyl
derivatives involves zeolites-promoted debenzoxylation at position 3, thus expanding
the synthetic use of the Ferrier rearrangement to benzyl-protected glycals.

(ii) Small-Pore Zeolites. Molecular sieves 3, 4, and 5 A are small-pore zeolites
(zeolites A) and have been employed, also in their acid-washed (AW) form, together
with a variety of catalysts to ensure higher yields in glycosylation reactions. This
cooperative effect has been observed with several catalysts, namely TMSOTT,3!-4
NIS/TfOH,>>77 Tf,0,%8 AgOTf,>> BF;3-Et,0,%, or HsPW,040.%>° The role of the MS
is mainly to stabilize the promoters, acting as a water and/or proton scavenger in the
reaction mixture, and enhancing reaction rate, selectivity, and yield.

Posner and Bull>? investigated the effect of the source and hydration level of the MS
on the stereoselectivity of the dimerization of 1-hydroxy sugars into 1,1-linked dis-
accharides using TMSOTT as promoter. Molecular sieves 4 A from Aldrich, Janssen,
Lancaster, and Davison Chemical companies were tested and those from Davison gave
the best results for the o,a-disaccharide both in yield and selectivity. The latter MS had
significantly lower concentrations of calcium oxide and magnesium oxide and consid-
erably higher concentrations of ferric oxide, sodium oxide, and sulfate ions, in compar-
ison to the others, although it is not clear whether any of these variables are crucial for
the observed o,x-selectivity. Moreover, the amount of adsorbed water in the latter MS
did not seem to be an important factor, since the variation of its hydration level from
2.5% tol6% gave no significantly different results, indicating that the role of the MS
stays beyond that of water scavenger. Hence, the choice of an MS from a particular
brand may have a major effect on the outcome of some chemical reactions.

The MS pore-size influences the efficiency of some reactions, as reported by
Matsuo et al.>* for glycosylation promoted by TMSCIO,, which had to be performed
in the presence of 5 A MS and did not proceed in the presence of 4 or 3 A MS.
Moreover, C-glycosylation of phenols, as promoted by several Lewis acids, (in
particular by Sc(OTf);) was highly dependent on the MSs added. The highest yields
and f-stereoselectivity were obtained in the presence of 5 A MS, whereas 4 and 3 A
MS, among others, were much less effective.’” Nagai er al.>® used the heteropoly acid
H3;PW 1,04 as promoter for the glycosidation of sulfinyl glycosides with different
alcohols and it was observed that, in the presence of 5 A MS, the yields obtained
increased from 68% to 84% and the o/f-selectivity also increased from 79/21 to 98/2,
when compared to the glycosidation in the absence of MS.
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The addition of AW 4 A MS effected glycosylation of a trimethylsilylethyl glyco-
side with a peracetylated thioglycoside, with promotion by NIS/TfOH in almost
quantitative yield (96-99%).%” Triflic anhydride was also a suitable promoter in the
presence of 4 A MS for the glucosylation of glycosyl acceptors of medium or low
reactivity, using 2,3,4,6-tetra-O-benzyl-f-D-glucopyranosyl fluoride, as reported by
Wessel and Ruiz.>® The ability of MSs to act as triflic acid scavengers also led to
useful methodology for the formation of triflates under nonbasic conditions.>®

Activation of 2,3 ,4-tri-O-acetyl-D-xylopyranosyl trichloroacetimidate with BF;- Et,O
in the presence of AW-300 MS, followed by reaction with azidosphingosine afforded
the glycolipid fXylCer in 59% yield.>> Nevertheless, BF;- Et,O-promoted glycosylation
of phenolic hydroxy groups with 3.4,6-tri-O-acetyl-2-deoxy-2-N-phthalimido-$-p-glu-
copyranosyl trichloroacetimidate gave highly satisfactory results in the absence of MS,
whereas in the presence of AW-300 MS the yields decreased surprisingly to less than
40%.%" These contradictory results suggest that for the synthesis of glycosides by
phenols glycosylation, the addition of AW MS may be counterproductive, probably
because of their ability to promote C-glycosylation.

Disarmed glycosyl trichloro- and N-(phenyl)trifluoroacetimidates were efficiently
activated by the system I,/Et;SiH for the rapid and high-yield glycosylation of
primary and secondary saccharide acceptors, and it was observed that the presence
of AW 4 A MS was decisive for achieving high reaction yields.®?

MSs are often described as acid or water scavengers, but Adinolfi et al.%3%* later
reported the use of 4 A AW-300 MS to promote glycosidation of trifluoro- and
trichloro-acetimidates in the absence of any other catalyst (Scheme 6). They found
out that 4 A AW-300 MS could lead to glycosidation, whereas regular 4 A MS was
totally ineffective. Nevertheless, to achieve good yields within a few hours, higher
temperatures than those used with Yb(OTf);/AW-300 MS were required. Glycosidation

AcO o
AcO CE
MeO,CO % 3
MeO,CO
2CO "0\ o, Ph/¥
27 _ 4Aawms AcO Q O
+ T Toluene MeO,CO
Ph rt, 24h MeO,CO
/wo o
oHO
RO Yield >90%

28 OMe  R=ac, Bn

SCHEME 6. Glycosidation of a trifluoroacetimidate in the presence of AW MS.



42 A.P. RAUTER ET AL.

proceeded in remarkably high yields with such nonpolar solvents as toluene or dichlo-
roethane, while more-polar solvents gave lower yields. These results suggest that with
the system Yb(OTf);/AW-300 MS, in ether or acetonitrile solvents, the activating
power of AW-300 MS is negligible and the MS essentially acts as a drying agent.

This activation procedure is particularly attractive on account of its simplicity, to
the avoidance of more-acidic promoters, and to the easy recovery and reuse of the MS.
The mildness of this methodology allowed its successful application to the difficult
regioselective carbinol glycosylation of 17B-estradiol.** In addition, the same group
synthesized the nonreducing tetrasaccharide terminus of Globo H hexasaccharide,
using 4 A AW-300 MS for the stereocontrolled synthesis of 1,2-trans-glycosides
bearing a participating group at position 2. Nevertheless, in the absence of such a
group, the use of Yb(OTf); with a suitable solvent is mandatory for either 1,2-cis or
1,2-trans-selectivity.%3

Chandra and Brown®®

investigated the synthesis of «-ribonucleosides as mimetics
of the lower axial ligand in coenzyme B,. Reaction of unprotected indolines with
2,3-0-isopropylidene-5-O-trityl-p-ribofuranose in dry ethanol or dichloromethane
was possible in the presence of 4 A MS affording exclusively the desired indole
a-ribonucleosides in 55-70% yield. This procedure is an effective alternative to the
multistep route that requires protection of the indoline and use of expensive coupling
agents as previously reported by the same group.®’

b. Montmorillonite.—The application and utility of montmorillonite clays as
catalysts in glycosylation reactions has been illustrated in the preparation of O- and
C-glycosyl derivatives, and for promoting the allylic rearrangement of glycols. The first
report of montmorillonite as a catalyst for glycosylation was published approximately
20 years ago by Florent and Monneret,®® who used it for the glycosidation of
1-O-acetyl-2,3,6-trideoxyhexoses with methanol and benzyl alcohol. The corresponding
f-glycosides were obtained stereoselectively in moderate yields (44—48%).

With respect to unprotected glycosyl donors, Fischer glucosylation of butanol and
dodecanol in the presence of montmorillonites has been studied by Brochette et al.%°
The glucosylation of butanol was performed over K-10, KSF, and KSF/O montmor-
illonites, showing that the rate and the efficiency of the transformation depended on
the relative acidity of the catalysts. Hence, the highest glucose conversion (88%) and
the best product yield (78%) were achieved for the catalyst possessing the strongest
acid character. The catalytic activity was ascribed to the transfer of acidity from the
solid to the liquid phase and was detected by measuring the pH of the solvent after
removal of the clay suspension by filtration. For the KSF/O-mediated O-glucosylation
of butanol it was shown that the reaction rate is slightly accelerated by ultrasonic
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irradiation. In the case of dodecanol, the use of KSF/O led to substantial formation of
oligomers, and the desired glycosides were obtained in only low yields (16%).
Moreover, oligomerization was increased when ultrasound was employed.

Olivoses (2,6-dideoxy-D- and -L-arabino-hexoses) are components often present in
bioactive glycosylated natural products, particularly in antitumor antibiotics of the
aureolic acid family, some of which are used clinically. It is known that these sugar
moieties are important for the bioactivity of these antibiotics and participate in the
interaction with the cell target.’® Jyojima ef al.”! employed montmorillonite K-10 as
catalyst for the glycosidation of 3,4-di-O-protected olivoses (30-34) with alcohols
(35-40) (Scheme 7). The reaction of 3,4-di-O-tert-butyldimethylsilyl (TBDMS)-
olivose (30) and cyclohexylmethanol gave the corresponding olivosides in 94%
yield and with a-selectivity (a/f ratio, 5.3/1). The nature of the protecting groups in
the olivose was recognized as being essential for the stereochemical outcome of the
glycosidation. Thus, montmorillonite K-10-catalyzed glycosidation of 3-O-acetyl-4-
O-tert-butyldimethylsilyl-olivose (33) with cyclohexylmethanol proceeded with
a-selectivity, although the f-olivoside was predominately obtained when the protect-
ing groups at O-3 and O-4 of olivose were interchanged. This result may arise from
the participating effect of the acetate at C-4. Glycosylation of the alcohols 35-40
further supported these findings, and occurred with good to excellent yield and
stereoselectivity.
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Acoﬁ/m - RO 0 TBDMSO 0
TBDMSO R'O —_—> AcO

Montmorillonite K-10 OH Montmorillonite K-10 OR

B-olivosides . ) a-olivosides
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32 R'=Ac, R’=Ac
33 R'=Ac, R*=TBDMS

ROH 34 R'=TBDMS, R*=Ac
OH
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OH
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SCHEME 7. Montmorillonite K-10 catalyzed glycosidation of a 3,4-di-O-protected olivose with various
alcohols.
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Stereoselective synthesis of 2-deoxy-2-iodo-f-olivosides (42) was also accom-
plished by montmorillonite K-10-promoted glycosylation of various alcohols with a
2-deoxy-2-iodo-olivosyl fluoride 41 (Scheme 8).7?
glycosylation of cyclohexylmethanol were investigated; use of dichloromethane as
solvent in the presence of 5 AMS (to avoid hydrolysis) provided better yields of the
target glycoside. Under these conditions, the alcohols were efficiently glycosylated,
affording the corresponding 2-deoxy-2-iodo-olivosides in yields ranging from 80% to
98%, with high f-stereoselectivity. Reduction of this intermediate iodide is feasible,
leading to a useful synthetic route for the stereoselective synthesis of -olivosides.

Conversion of glycals into 2,3-unsaturated glycosyl derivatives in the presence of
K-10 montmorillonite has also been reported in the literature. Toshima et al.”3
described the use of this material as activator for O-glycosidation of glycals with
several alcohols under mild conditions. For example, glycosidation of 3,4-di-O-
acetyl-L-rhamnal (43) with alcohols 3540 in dichloromethane, using 30% (w/w) of
catalyst gave products of allylic rearrangement in high yield, with moderate to good
a-stereoselectivity (Schemes 7 and 9).

Balasubramanian et al.”*7> have shown that montmorillonite K-10 also induces the
Ferrier rearrangement of glycals when conducted with microwave irradiation. Micro-
wave heating enhanced the efficiency of the reaction by considerably decreasing the
reaction time while increasing the yield of the product. By this methodology, glyco-
sidation of 3,4,6-tri-O-acetyl-D-galactal and -p-glucal with alcohols and phenols led
exclusively to the corresponding alkyl and aryl 2,3-unsaturated glycosyl derivatives,
with major formation of the o anomer, attributable to the anomeric effect. Recently,
montmorillonite K-10-supported bismuth(IIl) triflate was used as a catalytic system
for the glycosylation of alcohols and thiols with 4,5-oxazoline derivatives of sialic
acid.”® The reactions also proceeded via Ferrier rearrangement to afford 3,4-unsatu-
rated sialic acid derivatives in moderate yield.

Development of C-glycosylation methods has attracted great attention on account
of the natural occurrence, biological profile, and usefulness of C-glycosyl derivatives
as versatile chiral building blocks for the synthesis of optically active natural pro-
ducts.”” Glycals are useful glycosyl donors for C-glycosylation, due to their ability to

ROH
AcO = >  AcO O OoR
AcO AcO

| Montmorillonite K-10 I

4 CH,Cl,, MS 5A 42

The reaction conditions for the

SCHEME 8. Stereoselective ff-glycosylation of various alcohols with a 2-deoxy-2-iodo-olivosyl fluoride
catalyzed by Montmorillonite K-10.
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SCHEME 9. Ferrier rearrangement by glycosidation of 3,4-di-O-acetyl-L-rhamnal with several alcohols
catalyzed by Montmorillonite K-10.

react with C-nucleophiles to give 2,3-unsaturated C-glycosyl derivatives. This reac-
tion normally takes place in the presence of such Lewis acids as boron trifluoride
etherate or tin(IV) chloride, and occurs with high stereoselectivity. The most com-
monly used nucleophiles for C-glycosylation with glycals are organosilane reagents,
especially allylsilane. Toshima et al.”® reported the C-glycosylation of allyltrimethyl-
silane, vinyloxytrimethylsilane, or isopropenyl acetate with glycal acetates catalyzed
by montmorillonite K-10 to give 2,3-unsaturated C-glycosyl derivatives in moderate
to high yield and o-stereoselectivity.

C-Glycosyl aromatic compounds are commonly found as plant constituents and
are present in a variety of biologically important natural products, including such
antibiotics as angucyclin, pluramycin, and related families.””-”” These possess
C-glycosylically linked D-olivose moieties in their structure. Toshima et al.8°
also investigated the C-glycosylation of several phenol and naphthol derivatives with
unprotected methyl olivosides (46) and the parent reducing sugars (45) in the presence of
montmorillonite K-10 (Scheme 10). The unprotected sugars were efficiently linked to
the glycosyl acceptors, affording stereoselectively the corresponding f-C-glycosyl
derivatives (47—48) in yields ranging from 65% to 98%. In addition, montmorillonite
K-10-catalyzed C-glycosylation reactions using anomerically unprotected sugars were
carried out in water, giving yields and stereoselectivity similar to those obtained when
dry chloroform was used. These unexpected results reinforce the usefulness of this
environmentally friendly methodology.

c. Silica Gel.—The very first report on the use of silica gel as a promoter in
glycosylation reactions was made by Matsushita et al.*® 1,2-Anhydro-3,4,6-tri-O-pival-
oyl-a-D-glucopyranose (49a) was allowed to react with cyclohexanol in the presence of
silica gel, leading to the stereoselective formation of the f glucoside 50a. However,
epoxide hydrolysis also occurred and the reducing sugar was transformed into the
corresponding methyl glucoside by treatment with an excess of methanol (Scheme 11).
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SCHEME 10. C-Glycosylation of aromatic alcohols with olivoses and olivosides in the presence of
Montmorillonite K-10.
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SCHEME 11. Glycosylation of a 1,2-anhydro sugar with cyclohexanol in the presence of silica gel.

Several sets of reaction conditions were compared and the best results were
obtained when 3.0 wt eq. of SiO,, and up to 9.0 wteq. of 3 A MS were used to
transform both the pivaloyl- and the benzyl-protected glucosyl donors, to give 50a
and 50b in 72% and 71% yields, respectively. The 3 A MS were crucial when
employed alongside silica, as they acted as water scavengers, minimizing the extent
of hydrolysis and increasing the yield of the desired product. In addition, when 49a
reacted with cyclohexanol only, in the presence of 3 A MS, no traces of the cyclo-
hexyl f glucoside were obtained, confirming that 3 A MS do not promote this
reaction. Other catalysts were investigated for this reaction also, TiO,—SiO, and the
zeolites HM, HY, and NaY. Zeolite HM and TiO,—Si0O, gave good reaction yields but
with a loss in stereoselectivity. The formation of 50a in a stereocontrolled manner was
achieved by using zeolites HY and NaY, although the yield was only 19% when the
latter promoter was used. Thus, SiO, and HY zeolite were demonstrated to be the best
catalysts, the advantage of the former being avoidance of possible side reactions
attributable to its lower acidity.

Silica gel successfully catalyzed the stereoselective synthesis of several glucoside
terpenoids. Treatment of 49a with propan-2-ol, geraniol, the tetrahydropyranyl (THP)
ether of coniferyl alcohol, and (—)-perillyl alcohol gave glucosides 52a—d in good
yields (Scheme 12). The acid-labile THP group was retained under these reaction
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SCHEME 12. Synthesis of terpenoid glucosides via a stereoselective glucosidation of a 1,2-anhydro sugar
catalyzed by silica gel.

conditions and, unlike other acid catalysts, silica gel led to good regioselectivity.
However, glucosylation of the sterically hindered trans- and cis-carveol gave low
yields of 52e and 52f, respectively. Further deprotection afforded the terpenoid
glucosides 53d, 53f, and 54.

Silica-supported reagents have been exploited as nontoxic, inexpensive, reusable,
and environmentally acceptable catalysts for developing stoichiometric reaction
methods in organic chemistry and specifically in carbohydrate chemistry. Apart
from being easy to handle and to store, these systems allow facile workup, the catalyst
being removed by simple filtration, and the reaction products isolated by chro-
matographic purification, if necessary.

Previously applied for the conversion of alcohols into the corresponding acetates,?!
perchloric acid immobilized on silica gel (HC1O4—SiO, 200—400 mesh) was first
reported in a glycosylation context by Agarwal et al.3? to promote the Ferrier rear-
rangement. It proved to be a very efficient catalyst in the reaction of 3,4,6-tri-O-acetyl-
D-glucal (85) with several primary, secondary, and allylic alcohols, as well as phenols
and thiophenol, yielding the corresponding 2,3-unsaturated O/S-glycosides in good to
excellent yields, with short reaction times and high a-selectivity (Table III). Moreover,
the authors reported the formation of a 1-C-glucosyl derivative in the reaction with
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TABLE III
Ferrier Reaction of Tri-O-acetyl-p-glucal with Different Nucleophiles in the Presence
of HC10,4-SiO, Reagent®>

OAc OAc
e} HCIO,-SiO, fe)
MRS - o O w0
CH,CI,

XR
55 56
Time Yield Time Yield
XR (min) (%) a:p XR (min) (%) a:f
OMe 180 82 6:1 o) 45 84 7:2
<
OEt 180 81 15:1 (0] 5 86 7:2
OBn 20 82 6:1 o
BnO
BnO
BnO OMe
30 81 8:1 OBn 10 65 1:0
O
o 20 92 51 BnO "y
) n
O OMe
_ 30 82 8:1 OPh 5 54 1:0

45 92 24:1 SPh 20 60 20:1

Ya)
OChol 150 86 23:1 O 20 73 5:1
o~

For RXH: Y=H and for the target molecule: Y=C-glycosyl.

20 95 6:1 10 70 11:1
OBn O‘@’Me
o/\J

p-naphthol in 73% yield with an a/f3 ratio of 5:1, probably resulting from rearrangement
of the O-glycoside. Most reactions were complete within 1 h, except when MeOH,
EtOH, and cholesterol were used as aglycons, and the amount of HC1O,—SiO, varied
from 5 to 300/100 mg of starting sugar, according to the reactivity of the acceptor.
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The results obtained by using this reagent system are comparable to those achieved
using such alternative catalysts as Sc(OTf);, Yb(OTf);, CAN, and BF;- Et,0, and even
better in some cases, in terms of yield, reaction time, and anomeric selectivity.

Misra et al .33 also reported the Ferrier rearrangement of 3,4,6-tri-O-acetyl-p-glucal
and -galactal with several alcohols, including monosaccharides, and thiols, bearing
allyl, propargyl, isopropylidene, benzyl, and isopropyl groups. The corresponding
2,3-unsaturated O/S-glycosides were obtained in good yield after a few minutes as
anomeric mixtures, with o/f ratios between 1:1 and 1:0. The HC104~SiO,-promoted
Ferrier rearrangement of glycals was also employed for the synthesis of 2,3-unsatu-
rated C-glycopyranosyl compounds by reaction of acylated and alkylated glycals with
trimethyl- and triethyl-silylated C-nucleophiles and with 1,3-diones and f-ketoesters,
in acetonitrile at room temperature.®* The reaction proceeded within 20-60 min,
affording excellent yields of 2,3-unsaturated C-glycosyl derivatives, which were
isolated as anomeric mixtures with o/ff-selectivities between 20:0 and 1.5:1. The
cleaner reaction profiles and simplicity in operation, with no need for special precau-
tions in either handling the catalyst or in excluding moisture from the reaction medium,
are other appealing aspects of this methodology for C-glycosylation reactions.

Synthesis of glycoconjugates promoted by HCIO4—SiO, was first described by
Mukhopadhyay et al.®> as a practical alternative to triflic acid for NIS-promoted
glycosylation reactions. This fast and straightforward methodology allowed transfor-
mation of “disarmed” thioglycosides in the corresponding 1,2-trans-glycosides, with
yields in the range of 74—87%. Moreover, the synthesis of a precursor to the N-linked
glycan trimannoside core [3,6-di-O-(¢-D-mannopyranosyl)-«-D-mannopyranoside], a
natural ligand for the lectin concanavalin A, was accomplished by one-pot double
glycosylation in 72% yield (Scheme 13). The same methodology was applied to
glycosyl trichloroacetimidates®® to afford several disaccharides, with yields in the
range of 55-94%, and again the synthesis of the trimannoside 59 was successfully
accomplished in 76% yield.

These results encouraged the authors to attempt the synthesis of more-complex
oligosaccharides, such as the Le* and Le* derivatives, 65 and 66, respectively. After
formation of the (1 — 3)-fucosyl linkage, as promoted by HC10,-SiO,, in a stereo-
and regio-selective manner, the peracetylated galactosyl trichloroacetimidate was
added to afford the desired Le* derivative 65 in 62% yield. The same method was
applied to obtain the Le? derivative 66 in 59% (Scheme 14).8¢

The “on-column” synthesis approach was also explored, followed by in situ puri-
fication of the products for the glycosylation reactions using trichloroacetimidates. The
authors primed the top of a standard silica chromatography column with perchloric acid
immobilized on silica. After charging both reactants, dissolved in dry CH,Cl,, onto the
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SCHEME 13. Synthesis of the trimanoside 59 by glycosidation of a thioglycoside or a trichloroacetimi-
date with a diol acceptor in the presence of HCIO4—SiO,.

o)
AcO O
OSPDBT OSPDBT

A
o ca,
HO~-Q 2 I
o NH ACO |
HN Me—7~g~7 TTocHN O\J TmcHN 0,
D-cal, OBn OBn
CAc

OAc

Me O O AcO
OBn AcO .
O;Ac 65 (62%)

AcO 61 63

OSPDBT HCIO, - SO,

AcO

oo
TrocHN ¢, \) HCIO, - S0, >\—CC' AcQ
AcQ ore 0SPDBT F\ZT)B" Bno”},°
OA o Aco” OSPDBT
AcO, o Hooéh\ e — oAc o
AcO o ccl, TrocHN O\J
\[r ACO—" AcO TrocHN O\)

62\ AcO™"AcO

64 66 (59%)

SCHEME 14. Synthesis of Le* and Le" derivatives by glycosylation in the presence of HCI04~SiO,.

column, they were allowed to react for 30 min and subsequently separated, affording the
corresponding glycosides in comparable yields those obtained by solution-phase proce-
dures. The same approach was applied in the preparation of glycosyl amino acids,
affording the 1,2-frans-linked products in good yield, although the corresponding
reducing sugar and unreacted amino acid were isolated as by-products.3°
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SCHEME 15. Synthesis of an Avermectin B1 analogue by glycosidation of a trichloroacetimidate donor
catalyzed by HC1O,4-SiO,.
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SCHEME 16. A methyl glycoside analogue of a trisaccharide fragment found in E. coli.

Glycosylation promoted by HC1O,4—SiO, using trichloroacetimidates was also inves-
tigated by Du et al.3” Using a 3-6% molar ratio of the promoter, the corresponding
glycosides were obtained in 78-92% yield with excellent stereoselectivity. A variety of
hydroxyl protecting groups such as isopropylidene, benzylidene, TBS, Bz, All, Tr, Bn,
Ac, and other functional groups such as lactone, aldehyde, azide, and thioglycoside
were found compatible under the glycosylation conditions studied and no side reactions
resulting from migration or degradation were recorded, unlike the situation when other
catalysts are used. In addition, this procedure allowed to the synthesis of the avermectin
B1la analogue 69 (Scheme 15) in almost quantitative yield.

Synthesis of a disaccharide fragment related to the repeating unit of Escherichia
coli Og;:K54:H3 O-antigen by glycosylation of methyl 2,3,4-tri-O-acetyl-f-p-galacto-
pyranoside with methyl (ethyl 2,3,4-tri-O-acetyl-1-thio-f-D-glucopyranosid)uronate
failed with NIS/HC104-SiO,, probably because of the low reactivity of the donor.
However, the methyl glycoside analogue 70 of a trisaccharide fragment, also found in
E. coli 0O83:K24:H3, was synthesized in a 13-step procedure where the system
HCl1O4-silica was used in five steps, namely in detritylation, introduction of a
benzylidene group and its subsequent removal, as well as in both NIS-promoted
glycosylation reactions, all proceeding in good yields (Scheme 16).58
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SCHEME 17. Synthesis of the glycon of Sokodoside B, involving H,SO,4-SiO,-promoted glycosylation
steps.

The use of H,SO, supported on silica gel was investigated as catalyst in Fischer-
type glycosylations.?® Reaction of D-glucose, D-galactose, D-mannose, N-acetyl-D-
glucosamine, L-thamnose, L-fucose, and maltose with propargyl alcohol was reported
using the alcohol (5 eq.) in solvent-free conditions at 65 °C to furnish the desired
glycosides in 69-83% yield with o,f-selectivity in the range of 10:1-1:0. This
procedure was applied to the preparation of a variety of D-glucosides by reaction of
D-glucose with allyl, aryl (benzyl, p-methoxybenzyl) and alkyl (octyl, dodecyl,
2-bromoethyl) alcohols, affording the desired glycosides in good yield (75-82%)
and stereoselectively (10:1<o/f<13:1).

The successful synthesis of trisaccharide 77 (Scheme 17), which is the glycon of
the steroid glycoside Sokodoside B, isolated from Erylus placenta, was accomplished
by Dasgupta et al.’® Coupling of p-tolyl 2,3,4-tetra-O-acetyl-1-thio-f-D-galactoside
(72) with o-L-arabinopyranoside (71), using NIS in the presence of H,SO4~SiO,
afforded the corresponding disaccharide in 89% yield. After protective-group modi-
fication, reaction with the donor 75 in the presence of the same promoter gave the
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protected trisaccharide 76 in 83% yield. Selective deprotection of the primary alcohol,
oxidation, and acetyl cleavage afforded the desired free trisaccharide 77. Hence, the
use of H,SO4—Si0; as catalyst for the NIS-promoted thioglycoside activation, instead
of the corrosive TfOH or TMSOTH, proved to be a better choice.

Clean glycosylation required temperatures in the range of —30 to —40 °C, since
partial loss of the TBDMS group occurred at temperatures higher than — 10 °C. The
authors took advantage of this observation and, anticipating the difference in reactiv-
ity among the 2- and 3- positions of the arabinose moiety, they attempted the one-pot
sequential glycosylation. Thus, p-methoxyphenyl 4-O-acetyl-a-L-arabinopyranoside
was first coupled with donor 75, and then the second donor 72 was added. The
sequential glycosylations were performed at —40 °C using NIS and H,SO4-SiO,,
and the acetylated trisaccharide, lacking the TBDMS group, was obtained after raising
the temperature to ambient. The analogue of the trisaccharide of Sokodoside B (78)
(Scheme 16) was also synthesized by a one-pot reaction of p-tolyl 2,3.4,6-tetra-
O-acetyl-1-thio--p-glucopyranoside (2.5 eq.) with o-methylphenyl 4-O-acetyl-o-L-
arabinopyranoside (1 eq.) at 10 °C using the same catalytic system, followed by
complete deacetylation with NaOMe/MeOH, in 64% overall yield.”°

Other glycoconjugates were synthesized by H,SO4—SiO,-promoted glycosylation
methodologies. The trisaccharides 79 and 80 (Scheme 18), which are related to the
saponin isolated from Centratherum anthelminticum, were obtained in very good
yield and with high stereoselectivity.”! Glycosylation of a rhamnosyl acceptor at
C-3 with the known p-tolyl 2,3,4,6-tetra-O-acetyl-1-thio-f-D-glucopyranoside, acti-
vated by NIS in the presence of H,SO4—Si0,, afforded the disaccharide precursor of
79 in 91% yield. Subsequent attachment of the arabinosyl moiety was performed by
activation of the corresponding disaccharide trichloroacetimidate at —40 °C, using
H,S0O4-Si0,, to give the trisaccharide 79 in 89% yield.

HO
ko oMP HO OH
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g OMP
7 HO,C ?
Me 2 Me OH
HO Ho\mz Homo\mi
o HO HO
Hﬁo&wo OH oH OH
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79 80

SCHEME 18. Trisaccharides related to the saponin isolated from C. anthelminticum.
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SCHEME 19. Retrosynthetic pathway for the glycon of the anti-Leishmania triterpenoid saponin 81.

Trisaccharide 80 was synthesized by a similar approach, in which a rhamnoside
was formed in 86% yield, transformed into its trichloroacetimidate, submitted to the
second glycosylation step promoted by H,SO4—silica (84% yield), and subsequently
deprotected to 80.°!

Subsequently, Rajput and Mukhopadhyay®? successfully synthesized the glycone
of the anti-leishmanial triterpenoid saponin 81, isolated from Maesa balansae
(Scheme 19). Glycosylations were formed by thioglycoside or glycosyl trichloroace-
timidate activation using H,SO4—Si0, in conjugation with either NIS or without. For
the synthesis of the target pentasaccharide, a 3 + 2 disconnection was planned, where
the protected trisaccharide 84 was coupled to the disaccharide propargyl acceptor 83
under NIS/H,SO4—Si0, activation. The tri- and disaccharides 84 and 83 were synthe-
sized from commercially available monosaccharides and the yields of the NIS-
H,S04-Si0, or H,S04—Si0;,-assisted glycosylations were in the range of 82—87%.
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SCHEME 20. Tetra- and tri-saccharides 90 and 91, contained in the antitumor agent Julibroside J,g.
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SCHEME 21. A nonionic surfactant prepared by glycosylation of octanol with glucose in the presence of
H,S0,-Si0;.

Sulfuric acid immobilized on silica was also employed as the catalyst for crucial
glycosylation steps in the synthesis of both tetra- and tri-saccharides 90 and 91
(Scheme 20)°3, which are portions of the antitumor agent Julibroside JI,g, isolated
from Albizia julibrissin. Both compounds showed significant in vitro antitumor
activity against HeLa, Bel-7402, and PC-3M-1E8 cancer cell-lines. The readily
available bp-glucose, L-rhamnose, and L-arabinose, or N-acetyl-D-glucosamine,
D-fucose, and D-xylose were used as starting materials for the synthesis of 90 and
91, respectively, using simple protecting-group manipulations. Glycosylations were
promoted by NIS/H,SO,4—SiO, or H,SO4—SiO, in very good yields (82—-87%).

The octyl polyglucoside 93 (Scheme 21), a nonionic surfactant, having a degree of
polymerization of 1.37, was also prepared in nearly quantitative yield by reaction
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of glucose with octanol in the presence of H,SO4~Si0,.°* The reaction was performed
out at 110°C and 20 mbar to remove the water formed and avoid glycoside
hydrolysis.

2. Sugar Protection and Deprotection

The presence in carbohydrates of multiple hydroxyl groups of similar reactivity
makes the chemo- and regio-selective manipulation frequently required quite diffi-
cult. For this reason, multistep protection—deprotection approaches are regularly
employed in carbohydrate chemistry, and versatile techniques for these transforma-
tions are particularly helpful. The following section addresses this aspect, concentrat-
ing on the catalytic procedures that have been developed employing zeolites and
related siliceous materials.

a. Zeolites.—(i) Medium and Large-Pore Zeolites. Acetylation is a common
method for protecting hydroxyl groups of carbohydrates, in particularl to simplify
the structural elucidation of many natural products containing saccharide units.
Peracetylated sugars are also useful intermediates for the synthesis of glycosides,
oligosaccharides, and other glycoconjugates. A standard acetylation procedure uses
an excess of acetic anhydride in pyridine (or triethylamine), which serves as solvent
and as a base. The inclusion of a cocatalyst, such as 4-(dimethylamino)pyridine
(DMAP), is sometimes needed to increase the reaction rate and facilitate acetylation
of more-hindered hydroxyl groups. Many other reagent systems have been introduced
for this transformation; these include Lewis acids, Brgnsted, acids and heterogeneous
catalysts, in combination with acetic anhydride.”

Bhaskar and Loganathan®® described O-peracetylation of monosaccharides, disac-
charides, and methyl glycosides (94) with acetic anhydride under catalysis by acid
zeolites. From the panel of zeolites tested (HY, HEMT, HZSM-5, HZSM-12,
HZSM-22, and H-beta), the large-pore zeolite H-beta provided the best yields of the
fully acetylated sugars, most of them being over 85% and up to 99%, with the
pyranose forms 95 accounting for 66—-100% of the reaction products (Scheme 22).

Subsequently, Gongalves et al.”” reported the acetylation of glycerol with acetic
acid performed over different solid acids, including montmorillonite K-10 and such
acid zeolites as HZSM-5 and HUSY. Among the siliceous porous materials examined,
montmorillonite K-10 gave the best performance, with 96% conversion into the
mono-, di- and tri-acetylated derivatives. When zeolites were used, the conversion
was lower than with the other catalysts, giving a 30% conversion for HZSM-5 and
only 14% for HUSY. However, selectivity for the primary monoacetylated product,



ZEOLITES AND OTHER SILICON-BASED PROMOTERS 57

o Ac,0, rt o

HO/‘A"’LOR H-beta zeolite ACO/‘AWOR

94 R=H or CHy 95 R=Ac or CHj

SCHEME 22. Peracetylation of monosaccharides, disaccharides and methyl glycosides in the presence of
H-beta zeolite.
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SCHEME 23. Acetonation of sugars catalyzed by the HY zeolite.

isolated in 79-83% yield, was achieved. The low efficacy observed for zeolites may
be explained by space constrains and diffusion problems of the products within the
pore system, favoring the formation of the monoacetylated derivative.

Isopropylidene acetals are convenient protecting groups in carbohydrate chemistry,
particularly for the protection of 1,2- and 1,3-diols, and are readily formed by reaction
of the diol with acetone or 2,2-dimethoxypropane under acidic conditions. Several
protic and Lewis acids have been reported as catalysts for this purpose.”®

Our group has demonstrated that zeolites are efficient catalysts for sugar isopro-
pylidenation, offering the added value of directly promoting the major formation of
the thermodynamically less stable furanose derivatives.”” In the presence of HY
zeolite, acetonation of D-galactose (96) and L-arabinose (99) furnished the correspond-
ing furanose-derived diacetals 97 and 100, in 40% and 37% yields, respectively, and
the pyranoid diacetals 98 and 101 were obtained in lower yields, of 20% and 24%,
respectively (Scheme 23). It is noteworthy that this methodology provided the first
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SCHEME 24. Selective deprotection of sugar di-O-isopropylidene acetals using acid zeolites.

straightforward synthesis of 1,2-O-isopropylidene-«-L-sorbopyranose, obtained in a
moderate yield from L-sorbose.

Selective removal of one isopropylidene group from a diacetal may be achieved by
a variety of procedures, most of them involving protic or Lewis acids.'%° Particularly
common is the hydrolysis of the acetal engaging of the primary position of
di-O-isopropylidene derivatives. Bhaskar et al.'®! studied the selective deprotection
of di-O-isopropylidene acetals derived from D-glucose, D-xylose, and D-mannose,
using acid zeolites and montmorillonite K-10. When 102 was submitted to acid
hydrolysis in aqueous methanol, the best yields (85—96%) for the monoacetal 105
were obtained when H-beta and HZSM-5 zeolites were employed as catalysts
(Scheme 24, Table IV). HY zeolite proved to be ineffective, whereas the yield obtained
for the montmorillonite K-10-catalyzed reaction was low (22%). The zeolites found
most effective were then used for the hydrolysis of the diacetal 103 and 104, providing
excellent yields for the desired corresponding monoacetals 106 and 107.

(ii) Small-Pore Zeolites. While the ability to act as water scavenger is the most
well-known property of MSs, it was found that they act as promoters for several
protection and deprotection reactions of carbohydrates, including regioselective
acetylation, diphenylmethylation, tritylation, and deacetylation, allowing mild trans-
formations that ensure the stability of several functionalities present in the starting
materials.
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TABLE IV
Solid Acid-Catalyzed Selective Deprotection of 1,2:5,6-Di-O-isopropylidene-a-p-glucofuranose (102)

Catalyst Solvent Time (h) Yield (%) of 105
HZSM-5 MeOH-H,0 (1:1) 16 92

MeOH-H,O0 (4:1) 48 85

MeOH-H,0 (1:1) 2 96
H-beta MeOH-H,0 (9:1) 2 94

MeOH 4 88
Montmorillonite K-10 MeOH-H,0 (1:1) 48 22
HY MeOH-H,0 (1:1) 48 -

Acetylation of carbohydrate hydroxyl groups with acetic anhydride using 4 AMS
as promoters was reported by Adinolfi et al.'%> Several saccharide polyols containing
acid-labile functionalities were submitted to these reaction conditions, affording the
corresponding acetates in good to excellent yield. The differential reactivity of
primary and secondary alcohols allowed the regioselective protection of polyols by
simply changing the reaction temperature.

In a later report,'% the nucleosides inosine 108 and guanosine 109 (Table V) were
peracetylated with acetic anhydride in the presence of a variety of silicon-based
promoters, such as zeolite beta, NaY, ZSM-5, ZSM5-H, montmorillonite K-10 and
KSF, 3,4, 5 A MSs and 13X (which is a large-pore MS), and NaHSO,.SiO,, under
solvent-free conditions. Montmorillonites gave yields lower than 5%, zeolites, 3 and
5A MS promoted the reaction with moderate yields (45-52% for zeolites, and
50-55% for MSs). The more-basic 4 A MS and 13X MS led to the highest yields
(71-84%). Hence, enhancement of the basic properties of both 4 A MS, 13X MS and
5A MS was performed by ion exchange with potassium chloride, and the acetylation
of several purine and pyrimidine nucleosides was investigated. The results demon-
strated that potassium-exchanged MS is more effective than the corresponding com-
mercial MS, leading to higher yields and shorter reaction times; the large-pore
13X/KCl MS being the most efficient catalyst. Acetylation of other nucleosides
bearing such reactive functional groups as bromo, thiol, and acetal, was also success-
fully achieved. Recycled catalyst was used without any pretreatment and its catalytic
activity was completely maintained. Under microwave irradiation the desired per-
acetylated products were also obtained.

Mild benzhydrylation (diphenylmethylation) of primary and secondary saccharide
alcohols, and tritylation of the primary alcohols, were promoted by 4A AW-300 MS at
room temperature through a dehydration mechanism in the absence of any strong
protic or Lewis acid. While protection of a single primary or secondary hydroxyl
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TABLE V
Peracetylation of the Nucleosides Inosine 108 and Guanosine 109 with Acetic Anhydride in the
Presence of Solid Catalysts

N0 N0
o) N\%\( Ac,0 o NW
Hoﬁg NH Aco/*g NH

N= Catalyst

Ho OH & Aco  OAc
108 R=H 110 R=H
109 R=NH, 111 R=NH,
Catalyst Yield of 110 (%) Yield of 111 (%)
None 40 42
Amberlyst-15 <5
I, 39
NaHSO0,-Si0O, 36 35
Montmorillonite K-10 <5
Montmorillonite K-10 <5
Zeolite beta 45 45
Zeolite NaY 48 47
Zeolite ZSM-5 52 46
Zeolite ZSM-5-H 50 48
3AMS 52 55
5AMS 53 50
4AMS 71 74
13X MS 84 78

group was effected with good yields, regioselective benzhydrylation of the primary
alcohol group of methyl 2,3-O-acetyl-a-D-glucopyranoside was less satisfactory,
leading to a mixture of the mono- and diprotected saccharides in the ratio of
~3.5:1. It is noteworthy that tritylation was accomplished for the first time using
the inexpensive triphenylmethanol, rather than the usual chlorotriphenylmethane,
with good regioselectivity for the primary position. This methodology also allows
the installation of ether protecting groups in the presence of such base-labile groups as

esters.104

With respect to application of MS to deprotection reactions, Mizuno et al.'®
observed an unexpected O-acetyl cleavage in a building block of an N-glycopeptide
by simple treatment with absolute methanol that had been stored over 3 A MS. When
acetates from other sugars were submitted to the same conditions, similar results were
obtained, whereas no O-acetyl cleavage was observed when using absolute methanol

that had not been dried over 3 A MS. This deacetylation was evidently promoted by a
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methoxy active species generated by the 3 A MS. Deacetylation and debenzoylation
in several carbohydrates also took place upon treatment with methanol stored over
4 A MS for 8 weeks at room temperature,'% allowing selective deacylation in the
presence of a benzyl ether function. To eliminate the waiting period necessary to form
the alkali species in methanol, experiments using HPLC-grade methanol previously
refluxed over powdered 4 A MSs for 10 h gave the fully deacetylated products in
excellent yields. In the case of O-peracetylated N-acetylglucosamine, the
corresponding hemiacetal was detected in 90% yield after 2 h. However, a longer
reaction time (48 h) was required to achieve complete O-deacetylation.

b. Montmorillonite.—The work reported on montmorillonite K-10-catalyzed
sugar protection and deprotection reactions has shown that this porous solid can
also provide mild and practical procedures, for acetylation, acetal protection, and
deprotection, as well as for removal of other protecting groups frequently used in
carbohydrate chemistry.

Acetylation of various mono- and disaccharides with acetic anhydride in the
presence of montmorillonite K-10 was reported by Bhaskar and Loganathan.!'®’
Hexoses and pentoses underwent O-peracetylation in nearly quantitative yield, with
major formation of the pyranose forms (75-100%) and o/f ratios ranging from 2.8/1
to 1.3/1. p-Galactose, D-xylose, L-arabinose, and L-fucose were the sugars that
gave the highest yield of O-peracetylated furanose forms (25-14%), which were
obtained in o/f ratio ranging from 2/1 to 1/2, depending on the starting material
O-Peracetylation of the disaccharides maltose and cellobiose led mainly to the
f anomer, whereas lactose and melobiose led mainly to the o anomer, the latter giving
also furanose forms with o/ ratio (3:4).

The synthesis of isopropylidene acetal derivatives of monosaccharides and ribonu-
cleosides has also been accomplished over montmorillonite K-10, in good yields, as
reported by Asakura et al.'®® In further work, the same clay was employed to mediate
removal of isopropylidene, silyl, and 4,4’-dimethoxytrityl (DMTr) groups from
nucleoside and monosaccharide derivatives (Scheme 25).'%° Treatment of 2/,3'-O-
isopropylideneuridine (112) with montmorillonite K-10 in methanol or aqueous meth-
anol at different temperatures, revealed that 1:1 methanol-water used at 75 °C gave the
highest yield of the parent uridine. These optimized reaction conditions were then
applied to the nucleoside derivatives 113-119, containing ferz-butyldimethylsilyl
(TBDMS) or tert-butyldiphenylsilyl (TBDPS) ether groups and 1,1,3,3-tetraisopropyl-
1,3-disiloxanyl (TIPDS) groups. Deprotection of TBDMS- and TIPDS-containing
nucleosides 114-118 was achieved in high yield (90-97%), although ether cleavage
of 5'-0O-TBDPS-2'-deoxyuridine (119) gave only traces of 2'-deoxyuridine, which is
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SCHEME 25. Monosaccharide derivatives containing protecting groups whose cleavage can be achieved
by Montmorillonite K-10 in aqueous methanol.

in agreement with the requirement that stronger acidic conditions are needed for
hydrolysis of these ethers. Removal of DMTT ether groups from nucleoside derivatives
120 and 121 was also successfully accomplished by this methodology. With respect to
isopropylidene-protected monosaccharides, namely 1,2:5,6-di-O-isopropylidene-o-D-
glucofuranose (102), the monoprotected 2,3-O-isopropylidene-«-L-thamnofuranose
(122), and 2,3-O-isopropylidene-p-ribofuranose (123), analogous treatment with
montmorillonite K-10 gave the deprotected sugars in good to excellent yield.

c. Silica Gel.—Silica-supported reagents have gained much attention for protection
and deprotection of carbohydrate functionalities, displaying significant advantages
over other catalysts.

Acetylation of sugars was accomplished with HC104—SiO, using a stoichiometric
quantity of protecting reagent and catalytic amounts of promoter under solvent-free
conditions. O-Peracetylation of mono-, di- and tri-saccharides with acetic anhydride
was successfully achieved within a few minutes in the presence of this catalyst. Most
acetal functionalities remained unaffected under these reaction conditions, including
glycosides, 1-thioglycosides, and sugar dithioacetals. Impregnation of HCIO, in silica
gel not only increased the effective surface area of the catalyst, but also excluded
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water from the reaction medium. However, use of hydrated sugars as starting materi-
als led to a slight decrease in the yield, possibly because of partial consumption of the
acetic anhydride by water.!'?

Chlorides of the rare earth metals erbium, lanthanum, europium, or neodymium,
adsorbed on silica gel promoted regioselective acetylation of the primary hydroxyl
groups of sugars using methyl orthoacetate as the acetylating agent. This method-
ology allowed synthesis of the primary monoacetylated derivatives in yields above
90% within 2—4 h. In addition, it was observed that those lanthanides having higher
atomic numbers displayed greater catalytic effect.!!!

Mukhopadhyay et al.!'? developed a one-pot acetalation/ketalation—acetylation of
sugars by simple addition of HC104—SiO, to a mixture of the starting material and
benzaldehyde dimethyl acetal or 2,2-dimethoxypropane in acetonitrile, followed by
the addition of acetic anhydride immediately after complete conversion of the starting
sugar into the corresponding acetal/ketal. These reactions proceeded in 30-90 min,
furnishing the peracetylated benzylidene or isopropylidene acetals in high yield.
This procedure was extended to the synthesis of several S- and O-glycosides, such
as the per-O-acetylated O-isopropylidene derivatives of L-thamno-, L-arabino-, and
D-galactopyranosides, and the per-O-acetylated O-benzylidene derivatives of D-
gluco-, p-galacto-, and D-mannopyranosides. However, when applied to starting
materials of the pb-manno configuration, the solvent was replaced by DMF in order
to avoid formation of the bis(benzylidene) product. Nevertheless, safety concerns
limit the use of perchloric acid and H,SO4,—Si0, was investigated as an alternative
promoter for this one-pot reaction. The method was also successfully applied to the
synthesis of per-O-acetylated O-benzylidene derivatives of various S- and O-glyco-
sides having D-gluco and D-galacto configuration, and of per-O-acetylated O-isopro-
pylidene derivatives of D-galacto-, D-manno-, L-thamno-, and L-fucopyranosides, also
retaining S- and O-acetal functionalities (Table VI). Furthermore, the yields obtained
were reproducible when the catalyst was reused up to five times.!!'3

Rajput and Mukhopadhyay''* also reported the use of H,SO4—~SiO, as promoter for
the acetonation of reducing sugars (Table VII). While at room temperature no reaction
of D-glucose with acetone occurred, after 3h at 57 °C, the thermodynamically
favored 1,2:5,6-di-O-isopropylidene-a-D-glucofuranose (102) was formed in 89%
yield. When other hexopyranoses, namely D-galactose and D-mannose, were the
starting materials used a slow increase of temperature led to the mixture of
isopropylidene ketals in the pyranose and furanose forms, but the former could be
obtained selectively by performing the reaction in a preheated oil bath. With the
exception of L-arabinose, the aldopentoses submitted to the same reaction conditions,
gave the corresponding isopropylidene acetals in the furanose form. Large-scale
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TABLE VI

H,S0,4-SiO,-Promoted One-Pot Benzylidenation/Isopropylidenation-Acetylation, in Acetonitrile

at Room Temperature''?

Starting Material Product Time® (min) Yield (%)
OH 60 93
P\ O o)
HO 2 A%O OMe
124 125
OH OH Phr“voo 60 89
0 o
HO onoMP AcO OoMP
126 OAc
127
OH OH phﬁvo 60 90
o o}
o
HO OSE
OH AcO OSE
128 OAc
129
OH 60 82
o Ph/vO f0)
HO A0
HO
AcHN ACHN
OCgHy7 OCgHy7
130 131
OH 60 87
o p-OMePh -\ O o
HO o) oM
HO OMe AcO e
OH OAc
132 133
OH 90 75
p-NO,Ph\_© o
0 2 O
HO AcO
HO
HO AcO
OMe OMe
134 135
OH 90 78
o m-ciPh -\, 0
HO I
HO cO
HO AcO
OMe OMe
36
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TABLE VI (continued)

Starting Material Product Time® (min) Yield (%)
OH 60 88
A
HO STol AcO Stol
"o 13: w0
137
OMe OMe 45 95
Me
Me7~0 AcO Q
HO d
HO \ O
OH CMe,
1% 140 45 93
OAc
OH
OH o0
OH \CMEZ
141 142
OH /O 30 91
o] MeZC\ o]
HO (e}
HO AcO
OBn OBn
143 144
HO — HO Me,C~0 o 4 %2
.0 d
HO oy /
HO N\
OMe CMe;  OMe
145 146

MP, p-methoxyphenyl; SE, 2-trimethylsilylethyl.
“ Total time required for acetalation/ketalation and acetylation.

preparations are also feasible using this methodology, and the promoter can also be
reused up to five times without loss in activity.

Sodium hydrogensulfate absorbed on silica (NaHSO4—SiO,) is also an acidic
promoter for the introduction of benzylidene acetal groups (Scheme 26). Reaction of
sugars of the b-gluco, b-galacto, or b-manno configurations bearing various functional
and protecting groups (including azides, oxazolidinones, and O-/S-anomeric acetals),
in acetonitrile with benzaldehyde dimethyl acetal in the presence of this promoter led
successfully to the corresponding 4,6-O-benzylidene products in a very clean and
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TABLE VII

Acetonation of Free Sugars Using H,S0,-Si0,'"*

Starting Material Product Time (h)* Yield (%)
D-Glucose Me,C -0 3 89
/
(0]
(@) "O\
., .CMe,
HO
102
D-Galactose Me, C/O OH o 3 78
\
O
O
\ O
CMe,
147
D-Mannose 3 82
Me,C~
250 0o
o /’Qﬁ,
N
CM62 OH
148
L-Rhamnose O OH 2 87
ey
o. P
CMe,
149
L-Arabinose /O 2 91
Me,C o
\
O
(@]
\ O
CM62
Xyl 150 1.5 83
D-Xylose 00 .
\
O\ ., /CMEZ
Me,C—O
103

L-Sorbose

“ All the reactions were started in a preheated oil bath so that the reflux started immediately after the
addition of the catalyst.
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, PhCH(OMe), . .
HO O R" NaHsO,-si0, @ O R" NaHS0,-Si0, Ho O R
HO R? MeCN Ph)\O R2 CH,Cl,, MeOH o R
R3 R RS
152 153 152

SCHEME 26. NaHSO,4-SiO, as an efficient promoter for benzylidene protection and deprotection of
monosaccharides.

NaHS0,~SiO,

o @] 0 o]
Tro/\§_7' ! CH,Cl,—MeOH (9:1) Ho/\p' y
- o SMez »25h 1t o o CMe

154 155
R =H, Me, Bn, MOM, MEM, Allyl, Bz, Ts

SCHEME 27. Removal of trityl group from 1,2-O-isopropyliden protected furanoses by NAHSO,4-SiO,.

efficient manner. Although some of the groups are acid-labile (such as p-methoxy-
benzyl and epoxide), they remained unaffected. When phenyl 1-thio-o-D-mannoside
was used as substrate, both mono- and diprotected benzylidene acetals were obtained,
in a ratio between 3:1 and 4:1. The same system was also investigated for the
benzylidene deprotection, and this transformation was successfully accomplished in
excellent yield when benzylidene derivatives were treated with NaHSO,—SiO, at
room temperature, using a 1:4 methanol-dichloromethane as solvent.!'!>

Clean removal of trityl ether groups from O-isopropylidenated furanoses by using
NaHSO,-SiO, was previously described by Das er al.''® and afforded the
corresponding alcohols at room temperature. The chemoselective deprotection was
accomplished in yields above 91% within 2-2.5 h, leaving other protective-groups
intact (Scheme 27).

4,6-Benzylidene acetal protecting groups were removed from sugar derivatives
when absorbed in silica gel together with a 1:1 mixture of H,O and AcOH and
submitted to microwave irradiation for 7 min. The reaction occurred in an open vessel
using a domestic microwave oven, and most of the deacetalated products were
obtained in high yield, leaving other groups, namely the tosyl group and epoxides,
intact. !’

HC104-Si0, selectively cleaves terminal isopropylidene groups of the diisopropyl-
idene derivatives of D-glucose, D-allose, and methyl D-gluconate in high yield.
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Furthermore, several functionalities remained unaffected, namely the acid-labile
TBDMS or PMB groups.''® Deprotection yields were in the range of 85-95% when
methanol was used at room temperature as the solvent, whereas acetonitrile or
dichloromethane led to very sluggish or nonexistent reactions, respectively. Cleavage
of primary trityl ethers was also accomplished using the same conditions in a very
rapid and effective fashion. The trityl pyranosides and furanosides assayed were
selectively deprotected in 2-3 h and yields higher than 85% were achieved. This
reaction was also more efficient when conducted in methanol, which acts as a
nucleophile to trap the generated trityl cation.

Removal of terminal O-isopropylidene groups using H,SO,—SiO, was reported
by Rajput et al.''® for selective deprotection of di-O-isopropylidene derivatives of
D-glucose, D-mannose, D-fructose, and L-sorbose, leading to the corresponding mono-
O-isopropylidene products in good to excellent yield. However, p-methoxyphenyl
2,3;4,6-di-O-isopropylidene-o-D-mannopyranoside gave only 70% of the corresponding
mono-O-isopropylidene derivative along with the fully deprotected p-methoxyphenyl
o-D-mannopyranoside, isolated in 15% yield.

The silica-supported Lewis acid FeCl;—SiO, was also evaluated for its ability to
promote the hydrolysis of terminal O-isopropylidene groups in carbohydrates.!?°
Experiments were conducted starting from 1,2:5,6-di-O-isopropylidene-o-D-glucofur-
anose derivatives with OH-3 protected by various groups, including acetyl, benzyl,
and TBDMS, and also starting from methyl 5,6-O-isopropylidene-a-D-glucopyrano-
side. Selective deprotection of the terminal acetal group was achieved in good yield
within 1-10 h, using chloroform as solvent. When acetone was used as solvent, the
acetal groups remained intact, and instead the acid-labile TBDMS group was cleaved,
because of a shift in the equilibrium of hydrolysis in favor of the isopropylidene group
imposed by acetone. Other Lewis acids, such as aluminum chloride and zinc chloride
adsorbed on silica, were also tried for the hydrolysis of acetals and ketals, but they
were less efficient than FeCl;—silica gel. PMA supported on silica gel is also an active
promoter for the hydrolysis of terminal isopropylidene groups'?' PMA belongs to the
class of cheap and environmentally friendly heteropoly acids, whose activity is
reported to be greater than that of H,SO,, TsOH, and BF;-Et,0.!?? The reaction
proceeded in wet acetonitrile at room temperature using 1 mol% of PMA-SiO,
without affecting the remaining hydroxyl protecting groups, such as PMB, THP,
MOM, TBS, TBDPS, allyl, propargyl, Bn, Ac, Me, and Ts groups, and such sensitive
functional groups as alkenes. The corresponding 1,2- and 1,3-diols were obtained in a
very efficient, clean and rapid manner, and yields higher than 89% were attained
within 5—7 min.
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3. Hydrolysis/Isomerization of Saccharides and Glycosides

Heterogeneous catalysts, particularly zeolites, have been found suitable for
performing transformations of biomass carbohydrates for the production of fine and
specialty chemicals.!?? From these catalytic routes, the hydrolysis of abundant bio-
mass saccharides, such as cellulose or sucrose, is of particular interest. The latter
disaccharide constitutes one of the main renewable raw materials employed for the
production of biobased products, notably food additives and pharmaceuticals.!?*
Hydrolysis of sucrose leads to a 1:1 mixture of glucose and fructose, termed “invert
sugar” and, depending on the reaction conditions, the subsequent formation of
5-hydroxymethylfurfural (HMF) as a by-product resulting from dehydration of fruc-
tose. HMF is a versatile intermediate used in industry, and can be derivatized to yield
a number of polymerizable furanoid monomers. In particular, HMF has been used in
the manufacture of special phenolic resins.'?

a. Zeolites.—Buttersack and Laketic'?® have employed HY zeolites as catalysts for
the hydrolysis of sucrose, demonstrating that dealumination contributed to an increase
of the reaction rate. Dealuminated HY zeolites were also employed by Moreau
et al.'?’ to catalyze hydrolysis of the latter disaccharide and other glucose precursors,
including inulin, maltose, cellobiose, and starch. Reactions were carried out at high
temperature, ranging from 80 to 150 °C in the presence of a zeolite having an Si/Al
ratio of 15:1. In each instance, high yields (>90%) of the desired product, namely
fructose from inulin, glucose, and fructose from sucrose, glucose from cellobiose,
maltose from starch, were obtained. Moreover, the HMF by-product was formed in
low yield in the hydrolysis of sucrose, and was not detected after hydrolysis of inulin.
Hydrolysis of sucrose was also examined in the presence of various H-form deal-
uminated zeolites, namely HBEA, HMFI, HMOR, and HY-FAU.'?® For all catalysts,
the reaction was selective to the formation of the invert sugar, in accordance with
previous results.'?” In this process, zeolites were presumed to act also as specific
adsorbents of colored by-products (such as HMF) formed. In particular, HY-FAU was
the one for which a better balance between activity, selectivity, and by-product
amount was observed.

An early report from Shukla et al.'?® showed efficient hydrolysis and isomerization
reactions of disaccharides, including cellobiose, maltose, and lactose, over zeolites
type A, X, and Y. Abbadi ef al.'3* studied the hydrolysis of maltose, amylose, and
starch over the zeolitic materials H-mordenite, H-beta, and mesoporous MCM-41.
The effect of temperature and pressure, as well as that of the Si/Al ratio of
H-mordenite and H-beta zeolites, on their catalytic activity was investigated for the
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hydrolysis of maltose. With respect to the latter reaction, all zeolites provided
selectivity toward D-glucose, which was higher than 90%, and the conversion
increased using dealuminated samples. This effect was more pronounced for reactions
catalyzed by H-beta zeolites, with an increase of conversion from 45% when applying
H-beta-25 (Si/Al ratio 12.5) to 85% with H-beta-100 (Si/Al ratio 50), after 24 h of
reaction time. The MCM-41-catalyzed hydrolysis of maltose led essentially to the
same results as those obtained with H-mordenite-12 (a mordenite with Si/Al ratio 12).
With respect to amylose, the conversion and selectivity employing H-mordenite-12
was also similar to that obtained for maltose. On the other hand, hydrolysis of starch in
the presence of the same zeolite yielded only about 18% of D-glucose. The hydrolytic
activity present in solution was due to the low pH (3.9), and in view of the dimensions
of the reactants, only the outer surface of the zeolite was accessible. Subsequently, the
selective hydrolysis of cellulose to glucose by means of H-form zeolite catalysis was
reported by Onda et al.'?!

Besides di- and poly-saccharides, zeolites have been applied for hydrolysis of simple
glycosides as described by Le Strat and Morreau.'3?> Methyl «- and B-p-glucopyrano-
sides were treated with water in the presence of dealuminated HY faujasite with an
Si/Al ratio of 15, at temperatures ranging between 100 and 150 °C. It was observed that
the reaction rate for the [ glycoside was about 5-6 times higher than that for the
o anomer, a result that might arise from the shape-selective properties of the zeolite and
stereoelectronic effects on the surface of the solid.

b. Silica Gel.—Hydrolysis of a diverse set of alkyl and aryl a- and f3-1-thioglyco-
sides mediated by NIS/H,SO,—SiO, was investigated by Dasgupta et al.'33 Experi-
ments were carried out in wet dichloromethane at 0 °C, and the promoter was highly
chemoselective so that the acid-labile protecting groups benzylidene, isopropylidene,
p-methoxybenzyl, chloroacetyl, and silyl remained intact. Moreover, selective thio-
glycoside hydrolysis was accomplished in the presence of a- and S-O-glycosidic
linkages in di- and tri-saccharide substrates (Scheme 28). The nature of the parent
glycoside did not seem to have an effect on the results, as almost all reactions with
D-gluco, D-galacto, p-manno, and 6-deoxy-L-manno derivatives were completed

OAc_OAc OAc_OAc

AcO O .1 AcO O
0 AcO ooy CH2Cl—H,0 1011 20 A% o
AcO 45min, 82% AcO
156 157

SCHEME 28. Selective thioglycoside hydrolysis mediated by NIS/H,SO,4-SiO,.
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within 30 min in yields ranging from 75% to 95%, and the results were reproducible
in large-scale preparations.

The silica-supported heteropoly acid H;PW,040—Si0, was investigated as regards
reaction kinetics for the hydrolysis of sucrose to invert sugar. The authors suggested
that the catalyst should not exhibit a high magnitude of AH 4, for H,O. Hence, instead
of Al,O3 and Nb,Os, which are hydrophilic catalysts, H;PW;,0,4,—SiO, seems to be a
more suitable catalyst for the synthesis of invert sugar as it has a lower tendency for
the absorption of water.!3*

4. Dehydration

a. Zeolites.—Dehydration of sugars can be achieved over zeolites, which are solid
acid catalysts. Most of the literature for dehydration of carbohydrates employing
zeolites focuses on fructose and xylose as raw materials, enabling the synthesis of
5-hydroxymethylfurfural and furfural, respectively (Scheme 29). Furfural is produced
on an industrial scale, and constitutes a key intermediate for such important chemicals
as furfuryl alcohol, which is used for the manufacture of synthetic fibers, rubbers,
resins, or for the synthesis of fragrances, to name a few of its applications.'3> Most
industrial processes for furfural production are based on the utilization of such
mineral acids as sulfuric acid. Improving the chemical technology for the production
of furfural and HMF by means of “green” chemistry and sustainability, remains
therefore of great importance.

(i) Medium and Large-Pore Zeolites. Moreau et a reported that H-form
zeolites are capable of catalyzing dehydration of fructose to HMF at high temperature
(165 °C) in a solvent mixture consisting of water and methyl isobutyl ketone

/ 136,137

CH,OH
CHO =¢]
H——OH H /@\ H* HO——H
HO——H —>» R o CHO —= H OH
H——OH H——OH
CH,OH CH,OH
161 R = H, furfural
158 162 R = CH,OH, HMF 159
D-xylose p-fructose

SCHEME 29. Dehydration of fructose and xylose to HMF and furfural, respectively.
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(1:5, v/v). Fructose conversion and selectivity for the desired product were shown to
be influenced by the acidity and structural properties of the catalysts used. Thus
HY faujasite and H-mordenite, with Si/Al ratios of 15 and 11, respectively, achieved
a maximum in the rate of fructose conversion. The latter zeolite provided high
selectivity (91-93%) to HMF, with a fructose conversion of 76%, which may be
a result of its shape-selective properties and the absence of cavities within the
porous structure, preventing the formation of secondary products. The higher effi-
ciency of H-mordenites as catalysts in this referred transformation, as compared with
such other zeolites as HY faujasite, H-beta, and HZSM-5, was also observed
by Rivalier et al.!*® when developing a pilot plant using a new solid—liquid-liquid
reactor.

Dehydration of xylose to furfural over zeolites was also performed by Moreau
et al.'* using the methodology previously employed for dehydration of fructose, with
the exception of the cosolvent, which was toluene instead of methyl isobutyl ketone.
Dealuminated HY faujasites and H-mordenites with different Si/Al ratios were used,
and the most effective catalysts, balancing xylose conversion and product selectivity,
were HY faujasite (with an Si/Al ratio of 15) and H-mordenite (with an Si/Al ratio of
11). The latter zeolite afforded the highest selectivity (90-95%) for furfural, as
expected from the bidimensional structure of this solid, which allows the rapid diffus-
ion of the furfural formed and avoids its rearrangement or degradation to by-products
of higher or lower molecular weight.

A delaminated zeolite with an Si/Al ratio of 29, derived from the layered zeolite
Nu-6(1), was employed as catalyst for dehydration of xylose at 170 °C, using a
water—toluene biphasic reactor-system.'#? This material, designated del-Nu-6(1),
proved to be efficient for this transformation, giving 47% selectivity to furfural at
~90% xylose conversion.

Dehydration of glucose has also been accomplished over zeolites. Lourvanij and
141 studied this reaction and proposed a kinetic model for it, when performed in
the presence of HY zeolite, aluminum-pillared montmorillonite (APM) and such
mesoporous MSs as MCM-20 and MCM-41. The four main reaction processes,
including dehydration of glucose to HMF, isomerization of glucose to fructose,
fructose dehydration to HMF, rehydration and cleavage of HMF to formic acid and
4-oxopentanoic acid were considered in the study. It was observed that the rate
constants for dehydration of glucose to HMF and the rehydration and cleavage of
HMEF to formic acid and 4-oxopentanoic acid were maximized with catalysts having
pore diameters of 10-30 A, such as APM and MCM-20 MSs.

(ii) Small-Pore Zeolites. Alditols, monoanhydroalditols, dianydroalditols, and their
derivatives are commonly prepared from sugars, with alditol cyclodehydration being the

Rorrer
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most common method for synthesis of anhydroalditols. Nevertheless this approach
requires treatment with strong mineral acids, such as hydrogen fluoride in the presence
of catalytic amounts of formic or acetic acid, or ion-exchange resins. The efficiency of
3A MS to promote thermal cyclodehydration has been reported for such pentitols as
D-arabinniol, ribitol, and xylitol, and hexitols such as galactitol, Dp-glucitol, and
p-mannitol. The reactions were performed in solvent-free conditions to furnish mono-
anhydroalditols and dianhydroalditols, with retention or inversion of configuration at the
asymmetric carbons.!#>!43 In the dehydration of galactitol (162, Scheme 30), three
monoanhydroalditols (163-165) are formed in a first step, but they subsequently
undergo dehydration to afford dianhydroalditols 166—169. The unfavorable arrangement
of appropriate hydroxyl groups prevented compound 168 from forming a dianhydroal-
ditol."? This was the first time that formation of 1,4:3,6-dianhydro-p- and -L-iditol (169,
racemic), well-known dehydration products of D- or L-iditol, has been reported from
galactitol, a much cheaper starting material than p- or L-iditol.

CHZOH
OH
0o
166 OH 164 OH
C- 4 |nv
CH,OH
CH,OH OH
OH o)
OH
OH CHZOH
CHZOH
165 162 163
36 2,6 3,6
! C-2inv C-4 and C-5inv
O
OHl /[ o HOH,C
\QCHZOH
OH
167

SCHEME 30. Termal cyclodehydration of galactitol promoted by 3A MS.



74 A.P. RAUTER ET AL.

b. Montmorillonite and Other Clays.—Some examples employing montmoril-
lonite and other clays as catalysts for dehydration of glucose have appeared in the
literature. Lourvanij and Rorrer!#* described the use of various clays as catalysts for
this process and tested iron-, chromium-, and aluminium-pillared montmorillonites in
order to evaluate the influence of the porous structure and dimensions of the material
on the reaction selectivity. All of the montmorillonites catalyzed the four main steps
involved, and the highest glucose conversion (100%) was achieved using the Fe-
pillared montmorillonite. The latter led to the lowest selectivity to formation of HMF
and to the highest selectivity to formic acid. It was concluded that catalysts possessing
pore dimensions within the range 10-25 A would preferentially direct the reaction
toward the organic acid products, allowing glucose to diffuse through the microporous
framework and trapping the bulkier HMF molecule inside.

Gonzales and Laird'*> have shown that smectites abiotically catalyze dehydration
of glucose to form furfural under conditions similar to those found in soils. Four
smectite clay minerals were used (saturated with Na, Ca, Fe, or Al), and the formation
of HMF and furfural was detected by high-pressure liquid chromatography. The
polymerization of furfural may thus be a pathway to the formation of new humic
materials in soils.

5. Oxidation

Oxidation is a widely used procedure in carbohydrate chemistry, mainly to access
sugars that contain a carbonyl function to serve as valuable intermediates for a variety
of derivatizations. Many procedures have been developed, employing either chemical
or biochemical methodologies.!**~!48 While most of these methodologies rely on
homogeneous catalysis, the use of heterogeneous catalysts has proved to be a feasible
alternative.'?*° However, the utilization of catalysts based on silicon porous materials
for the oxidation of carbohydrates is still a field to be further explored.

a. Zeolites.— (i) Medium and Large-Pore Zeolites. The Ruff oxidative degradation
is a useful route to pentoses from hexoses, in particular starting from the readily
accessible and cheap sugar glucose. Hourdin'#° reported the Ruff oxidative degrada-
tion of aldonic acids by titanium(IV)- and copper(Il)-containing zeolites.!**!3 The
oxidative degradation of calcium D-gluconate to D-arabinose with hydrogen peroxide
was performed over titanium-containing zeolites, such as tEuroTS-1 (a small-pore
titanium-silicalite), Ti-BEA, and Ti-FA.!*° The desired product was recovered in low
yield (12-17%) and only the large-pore zeolites were effective. It was demonstrated
that titanium species present in solution were responsible for the catalytic activity.



ZEOLITES AND OTHER SILICON-BASED PROMOTERS 75

The yield of arabinose was increased when the reaction was carried out in the
presence of different copper(Il)-containing zeolites, including mordenite, LTL,
BEA, MFI, and faujasite. The lowest conversion (37%) was observed when using
the copper(Il)-containing mordenite zeolite. This might result from the monodirec-
tional porosity of this solid, limiting the diffusion rate of the gluconate. The large-pore
zeolite BEA and the small-pore zeolite MFI proved to be very effective, although with
the latter zeolite the reaction efficiency seemed to be more dependent on the presence
of the copper(Il) cations in solution than on the porosity constraints of the zeolite. The
best results were obtained when copper(Il)-exchanged faujasite was used as the
catalyst, affording arabinose in 63% yield. The efficiency of this reaction arises
from dissolution of Cu(II) cations from the zeolite.

(ii) Small-Pore Zeolites. MSs have achieved great importance as additives for
oxidation reactions of sugars and nucleosides with such chromium reagents as PCC
or PDC.'51:152 In the early 1980s, the Antonakis group investigated these reagent
systems for carbohydrate-derived oxidations.'>! They showed that the oxidation rate
of various sugars and the sugar moiety of nucleosides with PCC and PDC increases in
the presence of MSs in the order 5 A<10A <4 A <3 A. The latter MS was particu-
larly efficient and the reaction could be performed with a lower weight of MSs and
smaller volume of solvent. Isotope-labeling experiments showed that the MS works
by favoring the rate-determining step of the oxidation reaction, wherein which
cleavage of the CH bond from the alcoholic carbon occurs.!>? It was also found that
oxidation of alcohols takes place at very specific sites on the surface of the MS.
Hence, in the presence of water, which takes up a proportion of the active sites of the
MS, the amount of MS should be increased to provide the same number of free sites as
in the dry MS. Oxidation of some sugar derivatives, previously very sluggish or even
incomplete after several days of reaction, achieved completion within 60—180 min
using 3—4 mol equiv of PCC and 0.5 g/mmol of alcohol, or within 60-90 min upon
treatment with 1.5 mol equiv of PDC and 1.0 g MS 3 A/mmol of alcohol in the
presence of dichloroacetic acid.!>3

The system PCC/CH,Cl, and 3 or 4 AMS proved very efficient for the oxidation of
secondary alcohols of furanose systems and of five-membered rings fused to fura-
noses, and pyranoses as well as for the regioselective oxidation of sugar diols, the
latter with PCC in the presence of sodium acetate, as demonstrated by our group for
the synthesis of the key intermediates 170-174 (Scheme 31).!>4157 This system
permitted a high-yield synthesis of a sugar-derived a-keto amide 172!>* by oxidation
of the corresponding a-hydroxy amide. This was a promising result, considering that
this type of compounds suffered degradation in the presence of other oxidation

conditions. Vauzeilles and Sinay!>® oxidized the anomeric position by means of
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SCHEME 31. Monosaccharide derivatives obtained by oxidation at secondary hydroxyl groups using
PCC in the presence of 3A or 4A MS.

PCC in the presence of 4 A MS to afford the corresponding keto sugars (175, 176),
which after Tebbe methylenation led to the corresponding exoglycals, valuable
intermediates for the synthesis of C-disaccharides. Dondoni et al.!>° made use of
PCC in the presence of powdered 4 A MS to introduce suitable formyl groups in the
carbohydrate, and allowing the synthesis of f-D-C-(1—6)-linked oligosaccharides,
such as 177, by iterative Wittig olefination with sacharidic phosphorus ylides to afford
methylene bridges, after reduction of the olefinic function.

6. Other Synthetic Applications

This section presents selected examples of the use of zeolites and related porous
materials for transformations of carbohydrates, that fall beyond the scope of the
previous paragraphs. They include the use of zeolites in “click” chemistry and in a
variety of reactions, including the synthesis of anhydro sugars, cyclization, elimina-
tion, and addition reactions to the carbonyl group.
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a. Zeolites.—These heterogeneous catalysts have been applied in the pyrolysis of
cellulose, leading to a diversity of compounds, anhydro sugars among them,!60-161
The process was performed in both the absence and in the presence of the acid zeolite,
among other catalysts. With respect to noncatalyzed transformation, four anhydro
sugars were obtained, namely levoglucosan (1,6-anhydro-pD-glucopyranose, 178)
(11% yield), and levoglucosenone (1,6-anhydro-3,4-dideoxy-f-p-glycero-hex-3-
enopyranos-2-one, 179) (4% yield), which have been widely explored as versatile
chiral intermediates in organic synthesis (Scheme 32).!9? 1,5:3,6-Dianhydro-f-p-
glucofuranose (180) and (1R)-1-hydroxy-3,6-dioxabicyclo[3.2.1]octan-2-one (181)
were also formed in 3% and 2% yields, respectively (Scheme 31). When the acid
zeolites NH4-Y, HY, and NH,—ZSM-5 were used, the yields were lower and the
highest overall yield of anhydro sugars was obtained for the NH,-Y zeolite-catalyzed
pyrolysis, although only in 9% total yield. The latter catalyst provided selectivity
toward levoglucosan 178 (8%). The pyrolytic pattern obtained using the other zeolites
changed in favor of levoglucosenone, 179, obtained in yields of 1% and 2% for HY
and NH,—ZSM-5, respectively. The low efficiency of zeolites as catalysts for cellu-
lose pyrolysis was ascribed to be due to the deoxygenating activity promoted by these
acidic solids.

“Click” chemistry, an old concept in organic synthesis recently revived, means the
use of reliable and selective chemical transformations, through simple procedures and
giving consistently high yields.'®> This approach has enjoyed a growing impact on
drug discovery, facilitating the synthesis and assembly of specially designed scaf-
folds. The copper(I)-catalyzed chemoselective formation of 1,2,3-triazoles from
azides and terminal alkynes is a powerful coupling reaction that has found many

OH
178 179
o \ o. 0
\OO @

OH  HO
180 181

SCHEME 32. Anhydro sugars obtained by pyrolysis of cellulose.
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applications.!®* This reaction in particular has been termed “click chemistry” owing
to its convenience, rapidity, and quantitative yield.

Allying click chemistry with the use of environmentally benign catalysts, such as
zeolites, may constitute a valuable synthetic tool, representing a true “green” and
sustainable approach.

Numerous examples of oligosaccharide and glycoconjugate synthesis employing
“click” chemistry have been reported!®>1%° and Alix et al.'®’ showed that zeolites
modified with Cu' ions are effective catalysts for “click” reactions of carbohydrates and
amino acid derivatives. The H-form zeolites H-USI, HY, H-beta, H-ZSM-5, and
H-MOR were mixed with CuCl at 350 °C to prepare Cu-modified materials. In initial
experiments, all of the catalysts were tested for the coupling of 2-azidocyclohexanol
(182) and methyl 6-azido-3,4-di-O-benzoyl-6-deoxy-2-O-tosyl-a-D-glucopyranoside
(184) with ethyl propiolate (Scheme 33). The most efficient catalyst for the coupling
reactions was Cu-USI, which affords the desired triazole derivatives 183 and 185 in 70%
and 89% yields, respectively. Further study of the effect of the material structure and
Si/Al ratio on the activity of the catalyst revealed that, among the two cage-containing
zeolites (namely Cu-Y and Cu-USY), the most active one was Cu-USY, which has a
higher Si/Al ratio. In channel-type zeolites (namely Cu-MOR, Cu-ZSM-5, and Cu-beta),
the same relationship was observed, with the Cu-beta zeolite being the most effective.
The efficiency of the coupling reactions correlates with the cross-sections of the zeolites,
and the yield increased with this parameter, suggesting that the reaction takes place in the
zeolite cages or channels, rather that at their external surfaces. Cu-USY was thus the

O
o N=N
ey, —— %NN
HO Cu'-zeolite
182 183
N (0]
N3 :—/<O NN/ ﬂ OFEt
BZB(QO (0] OEt . o
TSO OMe Cu'-zeolite BzO 150 e
184 185

SCHEME 33. “Click” chemistry in carbohydrate derivatives using a heterogeneous Cu(I)-zeolite
catalytic system.
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catalyst selected for other coupling reaction of simple azides or carbohydrate azides with
simple alkynes or carbohydrate- and amino acid-derived alkynes. The carbohydrate
derivatives chosen included protecting groups of increasing size and volumes, such as
butanediacetals (Ley acetals) or triisopropylsilyl ethers. The desired glycopeptides,
oligosaccharides, and multivalent carbohydrate systems, namely glucosyl ditriazoles,
disaccharide triazoles, and glucosylated triazolylamino acids, were obtained in moderate
to excellent yields (47—97%), despite the large volumes of the molecules involved.
These results suggested that, contrary to expectation, pore sizes, and internal shapes
within the zeolite were not a limitation for its efficiency, although bulkier molecules
required longer reaction times to be fully converted.

b. Montmorillonite.—In addition to the catalytic routes employing montmorillon-
ite discussed in the previous sections, other useful and practical protocols based on
these clays have been reported. The approaches disclosed here demonstrate the ability
of montmorillonite to promote inter- or intra-molecular cyclization reactions that
involve carbohydrate scaffolds and lead to novel derivatives.

Glycals can be transformed into 1,6-anhydro sugar derivatives by intramolecular
cyclization in the presence of Lewis and Brgnsted acids, a reaction that has been
termed the intramolecular Ferrier glycosylation.!®® Sharma et al.'%° showed that a
montmorillonite clay-supported silver reagent can be an efficient catalyst for this
transformation. The 1,6-anhydro-2,3-dehydro sugars obtained were then selectively
dihydroxylated to furnish 1,6-anhydro saccharides.

Yadav et al.'’® employed montmorillonite KSF as a catalyst for the reaction of
arylamines with 2-deoxy-D-erythro-pentose. The reaction took place on the surface of
the catalyst and proceeded with cyclization to afford sugar-derived chiral tetrahydro-
quinolines in high yields and moderate diastereoselectivity.

A new synthetic route for functionalized polyhydroxyalkyl-pyrimidines starting
from unprotected aldoses and based on montmorillonite K-10 catalysis and solvent-
free microwave irradiation conditions, has been reported by Yadav et al.'”! Thus,
reaction of D-glucose and D-xylose with semicarbazide or thiosemicarbazide (186) in
the presence of montmorillonite K-10, under microwave irradiation, proceeded via
domino cycloisomerization, dehydrazination, and dehydration of the intermediate
semi- or thiosemicarbazones (187) to afford 1,3-oxazin-2-ones or 1,3-oxazine-2-
thiones (188) in one single step and in yields between 79% and 85% (Scheme 34).
Other mineral catalysts tested, such as silica gel and basic alumina, were far less
effective for this transformation and only silica gel was active at all, giving low yields
(15-28%) of compounds 188a—d. The 1,3-oxazin-2-ones(thiones) thus synthesized
were subsequently converted into the target pyrimidines by reaction with aromatic
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SCHEME 34. Synthesis of 1,3-oxazin-2-ones and 1,3-oxazin-2-thiones from unprotected aldoses
employing Montmorillonite K-10 catalysis and MW irradiation.
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SCHEME 35. Montmorillonite K-10-catalyzed cyclodehydration of the 1,3-oxazin-2-one and 1,3-oxazin-
2-thione derivatives 189 into bicyclic compounds 190.

amines, via amine-driven dehydrative ring transformations also catalyzed by
montmorillonite.

The 1,3-oxazin-2-ones and 1,3-oxazine-2-thiones previously synthesized were used
to prepare various N- and O-heterocyclic systems fused with 1,3-oxazine rings.!”? For
example, furan-1,3-oxazin-2-one or furan-1,3-oxazine-2-thiones (190a,b) and pyran-
1,3-oxazin-2-ones or pyran-1,3-oxazine-2-thiones (190c,d) were prepared in very
good yields, ranging from 83% to 90%, by montmorillonite K-10 clay-catalyzed
cyclodehydration of 189a,b and 189c¢,d, respectively (Scheme 35).

c. Silica Gel.—Silica-promoted elimination of sulfinic acid from 2-deoxy-2-C-
p-tolylsulfonyl-f-p-arabino-hexopyranosyl p-tolyl sulfones has been reported by
Sakakibara et al.'”® These sugar derivatives assume a nonchair conformation, and
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SCHEME 36. Elimination of sulfinic acid from 2-deoxy-2-C-p-tolylsulfonyl--p-arabino-Hexopyranosyl
p-tolyl sulfones promoted by silica.
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SCHEME 37. Synthesis of an Analogue of the Miharamycin Sugar Moiety Involving Silica Gel-Mediated
Hydrolysis of the Intermediate Nitrile 197 and Lactonization.

the elimination of sulfinic acid from the anomeric position is conditioned by the
protection of the OH-6 group (Scheme 36).

When p-tolylsulfonyl derivatives 191 and 193 were treated with silica gel (Merck
silica gel 60, mesh), either by column chromatography or simply by stirring in a flask
containing silica in DMF for 24 h, partial or complete elimination of sulfinic acid at
the anomeric center occurred. In contrast, elimination did not take place when using
neutral silica gel (Kanto, silica gel 60 N, 40-50 mm). Furthermore, compound 195
was completely inert to the presence of acidic silica, probably because of hydrogen
bonding between the 6-hydroxyl group and the ring oxygen atom (O-5).

A paper concerning the synthesis of miharamycin analogues modified in the sugar
moiety demonstrated the hydrolysis of a nitrile upon treatment with silica gel in the
presence of water (Scheme 37).174 The cyanide 197 resulting from the opening of epoxide
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196 by treatment with LICN in DMF/THF, was hydrolyzed in the presence of silica gel,
causing spontaneous cyclization to the lactone 198 in 82% yield. Several attempts had
been made to obtain this fused five-membered ring lactone under basic conditions, but the
use of silica gel proved to be the best approach for obtaining lactone 198 from nitrile 197.

Carbohydrate-derived oximes have been successfully cyclized to isoxazolines
by intramolecular nitrile oxide—alkene cycloaddition (INOC) using Chloramine-T
and silica gel,!”> without the normally required protection of the hydroxyl group of
the oxime. The acidic environment of the silica gel allowed formation of the corres-
ponding five- or six-membered ring isoxazolines in good yield, instead of the unde-
sired oximolactones. The formation of oximolactones is favored under the basic
conditions needed to transform oximes into nitrile oxides, using either NaOClI,
NaOCl with Et3N, or N-chlorosuccinimide with Et;N for deprotonation of the
hydroxyl function. This new methodology thus obviates protection—deprotection
steps, and simplifies the entire synthetic scheme.

The nitroaldol reaction of methyl nitroacetate (199, Scheme 38) with 1,2:3,4-di-O-
isopropylidene-a-D-galacto-hexodialdo-1,5-pyranose (200) and 2,3-O-isopropyli-
dene-p-glyceraldehyde (202) catalyzed by silica gel proceeded in almost quantitative
yield, with high selectivity for attack on the aldehyde carbonyl group, giving deriva-
tives 201 and 203, respectively. Two of the four possible diastereomers were detected
as main products, and were obtained as a mixture. For the nitroaldol reaction with 200
gave similar results in either the presence or absence of silica gel, whereas the reaction
with 202 did not proceed in its absence, showing that catalytic action of silica is
mandatory in this case.!”®
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SCHEME 38. Nitroaldol reaction of methyl nitroacetate with hexodialdo-1,5-pyranose 200 and 2,3-O-
isopropylidene-p-glyceraldehyde (202) catalyzed by silica gel.
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IV. CONCLUSION

In the past few years, a significant number of contributions related to the use of
zeolites and related porous silicon-based catalysts in carbohydrate chemistry have
been reported. Their regular porous structure and consequent shape-selectivity prop-
erties allow stereo- and regiocontrolled reactions, which are frequently desirable
attributes in synthetic strategies with carbohydrates. They often prove to be suitable
alternatives to conventional catalysts, particularly for reactions that require acidic
conditions, and they provide environmental friendly methodologies. The present
chapter highlights newly established methods that employ these heterogeneous cata-
lysts in transformations routinely used in carbohydrate chemistry, including glycosyl-
ation reactions, protection—deprotection of hydroxyl groups, and hydrolysis and
dehydration reactions. The utility of these catalysts in “click” chemistry is empha-
sized. The unique properties of silicon-based materials contribute to a stimulating
interplay of chemistry, processes, and products, and these catalysts have demonstrated
feasibility for large-scale production of fine chemicals from carbohydrate precursors.
The promising results presented herein may encourage carbohydrate chemists to
explore further the potential of these materials as catalysts for new, selective, and
efficient methodologies.
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I. INTRODUCTION

Manifold applications of oligosaccharides have been established during recent
decades. Food, sweeteners, and food ingredients comprise important sectors where
oligosaccharides are used in major amounts worldwide. Increasing attention has been
devoted to the sophisticated roles of oligosaccharides and glycosylated compounds at
cell or membrane surfaces. Oligosaccharides found on cell surfaces as glycoprotein or
glycolipid conjugates play important structural and functional roles in numerous
biological recognition processes. These processes include viral and bacterial infec-
tion, cancer metastasis, the inflammatory response, innate and adaptive immunity,
and many other receptor-mediated signaling processes.!> The inhibition of cell or
bacterial adhesion processes, along with vaccine formulation, have therefore become
key topics of pharmaceutical research. Specific oligosaccharides have been reported
to stimulate the immune system.?> Prospects may be anticipated for semisynthetic
glycan vaccines protecting against candida, meningitis, and leishmania infections.
Expectations for a vaccine against malaria are related to the synthesis of an oligosac-
charide identified on the surface of the pathogen Plasmodium falciparum.*

The challenge for developing methods for synthesizing oligosaccharides, notably for
complex oligosaccharides, that can be scaled up to an industrial level is obvious, based
on the use of substrates and enzymes that are available at reasonable cost and purity.

Strategies for oligosaccharides synthesis include:

— Chemical synthesis, an approach limited by complex synthetic sequences using
protection of hydroxyl groups to achieve regio- and stereo-selectivity

— Highly selective enzymatic synthesis using glycosyltransferases (GTFs), an
approach restricted by the limited availability of Leloir-type enzymes, and
expensive nucleotide-activated substrates

— Sucrase-type (non-Leloir-type) enzymes that operate both regio- and stereo-
selectively, using sucrose as a cheap substrate, or, in some cases (such as
cyclodextrin (CD) transferases) starch; these enzymes are, however, limited to
the transfer of only glucose or fructose

(For an overview on activated sugars in synthesis see ref. 5 and 24).

Several enzymatic routes with sucrase-type enzymes have been established for
oligosaccharide synthesis, some of which are applied industrially for food and feed
ingredients, and important examples are compiled.’ Convenient routes for new
oligosaccharides, however, are rarely available.

This report surveys new routes for the synthesis of oligosaccharides, with emphasis
on enzymatic reactions, since they offer unique properties, proceeding highly regio-
and stereo-selectively in water solution, and generally afford high yields. Summarized
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are approaches with glycosynthases and GTFs. Also discussed is the use of new or
modified substrates, and both wild-type (WT) and genetically modified GTFs of the
non-Leloir (sucrase) type, both being glucosyl- and fructosyltransferases that synthe-
size oligosaccharides and polysaccharides. Those selected are the ones that may be
scaled up and adapted for industrial manufacturing. Nucleotide-activated sugars are
therefore not included.

One of the aims was to combine structural features of glucosyl-oligosaccharides
(GOSs) and other (XOSs) with fructosyl-oligosaccharides (FOSs) to design a new
class of FOSs. The different glycopyranosyl residues may be recognized by carbohy-
drate-binding cell receptors, and function as inhibitors of bacterial adhesion.5

Finally, selected industrial processes and commercial oligosaccharides are summarized.

II. MODIFIED ENZYMES AND SUBSTRATES

1. Glycosidases, Glycosynthases, Thioglycosidases

Glycosidases are a broad family of enzymes (EC 3.2.1), which hydrolytically
cleave glycosyl residues of glycoconjugates. Most common glycosidases hydrolyze
their substrate by releasing a specific monosaccharide from the nonreducing end of a
sugar chain (exo-glycosidases), or by cleaving a bond within the carbohydrate
polymer chain (endoglycosidases). They are highly stereospecific, and according to
the stereochemical outcome of the reaction, they are classified as inverting or retain-
ing enzymes (see also CAZY, ref. 85).7-% Because this hydrolytic reaction is an
equilibrium, it can be used for an endergonic glycosylation termed reverse hydroly-
sis®10 or reversion. In this situation, the concentration of free monosaccharides needs
to be high, but the yields are low in most instances. One strategy to enhance the yield
of a transglycosylation reaction is to lower the water concentration, but this in turn is
problematic, as enzyme activity decreases when solvents other than water are used.
The immobilization of glycosidases has been examined to control the water level, but
reverse hydrolysis is still not capable of productive synthesis.!! Interestingly, glyco-
sidases can use different substrates such as p-nitrophenyl glycosides'? (pNP-sugars)
or sugar fluorides,'> which can be considered as activated sugars because of their
linkage energy useable in an exergonic transglycosylation reaction. This method still
suffers from similar problems as reverse hydrolysis, in trying to avoid the hydrolysis
of the products formed.

Transglycosylation with activated substrates and glycosidases has been reported in
several applications on a 100-mg scale, but the yields achieved with these methods are
low, and the need for solvent systems to dissolve pNP-sugars limits their utility.® To
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avoid the disadvantage that glycosidases hydrolyze their glycosylation products
again, efforts are being made to inhibit hydrolysis via mutagenesis, constructing the
so-called glycosynthases (Fig. 1).'* In such developments one of the key initial steps
was the replacement of the active-site carboxylate-Glu358Ala mutant of the Agro-
bacterium sp. [-glucosidase (AbgGlu358Ala) nucleophile with a nonnucleophilic
amino acid side chain, resulting in a correctly folded enzyme showing no detectable
hydrolytic activity against natural substrates.'> The a-glycosyl fluorides were chosen
as activated glycosyl donors, as these mimic the enzyme—substrate intermediate, and
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FIG. 1. Scheme of mechanism-based principle of transglycosyldation with (A) an inverting f-glycosi-
dase, (B) a retaining thioglucosidase, and (C) an inverting thioglycosynthase.
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aryl glycosides as acceptors, leading to transglycosylation with inverted configura-
tion. The retaining f-glucosidase thus has been changed into an inverting
glycosynthase.'> Those findings led to the development of further endo- and exogly-
cosynthases, which have been summarized in various reviews.!®!”

An equivalent approach has been successfully accomplished using thioglycosides
as nucleophilic acceptors for ‘‘thioglycoligation.”” The development of thioglycoli-
gases succeeded through changing the acid-base catalytic groups of retaining
B-glycosidases to the nonnucleophilic residue alanine.'® Activated 2,4-dinitrophenyl
p-glycosides and a-glycosyl fluorides were accepted as donor substrates by these
variants and thio sugar as acceptor substrates because of their nucleophilic thiol
group.'® The resulting disaccharides contain thioglycosidic linkages with retained
configuration. It has been further demonstrated that the double mutant Glul71Ala,
Glu358Gly of the f-glycosidase from Agrobacterium yielded, in the presence of
a-glycosyl fluorides and thio sugars, oligosaccharides having inverted configuration.
Those variants may be termed thioglycosynthases.?"

2. Glucansucrases

For the synthesis of oligosaccharides, the concept of using the so-called glyco-
synthases is very promising. Here, the hydrolytic activity of glycosidases has been
suppressed via random and rational site-directed mutagenesis, allowing transglyco-
sylation reactions to occur instead.!*!7-21-23

Glucansucrases (non-Leloir glycosyltransferases), in contrast, normally act on
substrates, sucrose in most cases, with the transfer of one glycosyl group, either
glucose or fructose, to growing polysaccharide chains, or to acceptors, producing
oligosaccharides elongated by one or more glycosyl groups. The reactions proceed
very efficiently, with high yields, regio- and stereoselecivity, and in water as the
solvent. The background of this convenient synthetic pathway is the high energy of
the glycosidic bond of sucrose, which is similar to that of nucleotide-activated
sugars.>* The GTFs are bacterial enzymes expressed extracellularly by various bacte-
rial species of Leuconostoc, Lactobacillus, and Streptococcus.

a. Kinetics.—Among the GTFs, dextransucrase (EC 2.4.1.5) has attracted much
attention in research, since it elaborates two kinds of reactions: (1) the primary
reaction (substrate reaction), the synthesis of dextran from sucrose and (2) the
secondary reaction (acceptor reaction), the transfer of D-glucose from sucrose to
carbohydrate acceptors that are added to the reaction solution, thus producing a
range of oligosaccharides.



106 J. SEIBEL AND K. BUCHHOLZ

Dextran is a D-glucopyranosyl glucan containing mostly «-(1 — 6) glycosidic bonds,
with branches linked o-(1 —2) or a-(1 — 3) to the main chain, and with a molecular
weight ranging from 0.5 to 6.10° kDa. 2> The most widely used dextran is produced by the
dextransucrase of the strain Leuconostoc mesenteroides NRRL B-512F, which synthe-
sizes a highly linear polysaccharide with about 95% «-(1 — 6) bonds.?> The kinetics of
dextran synthesis were investigated early by Ebert, Patat, and Schenk.?%2” With respect
to the acceptor reaction, the glucosyl moiety is transferred from sucrose to the acceptor
molecule instead of the growing dextran chain, to give the acceptor molecule elongated
by one single glucosyl group as the primary product. The new bond formed is usually an
o-(1 — 6)-glucosidic bond. In most instances, the product can itself serve as an acceptor,
so that a homologous series of glycosylated oligosaccharides is formed.?%2°

In the presence of sucrose alone as the single substrate, initial reaction rates follow
Michaelis—Menten kinetics up to 200 mM sucrose concentration, but the enzyme is
inhibited by higher concentrations of substrate.® The inhibitor constant for sucrose is
730 mM. This inhibition can be overcome by the addition of acceptors.’!32
The enzyme activity is significantly enhanced, and stabilized, by the presence of
dextran, and by calcium ions.

For the production of a-gluco-oligosaccharides, the kinetic behavior of dextransu-
crase has been investigated in order to optimize the synthesis. In fact, with maltose as
an acceptor, the dextransucrase of L. mesenteroides NRRL B-1299 produces three
families of oligosaccharides of increasing degree of polymerization.>® These respec-
tively contain, besides a maltose residue at the reducing end (Fig. 2): only a-(1 — 6)
glucosidic bonds; a-(1 — 6) glucosidic bonds, and one «-(1 — 2)-glucosidic bond at
the nonreducing end; o-(1 — 6) glucosidic bonds, and one «-(1 — 2)-glucosidic bond
on the penultimate D-glucosyl residue (for commercial utilization see Section III).

It must be pointed out that Michaelis kinetics do not apply in the presence of
acceptors. Such constants as Vi,.x, K, and Ky are dependent on acceptor concentra-
tions. To understand the reactions occurring in the presence of different types of
acceptors, and to have an appropriate background for reaction engineering in indus-
trial processes, the kinetics of the different reaction pathways have been analyzed in
detail, and a mathematical model has been established. These factors take into
account all of the different reactions occurring: enzyme complexes with substrate, a
covalent glucosyl-enzyme intermediate, oligosaccharides formed, and the growing
chain of dextran [with a-(1 — 6) glucosidic bonds mainly]. Kinetics and modeling
have been based on a wide range of experimental investigations.>*33

With good acceptors, apparent V. values increase with increasing acceptor
concentration by a factor of about three at 600 mM maltose concentration.>® They
decrease, as do initial reaction rates, with increasing concentrations of such weak



TOOLS IN OLIGOSACCHARIDE SYNTHESIS 107

Sucrose + éﬁ\ l
Maltose

L. mesenteroides
NRRL B-1299

L. mesenteroides

NRRL B-512F

NRRL B-1299 o

OH

HO O,
Hoi\;h\‘ OH
HO o Ho‘éO
Hoéo
HO

HO

‘("‘H\&w

FIG. 2. Types of oligosaccharides formed by dextransucrase of L. mesenteroides NRRL B-1299.%

acceptors as fructose, again by a factor of three, at 2.75 M fructose concentration.>*

K., values ranging from 12 to 27 mM were obtained in the absence of acceptors,
whereas apparent K, values increase with increasing acceptor concentration, up to
163 mM at 600 mM maltose concentration. At a fructose concentration of 1.39 M this
value was 40 mM.3* Dextran formation may be almost suppressed at high acceptor
concentration, which is important for oligosaccharide production.

The final product concentration depends significantly on the ratio of substrate and
acceptor. The first acceptor product (panose in the presence of maltose) is favored at
high maltose in excess, further tetra- and pentasaccharides are formed in significant
amounts.?” Thus isomalto-oligosaccharides (IMOS) can be produced in good yield
under appropriate reaction conditions (see Section III).

In the presence of such weak acceptors as fructose, initial overall reaction rates
decrease significantly with increasing concentration of acceptor, whereas they
increase with the substrate concentration. Initial rates of acceptor-product formation
increase with both substrate and acceptor formation, the formation of dextran being
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suppressed to a major extend only at very high acceptor concentration (at 3 M fructose
concentration).**38 The acceptor product of fructose, leucrose, does not act as an
acceptor, so that high yields can be obtained, and this is of interest for industrial
application. Leucrose production has been developed up to the pilot scale for appli-
cation as an alternative sweetener.>*

The quantitative description of all reactions occurring—in parallel or in sequence—
requires a model that incorporates all of the relevant parameters. Such a model has been
developed to predict the optimal reaction conditions and reactor configurations for
different acceptors, most notably for the production of leucrose and IMOS. The kinetic
parameters of the model identified are based on a wide range of experimental data.>?
The enzyme is assumed to catalyze glucosyl transfer via a covalent glucosyl-enzyme
intermediate, and binding sites for the acceptor and the growing dextran chain, respec-
tively.3841=# For leucrose synthesis Boker and coworkers presented approximate
kinetic correlations that permitted optimization of the yield.>* With initial concentra-
tions of 0.6 M sucrose and 2.2 M fructose, the yield of leucrose was in the range of
64—72% depending on the sucrose conversion (95-55%). Byproducts are isomaltulose
(IM) and trehalose, in the range of 4-5% each. Immobilization of the enzyme has been
achieved efficiently by its inclusion in alginate beads.*> The productivity of the
immobilized enzyme was found optimal in a continuous tubular reactor.

Summarizing the results of many investigations, monosaccharides and such deriv-
atives as D-mannitol and D-glucitol are rather weak acceptors. Disaccharides, includ-
ing such acceptor products as isomaltose, are much better acceptors, except for certain
molecules, for instance leucrose, which is not an acceptor.?”#*®#” The decrease
of enzyme activity with time has been described in terms of a first-order reaction.
The inactivation parameters have been calculated for the immobilized enzyme.
The inactivation constants kg were 0.0135 (1/d) when maltose was the acceptor
(stabilizing), and 0.029 (1/d) when fructose was the acceptor.3®

b. Structure and Enzyme Engineering.—Glucansucrases (non-Leloir glycosyl-
transferases) are structurally related to some glycosidases, their main reaction being the
transfer reaction yielding large glucan polymers synthesized from sucrose, which
provides the energy for this exergonic glycosylation.*® Glucansucrases are expressed
by lactic acid bacteria for the production of exopolysaccharides that form a kind of
extracellular matrix for these bacteria. Glucansucrases are classified as glycoside
hydrolase (GH) enzymes of Henrissat’s family 70.4 In terms of the EC-classification
system, glucansucrases are designated as EC 2.4.1.5 (dextransucrase, but mutansucrase
and reuteransucrase are still currently classified here) and EC 2.4.1.140 (alternansu-
crase). Over 40 glucansucrase primary structures are now known, all showing a high
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similarity in organization. In all glucansucrases, an N-terminal, variable region of
different length can be found, followed by a conserved catalytic domain and a C-termi-
nal, so-called ‘‘glucan binding’’domain.>® Unfortunately, no crystal structure of a lactic
acid glucansucrase has yet been published. Structural comparison with GH-13 (alpha-
amylase) enzymes predicts that the catalytic domain is organized as a (f3/o)g-barrel, but
circularly permutated.>! This prediction has been confirmed by Dijkstra et al., present-
ing a first, as yet unpublished crystal structure of GTF180, a glucansucrase of
L. mesenteroides 180.°% Interestingly, the enzyme showed not only a circular permuta-
tion, but also a huge U-shaped folding of the whole enzyme, forming distinct domains out
of severed sequence-sections (Personal communication, see Fig. 8 by A. Vujicic et al.).>?

One industrial process is the fermentative production of the polysaccharide dextran
(a-glucan) by L. mesenteroides. Such polymers as dextran are used in food industry,
as additives for dyes, and in health care products.”*>> Variants and differences in
glycosidic linkage-type, degree and type of branching, and molecular mass of glucans
yield products having different structural and functional properties. For example, the
glucans can be dextrans of varied structural identity [o-(1 — 6)-linked glucose (Glc)
backbone, with a-(1—2), a-(1 —3) side chains],***® mutan (x-(1 — 3)-linked Glc
residues),** alternan [o-(1 —6)- and o-(1 —3)-linked Glc residues],*> amylose
o-(1 — 4)-linked, and reuteran [o-(1 — 4)- and a-(1 — 6)-linked Glc residues].>’

WT enzymes among the glucansucrases (E.C. 2.4.1.5) have been demonstrated to
control the regiospecificity and length of the polymer synthesis. However, how do they
control oligosaccharide versus polysaccharide synthesis, and direct their glycosidic
linkage specificity? This important question was very recently addressed for the design
of enzymes that should enable production of tailor-made saccharides. In an enzyme-
engineering approach, Hellmuth et al.>® chose the most conserved motif around the
transition-state stabilizer in glucansucrases for a random mutagenesis of the glucansu-
crase glycosyltransferase R (GTFR) of Streptococcus oralis. Modifications at position
S628 achieved by saturation mutagenesis guided the reaction toward the synthesis of
short-chain oligosaccharides with a drastically increased yield of the prebiotic isomal-
tose (47%) or alternatively leucrose (64%), a potential sweetener.’® They also found
that GTFR variant R624G:V630I:D717A showed a drastic switch in regioselectivity
from a dextran type linked mainly «-(1 — 6) to a mutan-type polymer with predomi-
nantly o-(1 — 3)-glucosidic linkages. Targeted modifications demonstrated that both
mutations near the transition-state stabilizer, R624G and V630I, are contributing to this
alteration. It was shown that mutagenesis can guide the transglycosylation reaction of
glucansucrase enzymes toward synthesis of (a) various short-chain oligosaccharides
(see Fig. 3) or (b) novel polymers having completely altered linkages, without
compromising its high transglycosylation activity and efficiency (Table I).%%
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FIG. 3. Product spectra of the wild-type (WT) GTFR and mutant S628D enzymes (200 U/L) incubated
(7 days at 30 °C) with sucrose (146 mM) and different acceptor substrates (292 mM, Glc: glucose; Fru:
fructose). Yields are given in percentage (mol/mol Glc). Yields of higher oligosaccharides (DP>5) and
hydrolysis products are not shown.*®

Other important regions with relevance for acceptor specificity were identified in
the dextransucrase DSRS. Kralj et al.°? suggested that amino acids C-terminal to the
invariant His626Asp627 motif of glucansucrases (GTFR numbering) influence the
structure of the oligo- and poly-saccharides formed. Decrease or absence of polymer
formation by rational mutations at this position is consistent with the findings of Kralj
et al.%>%* and Moulis et al.,%> but in the latter studies, with other glucansucrases, polymer
formation was slightly attenuated®>®* or associated with a great loss of enzyme activ-
ity.% In addition to defined polymers, oligosaccharides having specific structures are
also urgently needed. Oligosaccharides currently produced for commercial markets,
including IMOS,®” leucrose,®® and palatinose,®® are of interest in the fields of food,
pharmaceuticals, and cosmetics because of their ability to prevent and treat diseases of
various biological origins. Isomaltose, for instance, enhances production of cytokine
IL-12 by macrophages stimulated with Lactobacillus gasseri in vitro, and dietary IMOS
significantly increased numbers of lactobacilli in the intestinal microflora.”®
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TABLE I
Polymer Linkage-Type and Alignment of Amino Acid Sequences of Various (Mutant)
Glucansucrase Enzymes with GTFR Wild-Type and Mutant Variants™

Wild-type and Main a-linkage in Amino acid sequence around transition-state
mutant enzymes glucan products stabilizer D627 in GTFR

DSRS (1—6) PS 655 YSFVRAHDSEVQTVI

GTFI (1—-3)PS 557 YSFIRAHDSEVQDLI

GTFA (1—4)PS 1126 YSFVRAHDNNSQDQI

GTFA’ (1—6)PS 1126 YSFVRAHDSEVQDQI

GTFR (1—6)PS 620 YIFVRAHDSEVQTVI 713 SPYHDAIDA
S628D oS 620 YIFVRAHDDEVQTVI

S628R OS, PS 620 YIFVRAHDREVQTVI
R624G/V630I/D717A (1—3,1—6)PS 620 YIFVGAHDSEIQTVI 713 SPYHAAIDA
R624G 620 YIFVGAHDSEVQTVI

V6301 (1—6)PS 620 YIFVRAHDSE/QTVI

R624G/V6301 (1-3,1—6)PS 620 YIFVGAHDSEIQTVI

DSRS, Leuconostoc mesenteroides NRRL B—135559; GTFI, Streptococcus downei MerSGO; GTFA,
Lactobacillus reuteri 1216]; GTFA/, mutant GTFA62; GTFR, Streptococcus oralis® ; and GTFR
variants,®® mutants constructed in this study.

Mutations are shown in italics; the putative transition-state stabilizer is shown in bold.

PS, polysaccharide; OS, oligosaccharide.

c. Donor and Acceptor Substrate Engineering.—In the presence of suitable
(mostly saccharide) acceptor substrates, glucan synthesis is directed toward oligosac-
charide products. Thus the acceptor reactions of dextransucrase offer the potential for a
targeted synthesis of a wide range of di-, tri-, and higher oligosaccharides by the transfer
of a glucosyl group from sucrose to the acceptor, and a broad range of acceptor reactions
with small acceptor molecules has been reported and characterized.>-2-2%-31:40
However, the synthetic potential of this enzyme is not restricted to ‘‘normal’’ sacchar-
ides: such modified acceptors, as additionally functionalized saccharides, alditols,
aldosuloses, aldonic acids, alkyl glycosides, and glycals, along with rather unconven-
tional saccharides, for instance a fructose dianhydride, may act as acceptors.

Some of these acceptors even turned out to be relatively efficient: «-D-glucopyranosyl-
(1 —5)-p-arabinonic acid, «-p-glucopyranosyl-(1 — 4)-p-glucitol, ¢-D-glucopyranosyl-
(1 — 6)-p-glucitol, a-p-glucopyranosyl-(1 — 6)-p-mannitol, ¢-D-fructofuranosyl-f3-p-
fructofuranosyl-(1,2":2,3")-dianhydride, 1,5-anhydro-2-deoxy-p-arabino-hex-1-enitol
(‘“‘D-glucal’’). These may therefore be of interest for future applications of the dextran-
sucrase acceptor reaction (Fig. 4).7!

In a very recent approach Seibel et al. used a microarray approach on microtiter
plates to identify new acceptor specificities of the non-Leloir GTFR from S. oralis,
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FIG. 4. Sugar derivatives serving as acceptors for glycosylation by dextransucrase: alditols, aldosuloses,
aldonic acids, a fructose dianhydride, and a glycal.”’

using sucrose as a glucose donor. Interestingly, it was found that the GTFR was able
to glycosylate not only maltose, but also immobilized primary alcohols to yield the
corresponding glucosides.”? This format and technique enables fast and efficient
screening of enzyme activities.

In a new strategy, acceptor substrates were designed that allow control of the
linkage specificity by the enzyme and further chemical reactions to enhance glyco-
diversity. The blockage of the favored transglycosylation site by a-6-O-tosyl-group
switched GTFR glycosylation activity from the major «-(1—6) to the minor
a-(1 —3) activity (Fig. 5).”® This principle was expanded and applied in a two-step
chemoenzymatic approach where the chemoselectivity of the glucansucrases
employed can be guided from «-(1 — 6)- to «-(1 — 2)-, a-(1 — 3)-, or a-(1 — 4)-linked
glucose by the acceptor, allowed the successful construction of various complex
glycoconjugates containing thioglycosidic linkages with the glycopyranosides (galact-
ose, glucose, neuraminic acid) of choice, giving access to a ‘‘toolkit’” providing
different linkages and offering another way for the synthesis of complex glycostruc-
tures (Figs. 5 and 6).73

Pijning et al. have reported a successful approach for crystallizing a glucansucrase
GTFA from Lactobacillus reuteri’®; an awaited structure may help in future in
interpreting the data obtained.

Here we have demonstrated that nature of the oligosaccharide product and the glyco-
sidic linkage specificity of glucansucrases can be modified by site-directed/random
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FIG. 6. Chemical synthesis of thio sugars.”

mutagenesis and substrate engineering, while maintaining a high transglycosylation
efficiency, resulting in excellent product yields. Other glucansucrase and fructansucrase,
and also glycosyltransfer enzymes, known for efficiently producing homopolysacchar-
ides and oligosaccharides of different monosaccharide and linkage compositions,> might
be subjected to similar enzyme- and substrate-engineering approaches. They provide very
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interesting enzyme-engineering targets directed toward the development of modified and
new biocatalysts to produce tailor-made oligo- and poly-saccharides.

3. Fructansucrase Enzymes

Fructansucrase enzymes (FSs) of lactic acid bacteria employ the cheap substrate
sucrose (Gle—Fru) to synthesize a variety of polyfructoside products.”” These include
two fructans,’® levan with -(2 — 6)-linked fructose (Fru) residues’’-’8 synthesized by
levansucrases (LSs), and inulin [(-(2 — 1)-linked Fru residues)] elaborated by inu-
losucrases (ISs).>7° Besides this polymerization reaction, the enzymes can also
perform hydrolysis, and, in the presence of suitable acceptors, oligosaccharides are
formed.”®7° LSs are present in Gram-positive as well as Gram-negative bacteria.
Some LS and IS enzymes carry additional (glucan binding) domains, which are also
present in glucansucrases.8!:32

a. Kinetics.—The kinetics of FTF reactions have been investigated in detail by
Chambert ef al.”383 and by Ouarne and Guibert®* with respect to industrial production
of fructo-oligosaccharides. Both groups also discussed the reaction mechanism,
notably the fructosyl transfer reaction that yields fructo-oligosaccharides. The second
group also developed a mathematical model describing the experimental results with
good accuracy.

b. Structure-Function Relationship.—LS and ISs belong to GH family 68
(GH68) and together with GH32 (such as invertase, inulinase) they comprise clan
GH-J, according to the CAZy system,®> (http://www.cazy.org). Two different LS
X-ray structures have been elucidated, the first from the Gram-positive bacterium
Bacillus subtilis (SacB, also with bound sucrose and raffinose) 3087 and one from the
Gram-negative bacterium Gluconobacter diazotrophicus.®® Furthermore, GH32
three-dimensional structures of invertase from Thermotoga maritima (also with the
trisaccharide raffinose in the active site), the fructan 1-exohydrolase from Cichorium
intybus, the exoinulinase from Aspergillus niger, and an E203Q Arabidopsis invertase
mutant®—23 have been solved. Interestingly all protein structures contain a five-bladed
p-propeller fold with a deep, negatively charged, central cavity, with the active site at
the end of this cavity. The substrate-binding mode of sucrose can be seen in the GH68
B. subtilis SacB X-ray structure, where sucrose is situated in subsites — 1 (fructosyl
residue) and + 1 (glucosyl residue).8¢

Amino acid-sequence alignments of various LSs and ISs, in combination with site-
directed mutagenesis experiments and structural data of family members, have high-
lighted functional amino acid residues, and has provided first insights into
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structure—function relationships.86-83:9495 In the LSs and ISs from various bacteria the
residues Asp?>, Glu*>2, and Asp®’ (Bacillus megaterium numbering) constitute the
catalytic triad.”>°® Thus far the mechanism may be summarized as follows: the -
acid—base catalyst Glu®>? protonates the glycosidic bond of sucrose, while the Asp®?
residue acts as a nucleophile,” attacking the glucopyranosyl residue of the sucrose,
most probably forming an enzyme—fructosyl intermediate with inversion of the gly-
cosidic bond in the intermediate state. The Asp>>’ residue may assist in coordinating
the hydrogen bonds of the fructofuranoside at positions 3-OH and 4-OH.

Apart from the activation of sucrose, the question of the fructosyl transfer for
polymer versus oligosaccharide synthesis is still open. The ratio between polysaccha-
ride and oligosaccharide synthesis activities differs significantly, depending on the
enzyme source. While LSs of B. subtilis, L. reuteri 121,°7 and B. megaterium®>
synthesize high-molecular-mass levan without transient accumulation of oligofructan
molecules,®”88 the LS of G. diazotrophicus, Zymomonas mobilis, and Lactobacillus
sanfranciscensis, and the IS of L. reuteri 121 synthesize short fructo-oligosaccharides
(kestose and nystose) from sucrose.”’~!%! In all FSs, subsite — 1 is highly specific for
binding fructose residues,’®%%192 whereas subsite 41 is more flexible, exhibiting
affinity for different glycopyranosides (mannose, galactose, fucose, and xylose) and
disaccharides (maltose, lactose, and melibiose).?*'%3 Novel insights regarding the
products formed have been obtained. Key amino acid residues in the LSs important
for oligosaccharide formation have been identified. For instance, changes in Arg3¢°
from B. subtilis SacB'** at subsite — 1, and the similar amino acid residue Arg3’® of
B. megaterium SacB, resulted in time-dependent accumulation of different oligosac-
charides during their catalysis, and accumulation of neokestose [ f-Fruf-(2 — 6)-o-Glcp-
(1—2)-B-Fruf] and blastose [B-Fruf-(2— 6)-a-Glcpl.”> Also Arg*?? (subsites — 1
and +1) in IS is part of the highly conserved ‘‘RDP motif”’ in clan GH-J.3¢ Changes
in L. reuteri 121 IS residues at acceptor subsite — 1, R423K (also interacting with a
glucosyl residue at subsite + 1; Arg?*® residue in B. subtilis SacB), or W27IN (Trp®
residue in B. subtilis SacB), caused altered fructo-oligosaccharide product patterns with
sucrose, yielding much less oligosaccharides and significantly more polysaccharides.”*
This observation suggests that modification of amino acid residues, or the glycosidic
binding mode, at subsite — 1 is important in determining the product profile, namely
polysaccharide versus oligosaccharide synthesis. It was shown that the corresponding
arginine residue (R188) in exoinulinase of family GH32 participates in substrate
binding, is important for recognition of the sugar ring, and might be responsible for
specificity of the enzyme toward the fructofuranosyl residue.”!

Interestingly, W271N synthesized larger fructan products as compared to the WT
enzyme.”” B. megaterium LS residue Asn?>? (subsite +2) clearly plays an important
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role in transfructosylation.®> Substitution of Asn?32 by Ala or Gly completely abol-
ished polysaccharide production without significantly affecting K,,, and k., values,
but causing these variants to switch from mainly polysaccharide synthesis to hydro-
lysis. In contrast, mutation N252D diminished polysaccharide synthesis without
changing K, and k., values significantly.

The X-ray structure of the B. subtilis SacB (74% amino acid identity with
B. megaterium LS) provides insights into the function of this Asn?>?
position at subsite +2 may allow it to stabilize the third fructosyl residue of the
growing oligosaccharide chain and direct it as an acceptor substrate into the optimal
position for further transfructosylation.”> The mutation N252D in B. megaterium LS
clearly weakened the coordination of a fructosyl unit at subsite +2; however, it still
occurred, as indicated by the residual formation of polysaccharide. Residues Arg37°
and Asn?2, which appear to be crucial for fructan synthesis, are conserved in LSs
from Gram-positive bacteria. In contrast, the endophytic Gram-negative bacterium G.
diazotrophicus SRT4 secretes a constitutively expressed LS (LsdA, EC 2.4.1.10),
which mainly converts sucrose into fructo-oligosaccharides. It contains His*!° instead
of Arg37 at the equivalent position.®® This His residue is strictly conserved in Gram-
negative LSs. Furthermore, Asn?? is strictly conserved in the LSs of Gram-positive
bacteria, whereas Gram-negative bacteria possess a conserved Arg residue in the
equivalent position.>> This section of the 3D structure of LsdA is almost perfectly
superposable upon the equivalent residues of B. subtilis SacB in the active site.
In contrast, the region constituting subsite +2 shows clear differences.

residue. Its

4. Sucrose Analogues

Sucrose analogues are nonnatural activated substrates, intended to serve in the
synthesis of new oligo- and poly-saccharides. They provide a convenient and rather
low-cost access to synthesis and glycosidation.'The enzymatic synthesis of these
sucrose analogues has been established for a variety of structures. The exofructosyl-
transferase (EC 2.4.1.162) from B. subtilis NCIMB 11871 transfers the fructosyl
residue of the substrate sucrose to a series of monosaccharide D-glucopyranosyl
acceptors (D-mannose, D-galactose, 2-deoxy-D-arabino-hexose, D-fucose, and
D-xylose) to yield the -p-fructofuranosyl o-p-glycopyranosides (D-Man-Fru, p-Gal-
Fru, 2-deoxy-p-arabino-Hex-Fru, p-Fuc-Fru, p-Xyl-Fru).8%1% A range of these has
been shown to be formed in good, or high yields, with respect to the quasi-equilib-
rium, under kinetic control and optimum conditions.

Using L-glycopyranosides as acceptors led to the formation of -p-fructofuranosyl-
p-L-glycopyranosides (L-Glc-Fru, L-Gal-Fru, L-Fuc-Fru, L-Xyl-Fru, Rha-Fru), sucrose
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analogues having a B-(1 — 2)-glycosidic linkage.® In the chemoenzymatic approach,
a range of new sucrose derivatives can be obtained from ‘‘3-ketosucrose’’ in aqueous
medium with few reaction steps. Agrobacterium tumefaciens elaborates a dehydroge-
nase that oxidizes sucrose specifically at the 3-position of Glc, yielding a-p-ribo-
hex-3-ulopyranosyl-8-p-fructofuranoside (‘‘3-ketosucrose’’) (Fig. 7).!%7 Subsequent
chemical steps provide access to a range of products, including o-p-allopyranosyl

B-p-fructofuranoside (allosucrose).!08:109
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FIG. 7. Different routes to sucrose analogues.'*
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5. Oligo- and Poly-saccharide Synthesis with Sucrose Analogues

Previous sections of this chapter have demonstrated that acceptor substrates can direct
the regioselectivity of a glucansucrase for acceptor reactions without mutating the
enzyme. This approach has been expanded to sucrose analogues, which should function
as alternative donor substrates. Sucrose is a highly activated substrate for GTFs
(AGY = —26.5kImol ") a5 compared to other disaccharides, such as isomaltose,
lactose, and maltose (AG = —7, — 8.8, — 15.5kJmol~").!'? This difference in the
Gibbs energy change is available to enable synthesis of oligo- and poly-saccharides by
sucrose-type enzymes that use sucrose as a substrate for the transfer of glucose or fructose.

Sucrose analogues (f-p-fructofuranosyl a-bD-glycopyranosides) open a gate for the
transfer of a wide repertoire of monosaccharides, and may be used for oligosaccharide
and polysaccharide synthesis (a) using fructansucrases for the synthesis of new
glycopyranosyloligofructosides or (b) alternatively by using modified glucansucrases
for the transfer of the glucopyranoside.?*!!? Sucrose analogues have been shown to
serve as efficiently for synthesis (transfer of monosaccharides) as sucrose. When the
glucose part of sucrose is modified, as, for example, in galactose-, mannose-, or
xylose-fructosides, the transfer of such monosaccharides (galactose, xylose, and
others) is under investigation, and is a topic in promising recent studies in our
laboratory. However, the transfer of either fructose or the glycopyranoside to other
sugars or different natural products as acceptors is a challenging prospect. Advantages
of this system, apart from the currently employed enzymes such as glycosynthases
and GTFs!7-?3 are that industrial established glucansucrases and fructansucrases may
also serve for a extended range of substrates and products.

Not surprisingly, fructosyltransferases can use most of the sucrose analogues (with
aremarkable exception, allosucrose) producing new oligosaccharides or polysacchar-
ides. Such oligofructans as kestose and nystose are well regarded for their health
benefits in human nutrition. The substitution of a glucose residue by another glyco-
pyranosyl residue such as xylose can be expected to affect the structural and biochem-
ical properties of the new molecule. In contrast to short-chain fructo-oligosaccharides,
the glucopyranosyl residue in polysaccharides may not influence its structure and
properties significantly. Thus in a recent approach, a LS was generated by random
mutagenesis that does not produce polysaccharides but instead yields short-chain
fructo-oligosaccharides.®

Sequence analysis of the variant A5 revealed the presence of two mutations in the
gene, V106A and N242H. These novel insights were used for the functional charac-
terization of a novel LS from B. megaterium (74% identity with SacB from
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B. subtilis).”® There it was found that V115A (Val106 B. subtilis numbering) mutation
has no effect on LSs.”> It was also demonstrated that sucrose analogues indeed
provide a powerful new tool for the highly efficient and inexpensive preparative
synthesis of tailor-made saccharides. In early studies, the novel substrates have been
converted by LS enzymes into unique oligo- and polyfructans>#!!3; and their kinetics®
have been investigated (Table II). These results, combined with Xyl-Fru as substrate
and LS variant A5, resulted in the production of one main product, a 6-kestose
analogue [o-Xyl-(1 — 2)-B-Fru-(2 — 6)-8-Fru].® As 6-kestose and XOFs have strong
prebiotic activity, the impact of this novel product on the prebiotic properties should
be tested in the mammalian gut system.

Moreover, in further studies, a genetically optimized strain of A. niger with an
overexpressed fS-fructofuranosidase transformed sucrose analogues efficiently and
with high yield into the 1-kestose and 1-nystose analogues functionalized with
different monosaccharides of potential interest (Fig. 8).!!3

6. Sucrose Isomerase

Sucrose isomerase (SI, also termed sucrose mutase, or IM synthase, EC 5.4.99.11)
catalyzes the isomerization of sucrose to isomaltulose [IM, o-D-glucopyranosyl-
(1 — 6)-p-fructose], a rearrangement of the o-(1 —2)-bond to an «-(1 — 6)-bond,
and, to a minor extent, to trehalulose [o-D-glucopyranosyl-(1 — 1)-p-fructose].

TABLE II
Kinetic Parameters for Sucrose Analogues as Substrates for Levansucrases
(Wild-Type and Variant AS)

keatKin AAG

Substrate Ky (mM)*“? Kear 5D (mM~'s™ ) (kcal mol )
Sucrose (wild-type) 14¢ 85.5(3.2) 6.1 0

Man-Fru (wild-type) 30.8 (7.9) 0.4 (0.1) 0.01 3.8

All-Fru (wild-type) - - - -

Gal-Fru (wild-type) 20.3 (4.1) 36.7 (2.8) 1.8 0.7
D-Fuc-Fru (wild-type) 40.5 (5.7) 70.6 (4.9) 1.7 0.8

Xyl-Fru (wild-type) 28.5 (4.3) 72.6 (3.1) 2.6 0.5

Sucrose (variant A5) 222 (44.5) 40.4 (4.2) 0.2 -

¢ Parameters determined as described in the experimental section. Reaction times were 60 min, and enzyme
concentrations used for each substrate were as follows: Gal-Fru 0.2-5 U mL™ 1, Man-Fru 7.4-148 U mL~ 1,
Xyl-Fru 0.1-1.0 U mL™", and p-Fuc-Fru 0.3-0.6 U mL™". Enzyme concentrations used for each substrate
were added as estimated to convert about 10% of the different initial sugar concentrations within 60 min.
? Values in parentheses represent the error limits in the reported number.°

¢ Data correspond to literature data.''*
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FIG. 8. Different products with sucrose analogues as substrates.!!® Enzymatic synthesis of 1-kestose,
1-nystose, and their analogues by S-fructofuranosidase of A. niger. Structures of fructo-oligosaccharides:
(A) commercial products, (B) mannose- (C) galactose-, and (D) xylose-substituted analogues.

The ratio of the enzyme products varies from mainly IM (up to 85%) (used in
industrial processes) to predominantly trehalulose (up to 90%), depending on the
bacterial strain that synthesizes the enzyme. SI is produced by several microorgan-
isms, Klebsiella planticola, Pantoea dispersa, and Protaminobacter rubrum.'15-120
The enzyme kinetics from the three species mentioned have been investigated in
detail. The three different SI produce IM with high yield, around 85%, with trehalu-
lose as a by-product, and low hydrolytic activity. The yield of IM increased with
temperature, up to 50 °C, for the Klebsiella enzyme. A remarkably high activity,
638 U/mg, was found for the P. dispersa enzyme, while those for different Klebsiella
enzymes were in the range from 330 to 420 U/mg; K, values were in the range from
40 to 120 mM. Competitive inhibition by glucose and fructose, most pronounced by a
mixture of both (at a concentration of 277 mM for each), was observed for the
enzymes from Pantoea and Klebsiella. The SI from Pseudomonas mesoacidophila
showed a high synthetic potential for trehalulose, with 90% yield.!!7:119:121
Formation of IM attains a maximum yield, with subsequent formation of trehalulose
as a by-product, at extended reaction (residence) time, thus kinetic control is essential
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for good yields. For industrial production of SI, and IM, cells of P. rubrum have been
entrapped in alginate beads and cross-linked with hexanedial (SI remaining active,
whereas the cells are inactivated). Immobilization by entrapment in calcium alginate
proved by far the most efficient method, as compared to entrapment in other gels, or
adsorption on carriers; these latter resulted in rather poor stability. The activity after
immobilization was about 50% of free cells. However, the half life was increased
by more than two orders of magnitude. Thus the operational stability of the
alginate-immobilized biocatalyst exhibited, when operating at high sugar concentra-
tion (1.6 M), a half-life time of over 8000 h.!?? The thermostability has further been
improved by engineering the enzyme from Klebsiella through replacing selected
amino acid residues by proline, resulting in an 11-fold increase in half life at
50 °C.'2! IM, in contrast to sucrose, is a reducing sugar, since the carbonyl group of
fructose is not blocked by the glycosidic bond. Thus it can be hydrogenated by classical
catalysis to yield two alditols, a-D-glucosyl-pD-mannitol and «-p-glucosyl-pD-glucitol.
These are the main components of a commercial product, widely used as alternative
sweetener, mainly because they are noncariogenic (see Section III).!!°

To understand the mechanism of sucrose isomerization at the molecular level and
to identify the key amino acids involved in the enzyme reaction, enzymes of Klebsi-
ella sp. and P. rubrum have been cloned and crystallized. The three-dimensional
structure of the Klebsiella enzyme has been revealed by Zhang et al.!'® It consist of
three domains, an N-terminal catalytic (f/:)g domain, a subdomain between N3 and
No3, and a C-terminal domain having seven f3-strands. The active-site architecture is
similar to that of the 13-member GH family. However, a unique RLDRD motif in the
proximity of the active site has been identified and shown biochemically to be
responsible for sucrose isomerization. The catalytic triad (Asp?*!, Glu?®>, and
Asp®%) and two histidine residues (His'*> and His*¢®) in SI are highly conserved in
alpha-amylase and GTFs, for instance in amylosucrase.'??

The active-site cleft is surrounded by a loop, forming a pocket with the dimensions
2 x2x2.5nm?, large enough to accommodate a sucrose molecule. A mechanism
proposed, by analogy to the other enzymes mentioned, suggests that the glycosidic
bond is protonated by a proton donor, and the anomeric carbon of the glucose moiety
is attacked by the nucleophile leading to the formation of the covalently linked
enzyme—glucosyl intermediate. In the isomerization step, the fructose substitutes the
glucosyl group of the intermediate to form the sucrose isomers, either IM or trehalulose,
depending on the mode of binding of fructose in the active center.!'® Further insight into
the mechanism of sucrose isomerization has been provided by high-resolution three-
dimensional structures of native and mutant complexes of a trehalulose synthase from
P. mesoacidophila that mimics successive states of the enzyme reaction.'?*
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In addition to the (f3/z)s domain and amino acids highly conserved as mentioned
before (the catalytic triad, histidine residues) an aromatic clamp of two phenylalanine
residues has been identified that play an essential role in substrate recognition and in
controlling the reaction specificity. These aromatic residues are presumed to be
involved in hydrophobic interaction with the fructose moiety of the substrate, and
thus in substrate binding and positioning, in addition to three hydrogen bonds. These
interactions are assumed to prevent release of the fructosyl unit, and are thus respon-
sible for an intramolecular glucosyl transfer and rearrangement of the glycosidic
bond. It also prevents access of water to a large extent, being thus responsible for a
high ratio of glucosyl transfer versus hydrolysis—an essential condition for industrial
application. Binding of the glucose moiety is stronger, mediated by 14 direct hydro-
gen bonds and by stacking to tyrosine and phenylalanine residues (for the technical
process see Section IIT).'%

III. COMMERCIAL PRODUCTS

The preceding sections should illustrate how far our insight and understanding of
GTF has progressed, in structure, mechanism, and kinetics, and how the design of
GTF has been achieved to optimize properties. This last section here documents how
many and diverse processes have been established industrially, and to what impres-
sive volume and commercial value products are being manufactured using GTF.
Commercial products comprise IM, and derivatives, IMOS, CDs, FOSs, galactosyl-
oligosaccharides (GalOS), and other special products. They are produced based on
sucrose or starch, which are available in high quality and at low cost as substrates,
along with acceptor saccharides, for instance galactose, when part of the product.
They are generally produced using immobilized GTF (glycosyltransferases of the
sucrase type). Table III gives some examples, with current figures (2004-2009) on
market estimates. For overviews on enzymes and oligosaccharides used in food
manufacture see Whitaker et al. and Eggleston and Cbté.!2>-126

GTFs are applied as immobilized biocatalysts in a range of processes for
manufacturing such oligo- and poly-saccharides as IM, malto-, and isomalto-oligo-
sacchrides, galacto- and fructo-oligosaccharides, and CDs, along with dextran, mostly
in the range of 3000—15,000 tonnes/annum.'?’~12° The price range for oligosacchar-
ides in the food sector is mostly in the range of 2—5 euros/kg; and thus these products
(except CDs) constitute rather low-price commodities requiring inexpensive raw
materials (sucrose, starch, inulin), and economic processing with low cost for the
biocatalyst, which must be immobilized and exhibit high productivity.'2>-128
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TABLE III

Application of Immobilized Glycosyltransferases™¢6-84127:130.131

Market
(estimated,
Enzyme Product tons/annum) Company
Sucrose isomerase Isomaltulose 100,000 Siidzucker, Cerestar (Germany)
(Sucrose mutase) Mitsui Seito Co (Japan)
o-Glucosidase and Isomalto-oligosaccharides 15,000 Hayashibara (Japan) and others
Glucosyltransferase
a-Glucosidases Malto-oligosaccharides 15,000
Glucosyltransferase and  Trehalose 30,000 Hayashibara (Japan)
o-Glucosidase
Dextransucrase Isomalto-oligosaccharides BioEurope (France)
Dextransucrase” Dextran 200 Pharmacia (Sweden)
p-Galactosidase Galacto-oligosaccharides ~ 7000-15,000  Yacult (Japan), Milupa/Numico
(Germany)
Fructosyltransferase Neosugar 4000 Beghin-Meji Industries
Fructo-oligosaccharides 3500 (France, Japan)
Cyclodextrin transferase  -Cyclodextrin and other ~ 3000-4000 Wacker-Chemie (Germany)
cyclodextrins
Total, approx. 180,000

“ Single example where the product is not made by an immobilized enzyme; Pharmacia is now a Pfizer
company.

Oligosaccharides manifest a broad range of different properties, including sweet-
ness, bitterness, hygroscopicity, specific water activity, stabilization of active sub-
stances, including proteins, and flavor and color components. Syrups of branched
oligosaccharides (such as isomaltose and panose) are mildly sweet and exhibit
relatively low viscosity and lower the physicochemical activity of water in solution,
as well as high moisture-retaining properties. In addition, such factors as digestibility,
or nondigestibility, noncariogenicity, or anticariogenicity, and immunopotentiating
activity may constitute significant roles for practical applications.!?° The worldwide
production of oligosaccharides may be estimated at some 175,000 tonnes/annum, IM
and its derivatives constituting the largest single type of oligosaccharide. In Japan
some 90,000 tonnes of oligosaccharides were produced in the late 1990s, worth about
650 million euros. The production of nondigestible oligosaccharides worldwide was
estimated at 85,000 tonnes in the late 1990s, more than half of this in Japan. In Europe,
sales of oligosaccharides may be estimated in the range of about 300 million euros
(Table III).

Manufacture of IM [palatinose, «-D-glucosyl-(1 — 6)-D-fructose] is a major process
that uses a glucosyltransfer activity of a sucrose mutase (sucrose isomerase) from
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P. rubrum. Sucrose is the substrate, and the yield from the isomerization is 80% to 85%
of IM. The catalyst consists of immobilized cells of P. rubrum which are cross-linked
and entrapped in alginate beads (the sucrose mutase remaining active). Most remark-
able is the greatly increased stability of the biocatalyst at high sugar concentrations,
being further improved under operational conditions in sucrose solution (1.6 M; half-
life time of over 8000 h).'?2 The yield of IM depends critically on kinetic control of the
reaction, with increasing formation of trehalulose as a by-product at extended reaction
(residence) times. Figure 9 presents a scheme of the technical process.>!16:132

IM is mostly produced by Siidzucker AG, Germany, and by Cerestar, Germany, and
Mitsui Seito Co, Japan, with a total of about 100,000 tonnes/annum. Most of it is
hydrogenated by classical Raney nickel catalysis to give Isomalt®, a mixture of two
isomeric alditols, 6-O-a-D-glucosyl-p-glucitol and -p-mannitol. The latter is used in
the food sector, suited for diabetics and especially as an alternative sweetener with
noncariogenic properties. It is largely employed in caramels, chewing gum, tablets,
and so on.!'®

IMOS are produced by companies in Japan and Europe for use in food, animal feed,
and in dermocosmetics.*> Raw materials are starch or sucrose along with an acceptor,
such as glucose or maltose, to which a glucosyl group from sucrose is transferred.
Such nondigestible IMOS are manufactured by using the dextransucrase from the soil
bacterium L. mesenteroides NRRL B-1299, which is known to catalyze the synthesis
of dextran polymers containing o-(1 — 2)-linked chain branches. When this specific
glucosyltransferase is used in the presence of maltose as acceptor and of sucrose as the
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FIG. 9. Scheme of the technical production of isomaltulose.''®

[=0)
[=0)

Crystallization

gdd

Palatinose



TOOLS IN OLIGOSACCHARIDE SYNTHESIS 125

D-glucosyl donor, a-gluco-oligosaccharides are obtained that contain «-(1 —2) glu-
cosidic bonds at their nonreducing end and a maltose residue at the reducing end.*?
The presence of these a-(1—2) linkages endows a very high resistance of these
oligosaccharides to attack by the digestive enzymes of humans and animals.!33
Such a-gluco-oligosaccharides cannot be metabolized, as demonstrated in studies
with germ-free rats. That is the reason why such a-gluco-oligosaccharides were
initially developed as low-calorie bulking agents, to be used in food formulations to
attenuate the effect of intense artificial sweeteners.!3* These a-gluco-oligosaccharides
are, however, metabolized by the intestinal bacterial flora. In contrast to fructo-
oligosaccharides and galacto-oligosaccharides, these a-gluco-oligosaccharides are not
bifidogenic, but they do promote growth of the cellulolytic intestinal flora. In addition,
they induce a broader range of glycolytic enzymes than fructo-oligosaccharides and
galacto-oligosaccharides, without any significant side-production of gasses and thus
of any detrimental effect.!'3>

These oligosaccharides are presently marketed for human nutritional application as
food complements, in combination with specific microbial flora and vitamins. The
prebiotic effect of such a-gluco-oligosaccharides has also been demonstrated in
relation to skin microbial flora, wherein lactic bacteria also play a key protective
role. These studies have resulted in the development of dermocosmetic applications
for the a-gluco-oligosaccharides, under the trade name BioEcolia.!*® Fructo-
oligosaccharides have gained major attention as functional food ingredients and
medical foods during recent years.'3”7:!38 They are manufactured by partial hydrolysis
of inulin. An alternative method for production of fructo-oligosaccharides is by
fructosyltransferases acting on sucrose, with the transfer a fructosyl group from
sucrose to another sucrose molecule linking the fructosyl groups by -(2— 1) bonds
to the fructosyl moiety of sucrose.'3¥-140 Fructosyltransferases, mainly from lactic
acid bacteria, may be of both the IS type, forming 5-(2 — 1) bonds, and of the LS type,
forming B-(2— 6) bonds.””>’® The product mixture obtained with ISs is composed
mainly of glucose, sucrose and tri- to pentasaccharides having 1 glucose and 2—4
fructosyl residues linked by -(2— 1) bonds (kestose, nystose, and others) exhibiting
prebiotic properties. Physiological attributes claimed for fructo-oligosaccharides are
prevention of dental caries, provision of dietary fiber, stimulation of bifidobacteria,
prevention of diarrhea and constipation, and reduction of serum cholesterol. They also
provide texture, mouth feel, and taste improvement by replacing fat.!37-137

Galacto-oligosaccharides are produced by the action of -galactosidase (a lactose-
hydrolyzing enzyme) on lactose under appropriate conditions, at high substrate con-
centrations. They comprise a mixture of f-glycosidically bound galactose moieties
and with a glucose residue from the substrate (lactose). They are commercially
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available and used in human nutrition, as in milk products. One application is in a
mixture of 90% short-chain galacto-oligosaccharides and 10% long-chain (DP greater
than 10) fructo-oligosaccharides for infant nutrition. This mixture promotes the
growth of beneficial intestinal bacteria, in particular Bifidobacteria and Lactobacilli,
in a synergistic way. In Japan, over 90% of infant formulas have been supplemented
with nondigestible oligosaccharides. Data of experimental research and clinical
studies have been reported in 2005 by Boehm et al.'4?

Japan constitutes the most dynamic market for oligosaccharide development and
application, having available a wide diversity of research approaches, technical
development, and commercial products. Among these are specific starch-derived
oligosaccharides, such as ff-(1 — 6)-linked gentio-oligosaccharide, a,x-(1 — 1)-linked
trehalose, o-(1 — 3)-linked nigero-oligosaccharide, o-(1— 2)-linked koji-oligosac-
charide, branched CDs having glucosyl and maltosyl branches, and macrocyclic
dextrins. Additional oligosaccharides are produced from sucrose or mixed substrates,
yielding IM, fructo-oligosaccharides, and such glycosylsucroses, as lactosucrose,
xylosucrose, or trehalose.!?? Some more details are also summarized here.

A product manufactured in Japan as ‘‘Alo mixture’’ (Anomalously Linked Oligo-
saccharides) contains mainly a range of IMOS (glucose, isomaltose, and panose as
principal constituents). It is produced from starch as substrate by the action of alpha-
amylase, beta-amylase, and a transglucosidase. It is claimed to have favorable proper-
ties for application in the food industry.!*3

Trehalose [a-D-glucosyl-(1 — 1)-a-D-glucose] is manufactured from starch, mainly
by the Japanese company Hayashibara.'#* It has found wide application as a result of
its organoleptic and physicochemical properties, among them sweetness, but a key
characteristic is that it increases the shelf life of many food products, and exhibits
protecting properties in frozen food products. The enzymes used are malto-oligosyl
trehalose synthase, a glucosyltransferase, and malto-oligosyl trehalose trehalohydro-
lase, an alpha-amylase from Arthrobacter sp.

Gentio-oligosaccharides exhibit a bitter taste and are used in beverages. Syrups
containing nigero-oligosaccharides have recently been used for various kinds of foods
and beverages as taste-improving and color-stabilizing additives.!?'4* Large-ring,
macrocyclic dextrins that display specific complexation properties are produced by
Ezaki Glico Co.'* ‘‘Lactosucrose’’ is produced by fructosyltransferase that transfers
the galactosyl group of lactose to sucrose, and is marketed as a prebiotic in Japan. It is
further claimed to enhance indirectly the immune function in the gut, where increased
amounts of IgA have been found.!%

CDs are torus-shaped cyclic molecules of «-(1 — 4)-linked glucose, with 6, 7, or
8 glucose residues in the ring (a-,f-, or y-cyclodextrins, respectively). They are
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products of major importance in the fields of food (aroma complexation and slow
release, stabilization of flavors), pharmaceuticals (drug protection, slow release), and
in commodities, for example, uses in textile drying as a perfume carrier. The enzymes
used for their manufacture from starch or dextrins are CD GTFs, as from Bacillus
macerans, B. stereothermophilus, and B. coagulans. Several have been crystallized,
and their structures elucidated and characterized in detail, including the reaction
mechanism. 4!

The Wacker company (Germany) has optimized, via genetic tools, the production
of the enzyme, including improved selectivity to increase the yield of specific CDs, «,
or B, or y, respectively, that correspond best to the particular application.!3!
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ABBREVIATIONS

38/40-mer Tn-PSM, 38/40-residue amino acid cleavage product of 8 1-mer Tn-PSM
containing «GalNAc1-O-Ser/Thr residues; 81-mer Tn-PSM, 81-residue amino acid
repeat of domain of porcine submaxillary mucin containing «GalNAc1-O-Ser/Thr
residues; ASF, asialofetuin; ConA, concanavalin A; DGL, Dioclea grandiflora lectin;
Fd-PSM, fully carbohydrate-decorated porcine submaxillary mucin; Fuc, L-fucose;
Gal, p-galactose; GalNAc, N-acetyl-p-galactosamine; ITC, isothermal titration
microcalorimetry; LacNAc, 2-Acetamido-2-deoxylactose; Neu5Gl, N-glycoloylneur-
aminic acid or sialic acid; NeuAc, N-acetylneuraminic acid; NMR, nuclear magnetic
resonance; PSM, porcine submaxillary mucin; SBA, soybean agglutinin; Tn-antigen,
aGalNAc1-O-Ser/Thr; Tn-PSM, porcine submaxillary mucin containing «GalNAc1-
O-Ser/Thr residues; TF antigen, fGall — 3GalNAc.

I. INTRODUCTION

Lectins are carbohydrate-binding proteins that are widely conserved in Nature
including in animals, plants, and microorganisms.! The biological activities of
many animal lectins have been determined, including receptor-mediated endocytosis
of glycoproteins, cellular recognition and adhesion,? inflammation,* and cell growth
and metastasis.*> The X-ray crystal structures of lectins demonstrate their oligomeric
structures and multivalent binding properties.®” As a consequence, lectin binding to
multivalent glycoconjugate receptors on the surface of cells leads to their cross-
linking, aggregation and subsequent signal transduction effects, including apoptosis
of T cells,®° regulation of the T-cell receptor,'®!! and growth regulation of neuro-
blastoma cells.!? Recently, galectin-9 has been implicated in the localization and
regulation of the Glut-2 transporter on the surface of pancreatic beta cells.!® In
addition, galectin-3-mediated crosslinking of glycoprotein receptors on the surface
of cells has been shown to be involved in regulating the cell cycling kinetics and
activities of different cytokine receptors.!* Hence, the binding and crosslinking
activities of lectins with multivalent glycoprotein receptors on normal and trans-
formed cells are key features of their biological activities.

While the mechanisms of formation of noncovalent crosslinked lattices of lectins
with multivalent carbohydrates and glycoproteins have been well investigated,!>~!7
the mechanisms associated with the enhanced affinities of lectins binding to multiva-
lent carbohydrates and glycoproteins have been less well investigated until
recently.!8:1?
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It is known that the enhanced affinities of lectins for multivalent carbohydrates and
glycoproteins depend on the structures and interactions that occur between the
molecules.?®2! These interactions include face-to-face binding of a lectin, which
possesses multiple subsites in a common direction, to a carbohydrate or glycoprotein
with clustered epitopes, as shown in Fig. 1A. The affinity enhancements in this case
are large and relatively well understood. For example, binding of a trivalent carbohy-
drate with terminal LacNAc residues to the asialoglycoprotein receptor results in a
~10%-fold increase in affinity relative to LacNAc.?? In this case, the affinity of the
receptor for the trivalent carbohydrate is the sum of the free energies of binding of the
three subsites of the receptor, as shown in Fig. 1A. Studies of the binding of the Shiga
toxin, which is a carbohydrate-binding protein, to multivalent glycoconjugates also fit
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FIG. 1. Schematic representations of (A) face-to-face binding of a lectin with three subsites (green) to a
trivalent carbohydrate (blue); (B) binding of a nonavalent glycoprotein (orange/black/pink) to two lectin
molecules (green); (C) binding of a linear glycoprotein (black/red) to two lectin molecules (green).
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the face-to-face model with similar large increases in affinities.?® In these cases,
noncovalent crosslinking of the lectin with the glycoprotein does not occur.

Inthe second case, the interactions occur between lectins with binding sites at opposite
ends of the molecule with epitopes of a multivalent carbohydrate or glycoprotein, as
shown in Fig. 1B and C for globular and linear glycoproteins, respectively. The observed
affinity enhancements are generally smaller than those in Fig. 1A,2*?> and crosslinking of
the complexes often occurs under appropriate stoichiometric conditions. The mechan-
isms of enhanced affinities in these cases have not been well understood until recently.
For example, the affinities of two Man-specific lectins, concanavalin A (ConA), and
Dioclea grandiflora lectin (DGL), for a synthetic tetra-antennary clustered glycoside are
~35-50-fold greater, respectively, than the corresponding monovalent carbohydrate.?°
The affinities of a series of galectins for asialofetuin (ASF), a nonavalent glycoprotein
with terminal LacNAc residues (Fig. 1B), are ~50-80-fold greater than LacNAc.?’
However, the affinity of the GalNAc-specific soybean agglutinin (SBA) for a mucin
that possesses ~2300 GalNAc residues has been recently reported to be ~ 10°-fold
greater than the corresponding monovalent carbohydrate (Fig. 1C).2

Previous comprehensive reviews of multivalent interactions in biological systems
including protein—carbohydrate interactions have been reported.!®212° This article
focuses primarily on recent studies of the thermodynamics of binding of lectins to
mucins, since the results have provided new insights into the energetics and mechan-
isms of binding of lectins to multi- and poly-valent glycoproteins. Furthermore, the
results have suggested common energetics and mechanisms of binding of ligands to
biopolymers in general.

II. MUCINS: BACKGROUND

Mucins are heavily O-glycosylated linear glycoproteins that are secreted by higher
organisms to protect and lubricate epithelial cell surfaces. Mucin and mucin-like
domains are also involved in modulating immune response, inflammation, adhesion,
and tumorigenesis." 3032 The tandem repeat domains of mucins and mucin-like
glycoproteins contain high contents of clustered Ser and Thr residues, with many of
these residues O-linked to a variety of ‘‘core’’ oligosaccharide structures, including
linear and branched-chain blood-group determinants.? The oligosaccharide chains on
mucins have been shown to be important for a variety of their biological properties
including their interactions with such animal lectins as the selectins and galectins, as
well as their physical properties including their extended linear structures.>
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In addition to the variety of O-linked carbohydrates found on mucins, there are at
least 17 mucin gene products (MUC1-MUC17).3! These gene products represent two
structurally and functionally distinct classes of mucins: secreted gel-forming mucins
and transmembrane mucins, although there are a few mucin gene products that do not
appear to fit into either category. The transmembrane mucins include MUC1 whose
structure includes a cytoplasmic domain, in addition to the extracellular O-glycosy-
lated polypeptide tandem repeat domains.>* Evidence indicates that the C-terminal
cytoplasmic domain of MUCI is involved in signal transduction mechanisms, includ-
ing T-cell activation and inhibition, and adhesion signaling responses.?>-3¢

Mucins are also useful in the diagnosis of a variety of diseases.?? In particular, the
level of expression of mucin peptide antigens and type of carbohydrate chains of
mucins have proved to be useful diagnostic markers for a variety of cancers.?!-*” For
example, MUC1 expression as detected immunologically is increased in colon cancers
and is associated with a poor diagnosis.?! Colon cancer-associated mucins also have
differences associated with their core carbohydrate structures, often presenting shorter
chain versions of normal mucins. Colon cancer mucins often have increased expression
of the oGalNAcThr/Ser (Tn-antigen), fGal3GalNAc (T or TF antigen) and
aNeuAc6GalNAc (sialyl Tn-antigen).>' Importantly, recent studies have shown that
binding of galectin-3, an endogenous Gal-specific animal lectin, to cancer-associated
MUCI1 causes increased endothelial cancer cell adhesion.>® Thus, the molecular recog-
nition properties of cancer related mucins, including their truncated carbohydrates, are
important in terms of gaining insight into their structure—activity properties.

Porcine submaxillary mucin (PSM) is a physically well-characterized mucin, and the
subject of studies of the regulation of O-glycosylation with glycosyltransferases® 3
and of binding interactions with lectins.”® The ¢cDNA sequence of PSM has been
determined,*° and the 81 amino acid tandem repeat domain that is present in 100 copies
is shown in Fig. 2A. The structures of the carbohydrate chains were determined by
chemical*! and NMR techniques.*? Gerken and Jentoft*? isolated the O-glycosylated
domain of PSM that possesses a molecular mass of ~ 10° Da and is fully decorated with
naturally occurring carbohydrates (Fd-PSM) (Fig. 2B). The O-glycosylated domain of
PSM possessing only «GalNAc residues (Tn-PSM) (Fig. 2C) was also obtained using
chemical and enzymatic treatments.** The «GalNAc1-O-Ser/Thr residue(s) in Tn-PSM
is the pancarcinoma carbohydrate antigen Tn that is aberrantly expressed in such mucins
as MUC1 in adenocarcinomas.* The 81-mer tandem repeat domain of Tn-PSM (81-mer
Tn-PSM) (Fig. 2D) and the 38/40-mer digest of this domain (38/40-mer Tn-PSM)
(Fig. 2E) also have been obtained using enzymatic digests.*?
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FIG. 2. Structural representations of (A) the amino acid sequence of the 100-repeat 81-residue polypep-
tide O-glycosylation domain of intact PSM; (B) the fully carbohydrate-decorated form (described in the
text) of the 100-repeat 81-residue polypeptide O-glycosylation domain of PSM (Fd-PSM); (C) the
100-repeat 81-residue polypeptide O-glycosylation domain of PSM containing only peptide-linked
aGalNAc residues (Tn-PSM); (D) the single 81-residue polypeptide O-glycosylation domain of PSM
containing peptide-linked aGalNAc residues (81-mer Tn-PSM); (E) the 38/40-residue polypeptide(s)
derived from the 81-residue polypeptide O-glycosylation domain of PSM containing peptide-linked
oGalNAc residues (38/40-mer Tn-PSM). The number of glycan chains in Fd-PSM and Tn-PSM is
~2300. The number of «GalNAc residues in 81-mer Tn-PSM is ~23, while the number of azGalNAc
residues in 38/40-mer Tn-PSM is ~11-12.

The binding and crosslinking of cell-surface mucins and mucin-like glycoproteins
by lectins is known to lead to signal transduction effects, including cell growth and
cell death.'®* For example, galectin-1 crosslinking of CD43, a transmembrane
mucin-type glycoprotein receptor that possesses approximately 80 O-linked chains
with terminal LacNAc epitopes,*® along with CD45 induces apoptosis in susceptible
T cells.*” However, details of the energetics and mechanisms of lectin binding and
crosslinking of mucins and mucin-type receptors has been lacking.
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III. BINDING OF LECTINS TO MUCINS

1. Affinities of SBA and VML for Mucins

Large increases in the affinities of the GalNAc-specific lectins SBA and Vatairea
macrocarpa lectin (VML) for modified forms of PSM have been recently reported
using isothermal titration microcalorimetry (ITC) and hemagglutination-inhibition
measurements.”® The ITC measurements demonstrate that SBA binds to Tn-PSM
possessing ~2300 «GalNAc residues and a molecular mass of ~10° Da (Fig. 2C)
with a K4 of 0.2 nM (Table I), which constitutes a ~ 10%fold enhanced affinity
relative to monovalent «GalNAc1-O-Ser. The 81 amino acid tandem repeat domain
of Tn-PSM containing ~23 GalNAc residues (81-mer Tn-PSM) (Fig. 2D) binds with
~103-fold enhanced affinity, while the 38/40-mer fragment of Tn-PSM containing
~11-12 GalNAc residues (38/40-mer Tn-PSM) (Fig. 2E) shows ~ 102-fold enhanced
affinity (Table I). Fd-PSM, the fully decorated form of PSM containing 40% of the
core 1 blood group type A tetrasaccharide, and 58 % peptide-linked aGalNAc1-O-Ser/-
Thr residues, with 45% of the peptide-linked GalNAc residues linked «-(2— 6) to
N-glycolylneuraminic acid (Fig. 2B), shows ~ 10* enhanced affinity for SBA (Table I).

TABLE |
Thermodynamic Binding Parameters for SBA and VML at pH 7.2, 27 °C

—AG* —AH‘ —TAS®
Ligand Kq* (uM) K(rel)’ (kcal/mol)  (kcal/mol)  (kcal/mol) n/
SBA
aGalNAc1-O-Ser 170 1 52 79 2.7 1.0
38/40-mer Tn-PSM 1.4 120 8.0 32.2 24.2 0.2
81-mer Tn-PSM 0.06 2800 9.8 56.1 46.3 0.12
Tn-PSM 0.0002 850,000 13.1 4310 4297 0.0018
Fd-PSM 0.024 7100 10.4 703 693 0.008
VML
aGalNAc1-O-Ser 130 1 5.3 6.4 1.1 1.0
38/40-mer Tn-PSM 0.20 650 9.1 36.8 27.7 0.2
81-mer Tn-PSM 0.012 11,000 10.8 52.7 41.9 0.1
Tn-PSM 0.0001 1,300,000 13.6 5274 5260 0.0012
Fd-PSM 0.0014 93,000 12.1 1251 1240 0.005

¢ Errors in K4 range from 1% to 7%.
? Relative to 2GalNAc1-O-Ser.

¢ Errors in AG are less than 2%.

4 Errors in AH are 1-4%.

¢ Errors in TAS are 1-7%.

T Errors in n are less than 4%.
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VML displays a similar pattern of affinities for the PSM analogues although there are
differences in the absolute affinities*® (Table I). The higher affinities of SBA and VML
for Tn-PSM relative to Fd-PSM indicate the importance of carbohydrate composition
and epitope density of the mucins on their affinities for the lectins. The higher affinities
of both lectins for Tn-PSM relative to its two shorter-chain analogues demonstrate that
the length of a mucin polypeptide and hence total carbohydrate valence determines the
affinities of the lectins for the three Tn-PSM analogues.

Kiessling et al.*8 reported a similar increase in the inhibitory activity of synthetic
polymers of increasing lengths that possess Man residues in a hemagglutination assay
with ConA. The authors concluded that the enhanced inhibitory activities of the
longer chain polymers were ‘‘largely due to a combination of statistical and chelation
effects’” and therefore slower dissociation rates.

2. Thermodynamics of SBA Binding Tn-PSM

The ITC data also include the complete thermodynamics of binding of SBA and
VML to the PSM analogues, including their stoichiometries of binding (Table I).%8
The n value for SBA binding to Tn-PSM, which is the binding stoichiometry
expressed as number of binding sites per subunit of lectin, is 0.0018 (Table I). The
value of 1/n has been shown to provide the functional valence of multivalent carbo-
hydrates and glycoproteins binding to lectins.?®?” The 1/n for Tn-PSM binding SBA
is 540, which indicates that 540 «GalNAc residues of the ~2300 o«GalNAc residues of
Tn-PSM bind 540 monomers of SBA since each monomer binds one aGalNAc1-O-
Ser. The 1/n value indicates that the functional valence of Tn-PSM for SBA is less
than the structural valence of Tn-PSM. The reason for the fractional binding of SBA
to the carbohydrate epitopes in Tn-PSM appears to be the size of the SBA tetramer,
which possesses a molecular mass of 120 kDa and one N-linked Man-9 oligomannose
chain per monomer.*%-3° Kiessling et al. have reported similar fractional occupancies
for the binding of ConA, a tetrameric Man-specific lectin similar in size to SBA, to
synthetic polymers containing ¢-mannose residues.’! Fractional occupancy has also
been reported for SBA binding to the nine LacNAc epitopes of ASF.>?

SBA binding to Tn-PSM yields a AH of —4310 kcal/mol as compared to
—7.9 kcal/mol for aGalNAc1-O-Ser (Table I). If the AH for SBA binding to
Tn-PSM is divided by the 1/n value of 540 «GalNAc residues on Tn-PSM that bind
to the lectin, the resulting AH per aGalNAc residue of Tn-PSM is —7.98 kcal/mol,
which is very similar to the AH of —7.9 kcal/mol for aGalNAc1-O-Ser. This indicates
that each «GalNAc residue of Tn-PSM that binds to SBA possesses the same enthalpy
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of binding as that of «GalNAc1-O-Ser. The observed AH for SBA binding to Tn-PSM
is thus the sum of the individual AH values of the ®GalNAc binding residues of the
mucin. Similar observations have been made for the binding of ConA and DGL to
synthetic bi-, tri-, and tetra-antennary glycosides.>?

The calculated TAS for SBA binding to Tn-PSM is — 4297 kcal/mol (Table I). If TAS
is divided by the 1/n value of 540, the resulting TAS value per aGalNAc residue of
Tn-PSM is —7.96 kcal/mol, which is more unfavorable than the —2.7 kcal/mol for
aGalNAc1-O-Ser (Table I). If TAS were proportional to the number of binding epitopes
in Tn-PSM, the observed TAS value would be — 1458 kcal/mol, and AG would therefore
be equal to AH — TAS or —2852 kcal/mol, an impossibly large value. The observation
that, unlike AH, TAS does not scale in proportion to the number of binding epitopes in
multivalent carbohydrates binding to lectins, but instead is much more negative has been
previously observed in the binding of ConA and DGL to bi-, tri-, and tetra-antennary
carbohydrates.>® The nonproportionality of TAS is characteristic of different lectin
molecules binding to separate epitopes of a multivalent carbohydrate instead of a single
lectin binding to multiple epitopes of a multivalent carbohydrate.>* In the latter case,
both AH and TAS increase in proportion to the number of binding epitopes in the
multivalent ligand, with concomitantly larger increases in affinity.>* Nevertheless,
the observed TAS value of —4297 kcal/mol when subtracted from the observed AH
value of —4310 kcal/mol for SBA binding to Tn-PSM gives a AG value of — 13.1 kcal/-
mol, which is — 7.9 kcal/mol greater than the AG of — 5.2 kcal/mol for «GalNAc1-O-Ser
(Table I).

3. Thermodynamics of SBA Binding 81-mer Tn-PSM

The ITC-derived K4 value for SBA binding to 81-mer Tn-PSM is 0.06 uM. This
can be compared with the value of 0.15 uM obtained by hemagglutination inhibi-
tion.?® The K(rel) for 81-mer Tn-PSM is 2800 as compared to «GalNAc1-O-Ser. The
affinity of SBA for 81-mer Tn-PSM is ~300-fold weaker than that of Tn-PSM.

The n value for SBA binding to 81-mer Tn-PSM is 0.12, and 1/n=8, which
suggests that ~8 aGalNAc residues of 81-mer Tn-PSM bind to ~8 monomers of
SBA. Hence, the functional valence of 81-mer PSM is less than its structural valence
for SBA binding, as observed for Tn-PSM.

The AH for SBA binding to 81-mer Tn-PSM is — 56.1 kcal/mol. If AH is divided by
the 1/n value of 8, the number of bound SBA monomers per ~23 aGalNAc residues,
the resulting value is — 7.0 kcal/mol per «GalNAc binding residue, which is slightly
less than the value of —7.9 kcal/mol for «GalNAc1-O-Ser. This indicates that each
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aGalNAc binding residue of 81-mer Tn-PSM binds with nearly the same AH as that
of aGalNAc1-O-Ser. This finding is similar to that observed for SBA binding to
Tn-PSM.

SBA binding to 81-mer Tn-PSM gives a TAS of —46.3 kcal/mol, which is greater
than the calculated value of —21.6 kcal/mol if TAS were proportional to the number
of aGalNAc residues involved in binding to SBA. Thus, TAS for SBA binding to
81-mer Tn-PSM does not increase in proportion to the number of aGalNAc residues
that bind, but rather has a larger negative value. Similar results are observed for SBA
binding to Tn-PSM.

4. Thermodynamics of SBA Binding 38/40-mer Tn-PSM

ITC data for the binding of SBA to 38/40-mer Tn-PSM shows a Ky of 1.4 uM
(Table I), which can be compared with ~6 uM obtained by hemagglutination inhibi-
tion.?® The K4 for 38/40-mer Tn-PSM is decreased nearly 20-fold relative to that for 81-
mer Tn-PSM. Thus, SBA shows lowest affinity for the shortest fragment of Tn-PSM.

The n value for SBA binding to 38/40-mer Tn-PSM is 0.2, and 1/n=35. This indicates
that ~5 a«GalNAc residues of 38/40-mer Tn-PSM binds to five SBA monomers.

The AH and TAS values of —32.2 kcal/mol and —24.2 kcal/mol, respectively, are
consistent with the lower affinity of SBA for 38/40-mer Tn-PSM as compared to the
longer polypeptide chain analogues. If AH is divided by the 1/n value of 5, then AH
per aGalNAc residue of 38/40-mer is — 6.44 kcal/mol, which is somewhat lower than
the — 7.9 kcal/mol for «GalNAc1-O-Ser. The lower AH per aGalNAc residue may be
due to the lower affinity of SBA for 38/40-mer Tn-PSM as compared to Tn-PSM and
81-mer Tn-PSM (discussed in Section 5). If the observed TAS is divided by the 1/n
value of 5, the TAS per aGalNAc residue of 38/40-mer is —4.84 kcal/mol, which is
larger than —2.7 kcal/mol for «GalNAc1-O-Ser. Similar results are observed for SBA
binding to Tn-PSM and 81-mer Tn-PSM, suggesting similar binding mechanisms of
SBA with all three PSM analogues.

5. Thermodynamics of SBA Binding Fd-PSM

The ITC derived K4 for SBA binding to Fd-PSM is 0.024 uM (Table I), which can
be compared to the inhibition constant of 0.08 uM obtained by hemagglutination
inhibition.?® The loss in affinity of SBA for Fd-PSM relative to Tn-PSM may be due
to the lower density of free «GalNAc residues in Fd-PSM, due to Neu5Gl present on
~45% of the total «GalNAc residues.
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The n value for SBA binding to Fd-PSM is 0.008 (Table I), and 1/n is 125, which is
the number of «GalNAc residues of Fd-PSM bound to SBA monomers. This number
of aGalNAc residues is consistent with a decreased number of binding sites for SBA
on Fd-PSM relative to the 540 aGalNAc residues on Tn-PSM. The factor of ~4
reduction in the number of binding sites on Fd-PSM suggest that in addition to 45% of
the total «GalNAc residues capped with Neu5Gl, binding of SBA to the nonreducing
aGalNAc residue of the tetrasaccharide chains of PSM may alter the accessibility of
SBA binding to the single-peptide-linked aGalNAc residues by a further factor of
two. Similar effects are observed for VML binding to Tn-PSM and Fd-PSM.

The AH and TAS values for Fd-PSM binding to SBA are —703 kcal/mol and
— 693 kcal/mol, respectively, and are lower than the corresponding values for Tn-PSM
(TableI). If AH is divided by 1/n =125, the resulting AH per binding «GalNAc residue is
— 5.6 kcal/mol which is somewhat lower than that for xGalNAc1-O-Ser (Table I). If TAS
is divided by 1/n=125, the resulting TAS per binding «GalNAc residue is — 5.54 kcal/
mol which is greater than that for «GalNAc1-O-Ser. Similar results are observed for SBA
binding to Tn-PSM, 81-mer Tn-PSM, and 38/40-mer PSM.

6. Thermodynamics of VML Binding Tn-PSM

The ITC data for VML binding to Tn-PSM are similar to those for SBA.?® The main
difference is the stoichiometry of binding of VML, which shows that 1/n=833
aGalNAc residues binding to 833 monomers of VML. This can be compared with
540 «GalNAc residues of Tn-PSM binding to 540 monomers of SBA. Importantly, the
size of the VML tetramer is similar to that of SBA,>> and VML also possesses
covalently bound carbohydrate similar to SBA.%°

7. Thermodynamics of VML Binding 81-mer Tn-PSM and 38/40-mer Tn-PSM

The ITC data for VML binding to 81-mer Tn-PSM and 38/40-mer Tn-PSM in
Table I are similar to those observed for SBA.?® Differences between VML and SBA
binding to the two fragments of Tn-PSM are principally in their K(rel) values which
are somewhat greater for VML. The binding stoichiometries of VML to the two
fragments are also similar to those observed for SBA. The results support the
conclusion that the affinity of VML, like SBA, decreases with shorter fragments of
Tn-PSM.
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8. Thermodynamics of VML Binding Fd-PSM

The ITC data for VML binding to Fd-PSM are also similar to those for SBA.
Differences between the two lectins are in their K(rel) values which are greater for
VML. As with SBA, VML binds with greater affinity to Fd-PSM than to 81-mer Tn-
PSM and 38/40-mer PSM, but with less affinity to Fd-PSM than to Tn-PSM. The
binding stoichiometry of VML to Fd-PSM indicates that there are 200 aGalNAc
residues of Fd-PSM that bind to VML monomers. This can be compared to the 125
oGalNAc residues of Fd-PSM that bind to SBA.

IV. MECHANISMS OF BINDING OF SBA AND VML TO PSM:
THE BIND AND JUMP MODEL

The increasing affinities of SBA and VML for 38/40-mer Tn-PSM, 81-mer
Tn-PSM and Tn-PSM, respectively, indicate that the lengths of the polypeptide chains
and hence total carbohydrate valences of these mucin analogues regulate their affi-
nities for the lectins. The higher affinities of SBA and VML for Tn-PSM relative to
Fd-PSM also indicates the importance of carbohydrate composition and epitope
density of the mucins on their affinities for lectins. The similarities in the AH per
«GalNAc binding residue of Tn-PSM and Fd-PSM with that of a«GalNAc1-O-Ser for
the two lectins, respectively, also suggest a common mechanism of binding. Similar
correlations with 81-mer Tn-PSM and 38/40-mer Tn-PSM suggest that the binding
mechanisms of these analogues are common.

A model to explain these results is similar to that proposed for the binding of lectins to
multivalent carbohydrates>? and globular glycoproteins.?” However, binding of a lectin
to a multivalent carbohydrate or glycoprotein involves internal diffusion ‘‘jumps’’ of the
lectin from one carbohydrate epitope to another epitope before complete dissociation.
Kinetically, this has the effect of decreasing the macroscopic off-rate of the lectin and
hence increasing its affinity, since the affinity constant is the ratio of the forward and
reverse rate constants. The forward rate constant for lectin binding may also be enhanced
as a result of the larger number of binding epitopes on the glycoprotein.

The diffusion-jump model for SBA and VML binding to Tn-PSM and the other PSM
analogues can be envisioned as occurring with one subunit of SBA or VML bound to one
aGalNAc residue of Tn-PSM at a time (Fig. 3A). (Two subunits of individual SBA or
VML molecules simultaneously binding to a single Tn-PSM chain is not supported by the
enhanced affinities of both lectins to 38/40-mer Tn-PSM relative to «GalNAc1-O-Ser
(Table I). If two subunits of an SBA tetramer were bound to 38/40-mer Tn-PSM, the
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FIG. 3. Schematic representations of (A) SBA or VML binding at low density to Tn-PSM; (B) SBA or
VML binding at higher density to Tn-PSM; (C) SBA and VML binding at higher density to Tn-PSM and
initiating crosslinking of the complexes; (D) SBA crosslinked complexes with Tn-PSM under saturation-
binding conditions. The view is end on of the polypeptide chains of Tn-PSM in Fig. 3C. «GalNAc residues
extend out from the polypeptide chains of Tn-PSM in three dimensions. Lectin tetramers are bound to four
separate Tn-PSM chains, with staggered binding down the length of the mucin chains.
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affinity enhancement would be approximately the product of the individual «GalNAc1-
O-Ser dissociation constant, which would be ~ 10~ 8 M instead of the observed 10~ 6 M.)
This model provides a molecular mechanism to account for the dependence of the
affinities of the two lectins on the total carbohydrate valences of Tn-PSM, 81-mer Tn-
PSM, and 38/40-mer Tn-PSM. This model further suggests that, as more lectin molecules
bind to a mucin chain, the affinity of the lectin will decrease because of steric crowding
and shorter diffusion distances on the polypeptide chain of the mucin (Fig. 3B). Indeed,
Hill plots for SBA binding to Tn-PSM show evidence for negative binding cooperativity.
Similar Hill plots have been interpreted as evidence for increasing negative cooperativity
in the binding of galectins to ASF?” and ConA and DGL to synthetic di-, tri-, and tetra-
valent carbohydrates.>? In these cases, binding of the lectins to the multivalent carbohy-
drates and glycoprotein were associated with gradients of decreasing microaffinity
constants of the lectins for the multiple epitopes of the ligands. This suggest that the
observed dissociation constants for SBA and VML binding to the four PSM analogues in
Table I represent a composite of the gradient of binding constants present in each case.
Such gradients have been estimated to be as large as 3000-6000-fold for galectins
binding to ASF.?” These gradient effects may explain the lower average AH values per
aGalNAc residue for 81-mer Tn-PSM and 38/40-mer PSM binding to SBA and VML.

The model for SBA and VML binding must also agree with the final saturation
density of SBA and VML molecules bound to single PSM analogues, as reflected in
ITC n values. For example, the 1/n value for SBA binding to Tn-PSM indicates 540
aGalNAc residues bound to 540 SBA monomers. The 1/n value for VML binding to
Tn-PSM indicates 833 aGalNAc residues bound to 833 VML monomers. Another
requirement of the binding model is the observation that at the end of ITC experi-
ments, solutions of SBA and VML with all four PSM analogues begin to precipitate
out of solution (data not shown). This indicates that lectin-mediated crosslinking of
the mucins occurs following saturation binding.

Both of these observations are accounted for in the schematic representation in Fig. 3C
and D of SBA crosslinked with Tn-PSM under saturation conditions. The schematic
shows individual SBA molecules crosslinked to four different Tn-PSM molecules.
Importantly, to form the crosslinked complex shown in Fig. 3D, lectin molecules bind
to aGalNAc residues on all four sides of a Tn-PSM polypeptide chain. This allows
staggering of individual SBA molecules along the Tn-PSM polypeptide chain, with
concomitant decrease in steric interactions between lectin molecules. This is important,
since calculations of the density of SBA molecules bound to Tn-PSM (knowing the
diameter of SBA from X-ray crystal studies>® and the length of the Tn-PSM polypeptide
chain) suggests that only ~300 SBA tetramers can bind to the same side of a Tn-PSM
polypeptide chain, which is less than the 540 bound monomers of SBA and 833 bound
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monomers of VML derived from ITC n values. The apparent steric crowding is overcome
by having lectin molecules bound to all four sides of Tn-PSM.

In summary, the binding models first show a fraction of SBA or VML molecules that
bind to Tn-PSM and ‘‘jump’’ between different «GalNAc residues of the mucin
(Fig. 3A). As the number of bound lectin molecules increases, the affinity of the lectin
decreases because of shorter diffusion distances on the mucin chain due to steric
crowding and crosslinking by multiple bound lectin molecules (Fig. 3B and C). Finally,
upon saturation binding, full lectin-mediated crosslinking of the complexes takes place
(Fig. 3D).

V. THERMODYNAMICS OF LECTIN-MUCIN CROSSLINKING INTERACTIONS

1. Hill Plots Show Evidence of Increasing Negative Cooperativity

Hill plots of the raw ITC data for the binding of SBA and VML to Tn-PSM, 81-mer
Tn-PSM, 38/40-mer Tn-PSM, and Fd-PSM in Table I show evidence of increasing
negative cooperativity, as shown in Fig. 4 for SBA binding to 38/40-mer Tn-PSM.
The data in Fig. 4A are shown as a progressive three-point tangent slope plot in
Fig. 4B, and the data in Fig. 4B shown as a bar graph in Fig. 4C. The data in Fig. 4B
and C show increasing negative cooperativity with increased binding of SBA to
38/40-mer Tn-PSM. Similar results are observed for the binding of SBA to Tn-PSM
and 81-mer Tn-PSM. The ITC-derived Hill plot for the binding of SBA to «GalNAc1-
O-Ser (Fig. 4D) shows a straight line with a slope of 0.92, indicating essentially no
binding cooperativity. Thus, the increasing negative cooperativity is due to the polyva-
lent mucins and not the lectin. Similar results have been observed for the binding of
ConA and DGL to synthetic bi-, tri-, and tetraantennary N-linked carbohydrates,’* and
the binding of galectins-1, -2, -3, -4, -5, and -7 to ASF.?’

2. Analysis of the Stoichiometry of Binding of SBA to the Mucins

Using the 1/n value for Tn-PSM indicates that ~ 540 GalNAc residues out of the
total of ~2300 GalNAc residues of the mucin bind to SBA under saturation condi-
tions. SBA is a tetramer with four binding sites per molecule.’® Thus, all four sites of
SBA are occupied at the end of the ITC experiment, and hence SBA is completely
crosslinked with Tn-PSM. This is also true for the ITC experiments for SBA binding
to the shorter mucin fragments. Thus, the increasing negative cooperativity observed
in the Hill plots correlates with increasing crosslinking of SBA with the mucins.
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FIG. 4. (A). Hill plot of ITC data for SBA binding to 38/40-mer Tn-PSM. (B). Tangent slopes of
progressive three-point intervals of the Hill plot for SBA binding to 38/40-mer Tn-PSM in (A). (C). Bar
graphs of the three-point tangent slopes of the ITC data Hill plots of SBA binding to 38/40-mer Tn-PSM in
(B). (D). Hill plot of the ITC data of SBA binding to «GalNAc1-O-Ser (3.24 mM). The slope value is 0.93.

3. Crosslinking of Lectins with the Mucins Correlate with Decreasing Favorable
Entropy of Binding

The observed AH value for SBA binding to Tn-PSM and its fragments have been
shown to be proportional to the number of GalNAc residues in the mucins that bind
to the lectin, while the corresponding observed TAS values are nonproportional
and are much greater than the predicted proportional values (Section III).2® These
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observations have also been reported for the binding of ConA and DGL to bi-, tri-, and
tetra-antennary carbohydrates,”® and galectin-1, -2, -3, -4, -5, and -7 to ASF.?” The
nonproportional behavior of TAS is characteristic of multiple lectin molecules bind-
ing to different epitopes of a multivalent carbohydrate instead of a single lectin
molecule binding to multiple epitopes of a multivalent carbohydrate.>* In the latter
case, both AH and TAS increase in proportion to the number of binding epitopes in the
multivalent ligand, with concomitantly larger increases in affinity.>*

Importantly, the increasing negative cooperativity observed in the Hill plots for
SBA and VML binding to the mucins must be due to the nonproportional TAS
behavior for these interactions. This indicates that TAS must be very favorable for
the initial binding of SBA to the mucins as shown in Fig. 3A. The highly favorable
TAS for these interactions can be understood in terms of the suggested bind and jump
mechanism for SBA binding to the mucin,?® which has been used to explain the higher
affinity of SBA for Tn-PSM as compared to the shorter mucin fragments.?® Import-
antly, the dynamic movement of the lectin on the mucin backbone contributes to the
highly favorable TAS of binding.

The observation of increasing negative cooperativity with increasing binding of
SBA to the mucins indicates progressive unfavorable TAS contributions. As shown
in Fig. 3B, increasing SBA binding to the mucin initially results in reducing the
one-dimensional diffusion paths for internally diffusing SBA molecules, as previ-
ously suggested.?® With further increases in the concentration of SBA, lectin/mucin
crosslinked complexes begin to occur as shown in Fig. 3C. This leads to even greater
unfavorable TAS contributions since the organization of SBA and mucin molecules in
the crosslinked complexes is greater than those of the initial interactions in Fig. 3A
and B. Hence, SBA/mucin crosslinking interactions are energetically less favorable as
compared to the initial binding of the lectin to the mucin.

However, the affinity of bound SBA for GalNAc residues on other mucin mole-
cules during crosslinking is very high compared to that of free SBA to aGalNAc1-
O-Ser. For example, the observed K4 of SBA for Tn-PSM is 0.2 nM (Table I), at
which 50% of the lectin is bound to the mucin. Under these conditions, at least two of
the four subunits of SBA are crosslinked with Tn-PSM, and therefore the affinity of
the lectin is nearly 10°-fold greater than that of free SBA for aGalNAc1-O-Ser
(Kq=0.17 mM) (Table I). The high affinity of SBA in these crosslinked complexes
is not due to the AH of binding, which is fixed at — 8.0 kcal/mol per binding GalNAc
residue in Tn-PSM, but instead must be due to favorable TAS contributions per
GalNAc residue. Since favorable entropies of binding of SBA to Tn-PSM are ascribed
to the bind and jump mechanism, it follows that SBA is dynamically bound to
Tn-PSM in the process of crosslinking. As SBA undergoes further crosslinking,
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increasing negative cooperativity suggests a decrease in the internal diffusion of SBA
on Tn-PSM as crosslinking restricts the movement of lectin molecules. Hence, high-
affinity crosslinking of Tn-PSM by SBA is driven by the highly favorable entropy of
binding of the lectin that is associated with the bind and jump mechanism.

Similar increasing negative cooperativity effects have been observed in the binding
of ConA and DGL to bi-, tri-, and tetra-antennary carbohydrates>* and galectin-1, -2, -3,
-4, -5, and -7 to ASF,?” and much of these effects is likely to be due to crosslinking
interactions as well. Indeed, recent experiments with so-called monovalent galectins
such as truncated galectin-3 and -5 show evidence of crosslinking activities.

VI. CONCLUSIONS AND PERSPECTIVE

1. The Bind and Jump Model for Lectin~-Mucin Interactions

The model for lectin binding to mucins suggests that the length of mucin chains and
mucin-type domains in glycoproteins modulates the affinities of lectins and related
ligands for such glycoprotein receptors. Indeed, the length of mucins and mucin-type
domains in glycoproteins is regulated in biological systems " 3°-32 Furthermore, mucins
and mucin-type domains are also expressed with different amino acid sequences, differ-
ent degrees of clustered carbohydrates, and different decorations of carbohydrates. (- 39
All of these structural variations are expected to affect the affinities of lectins and other
ligands, including glycosyltransferases for mucins and mucin-type domains.

The K4 values of 0.2nM and 0.1 nM for SBA and VML binding to Tn-PSM,
respectively, are among the lowest reported K4 values for glycoprotein—lectin inter-
actions. For comparison, the observed Ky values for galectins-1, -2, -3, -4, -5, and -7
binding to multivalent ASF, which has nine LacNAc epitopes, are in the range of
~1 mM.?’” SBA and VML bind to 38/40-mer Tn-PSM, which has a structural valence
of ~ 11 aGalNAc residues, in the K4 range of the galectins binding to ASF. Thus, the
large difference in Ky values for the binding of SBA and VML to Tn-PSM and the
galectins binding to ASF appear to reflect the much greater carbohydrate valence of
Tn-PSM (~2300 «GalNAc residues) as compared to ASF (nine LacNAc residues).
Indeed, differences in the affinities of the N-terminal domain of galectin-4 for
globular glycoproteins and mucins have been reported.’® The differences in geometry
between globular versus linear glycoproteins permits higher carbohydrate valence in
mucins that, in turn, is associated with higher affinities toward ligands such as lectins.

Importantly, the internal diffusion model for lectins binding to mucins is distinct
from the classical ‘‘lock and key’” model of ligand binding to a receptor. The internal
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diffusion model is dynamic and allows a small fraction of lectin molecules to bind to
the entire length of the receptor (mucin) and facilitate crosslinking interactions with
other mucin molecules. For transmembrane mucins, such as CD-43, crosslinking by
lectins (galectin-1) can lead to signal transduction effects, including apoptosis.*” The
polyvalence of long, linear chain molecules such as mucins also facilitates the uptake
of low concentrations of lectin molecules that are released from the surface of cells.

The observation that SBA and VML bind with higher affinities to Tn-PSM relative
to Fd-PSM has implications for the aberrant expression of the Tn epitope in molecules
such as MUCT that is found with overexpression of the Tn epitope in adenocarcino-
mas.>” The present data indicate that clustering of the Tn epitope on a mucin such as
PSM can result in high-affinity binding of lectins with «GalNAc specificities. Inter-
estingly, a recent study of the binding of galectin-3 to MUCI from epithelial cancer
cells which expresses the TF antigen [fGal-(1 — 3)-aGalNAc] as well as the Tn
antigen causes increased cancer cell endothelial adhesion.3®

2. Implications of Increasing Negative Cooperativity and Decreasing Favorable
Binding Entropy of Lectins—Mucin Crosslinking Interactions

Figure 5 shows a hypothetical plot of the microscopic K4 values versus fractional
occupancy of SBA binding to Tn-PSM. The horizontal dashed line is the observed Ky
value of 0.2 nM obtained from the ITC experiments (Table I). However, due to
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FIG. 5. Hypothetical plot (solid line) of the microscopic K4 values of SBA binding to Tn-PSM from 0%
to 100% occupancy (0-540 «GalNAc residues). The dashed line represents the observed K, value of 0.2 nM
for SBA binding to Tn-PSM derived from the ITC data in Table I. Crosslinking begins at about 25%
occupancy of Tn-PSM by SBA.



158 T. K. DAM AND C. F. BREWER

increasing negative cooperativity the microscopic K4 values for SBA binding to Tn-
PSM increase (decreasing affinity) with increasing fractional occupancy. The solid
line is an estimate of the range of microscopic K4 values of SBA with increasing
fractional occupany of Tn-PSM from 0% to 100%, which corresponds to 0-540
aGalNAc residues. Estimates of the range of microscopic K4 values for the binding
of ConA and DGL to a tetraantennary carbohydrate was ~2500-fold from the first
unbound carbohydrate epitope to the fourth epitope.>® Estimates of the range of
microscopic K4 values for the binding of galectins-1, -2, -3, -4, -5, and -7 binding to
ASF was ~3000-6000-fold from the first unbound epitope to the ninth unbound
epitope.?’” The range of microscopic Ky values for SBA binding to 540 GalNAc
residues of Tn-PSM is estimated to be greater than the above examples, and as high
as ~10°-10°. This suggests that the first few molecules of SBA binding to Tn-PSM
possess microscopic K4 values of picomolar or less, as shown in Fig. 5. These SBA
molecules have very favorable entropies of binding due their ability to bind and jump
along the GalNAc residues of the Tn-PSM polypeptide chain. Thus, the dynamic
motion of these bound lectin molecules contributes to their highly favorable entropies
of binding. Stiochiometric analysis indicates that approximately one out of four
subunits of SBA (tetramer) participates in this initial highly entropically favorable
mechanism. With further increases in lectin concentration, crosslinking begins to
occur, which is often associated with biological signal transduction effects such as
galectin-1-induced apoptosis of T cells.*’

Importantly, significant increases in the concentration of lectin are required to
initiate crosslinking (and signaling) due to increasing negative cooperativity in the
interactions (Fig. 5). Thus, signaling would have an important ‘‘threshold’ or
‘‘brake’’ mechanism in these types of ligand—receptor interactions. The concentration
of lectin required for crosslinking and signaling would depend on the length of the
polypeptide chain of the mucin, composition of the polypeptide tandem repeat unit,
density of carbohydrate epitopes, and different carbohydrate chains as well as the
structure of the lectin. Thus, different mucins will have different binding/crosslinking
profiles such as that in Fig. 5 for SBA with Tn-PSM.

In summary, the foregoing results indicate that lectin/mucin crosslinking interac-
tions are entropically unfavorable and are ‘‘driven’’ by the highly favorable initial
entropy of binding, which involves a dynamic bind and jump mechanism similar to
that for proteins binding to DNA. These observations suggest that the binding of
ligands to biopolymers, in general, confers enhanced entropic effects that facilitate
subsequent complex formation. The magnitude of these effects are large (~ 10°-10°
or larger), and indicate that complex formation (and associated enzymology) proceed
much more effectively and at lower concentrations on biopolymers as compared to
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corresponding complexes in solution. These findings apply to preorganized macro-
molecular complexes such as cell adhesion molecules, including integrins and
cadherens,“" 38 macromolecular assembles such as the immunological synapse of
the T-cell receptor®® and antigen—antibody interactions.®® Multifunctional proteins,
including extracellular matrix proteins with repeat domains, are also candidates for
enhanced microaffinity gradients and entropic effects.®! Biopolymers, including
glycosaminoglycans with repeating carbohydrate epitopes, may also possess micro-
affinity gradients and enhanced entropic effects toward ligands, including growth
factors and their receptors.%? These results thus provide evidence for large entropic
gains for ligands binding to biopolymers (and macromolecular assemblies in general)
that facilitate subsequent complex formation (and enzymology) involving the bound
ligand.
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ABBREVIATIONS

3TC, 2/,3'-dideoxy-3'-thiacytidine (lamivudine); AFM, atomic force microscopy;
AGP, human «al-acid glycoprotein; AIBN, 2,2-azobisisobutyronitrile; ASF,
asialofetuin glycoprotein; ATRP, atom transfer radical polymerization; BBA, blad-
der-binding assay; 9-BBN, 9-borabicyclo[3.3.1]nonane; BBV, N,N'-4,4'-bis(benzyl-
3-boronic acid)bipyridinium dibromide; BIEMA, 2-(2-bromoisobutyryloxy)ethyl
methacrylate; bis-MPPA, 2,2-bis(hydroxymethyl)propanoic acid; Boc, tert-butoxy
carbonyl; BOP, benzotriazole-1-yl-oxy-tris(dimethylamino)phosphonium hexafluor-
ophosphate; Cbz, benzyloxycarbonyl; CCI, carbohydrate—carbohydrate interactions;
B-CD, f-cyclodextrin; CD69, cluster of differentiation 69; CFU, colony-forming
units; CHO, chinese hamster ovary; CNT, carbon nanotube,; Con A, Concanavalin
A; CPS, capsular polysaccharide; CRD, carbohydrate recognition domain; CSLM,
confocal laser-scanning microscopic; CT, cholera toxin; CuAAc, Cu(I)-catalyzed
azide—alkyne [1,3]-dipolar cycloaddition; DBU, 1,8-diazabicyclo[5.4.0Jundec-7-ene;
DCC, N,N'-dicyclohexylcarbodiimide; DC-SIGN, dendritic cell-specific intercellu-
lar adhesion molecule-3-grabbing nonintegrin; DDQ, 2,3-dichloro-5,6-dicyanoben-
zoquinone; DEG, diethylene glycol; DIBAL-H, diisobutylaluminium hydride; DIC,
diisopropylcarbodiimide; DIPEA, diisopropylethylamine; DLS, dynamic light
scattering; DMAP, dimethylaminopyridine; DMF, N,N-dimethylformamide; DMI,
1,3-dimethyl-2-imidazolidinone; DMPC, dimyristoyphosphatidylcholine; DMSO,
dimethyl sulfoxide; DOSY, diffusion ordered spectroscopy; DPPC, dipalmitoyl
phosphatidylcholine; EcorL, Erythrina corallodendron lectin, EDC or EDAC, 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide; EEDQ, 2-ethoxy-1-ethoxycarbonyl-
1,2-dihydroquinoline; EFV, efavirenz; EHEC, enterohemorrhagic E. coli; ELISA,
enzyme-linked immunosorbent assay; ELLA, enzyme-linked lectin assay; EPR,
enhanced permeation retention; ESI-MS, electrospray ionization-mass spectrometry;
FITC, fluorescein isothiocyanate; fmoc, 9H-fluoren-9-ylmethoxycarbonyl; FRET,
fluorescence resonance energy transfer; Gbs;, glycosphingolipid globotriaosylcera-
mide; GM1, monosialotetrahexosylganglioside; GNA, Galanthus nivilis agglutinin;
HAI, inhibition of hemagglutination, HATU, (2-(7-aza-1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate); HEK293, human embryonic
kidney 293; HepG2, hepatocellular carcinoma cells; HIV, human immunodeficiency
virus; HOAt, 1-hydroxy-7-azabenzotriazole; HOBt, hydroxybenzotriazole; HP,
haematoporphyrin; HPA, Helix pomatia agglutinin, HPA-FITC, Helix pomatia
agglutinin-fluorescein isothiocyanate; HRPO, horseradish peroxidase; HUS, hemo-
lytic uremic syndrome; IC, inhibitory concentration; ICAM, intercellular adhesion
molecule; IgG 2G12, immunoglobulin G 2G12 antibody; Kp, dissociation constant;
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IT, inhibition titer; ITC, isothermal titration microcalorimetry; KLH, keyhole limpet
hemocyanin; LCA, Lens culinaris lectin; LFA, Limax flavus lectin; LTBh, E. coli
heat-labile toxin B; NHS, N-hydroxysuccinimide; NK, natural killer cell; NMR,
nuclear magnetic resonance; MAG, multiple antigenic glycopeptides; MAIG, 3-O-
methacryloyl-1,2:5,6-di-O-isopropylidene-D-glucofuranose; MALDI-TOF, matrix-
assisted laser desorption/ionization-time-of-flight; MALS, multiangle light scattering;
MBP, mannose-binding protein; Me-zMan, Me «-D-mannopyranoside; MDCK,
Madin—Darby canine kidney cells; MHC, major histocompatability complex; MIC,
minimum inhibitory concentration; MLCT, metal-to-ligand charge transfer; MM,
mucin mimic; MMP, matrix metalloproteinase; MNPG, m-nitrophenyl o-p-galacto-
side; MPPI, mannosylated-polypropyleneimine dendrimers; MPR, mannose-6-phos-
phate receptor; MRI, magnetic resonance imaging; MSC, mesenchymal stromal cells;
MT1-MMP, membrane type-1-matrix metalloproteinase; MUNeuAc, 2'-(4-methylum-
belliferyl)-a-N-acetylneuraminic acid; MVK, methyl vinyl ketone; MWNT,
multiwalled nanotube; OMPC, outer membrane protein complex; P;CS, tripalmi-
toyl-S-glycerylcysteinyl-serine; PAII-L, Pseudomonas aeruginosa lectin 1II;
PAMAM, poly(amidoamine) dendrimers; PAP, poly(p-N-acryloylamidophenyl);
PAP-a-Glc, poly(p-N-acryloylamidophenyl) a-glucopyranoside; PBS, phosphate buff-
ered saline; PePO, pentaerythrityl phosphodiester oligomer; PET, photoinduced elec-
tron transfer; PITC, phenylisothiocyanate; PDT, photodynamic therapy; POSS,
polyhedral oligosilsesquioxane; PMBC, peripheral blood mononuclear cells; PPI,
polypropyleneimine; PS, photosensitizer; PVK, poly(methyl vinyl ketone); PyBOP,
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate; QSAR, quanti-
tative structure—activity relationship; RCA |5y, Ricinus communis agglutinin; RGP,
radial growth polymerization; SCVCP, self-condensing vinyl copolymerization;
SEM, scanning electron microscopy; SHC, Sonogashira—Heck—Cassar cross cou-
pling reactions; SLT, Shiga-like toxin; SLT-lie, Shiga-like toxin II edema variant;
SPG-Lac, schizophyllan bearing lactosides; SPR, surface plasmon resonance; SPS,
solid-phase synthesis; STEC, Shiga toxigenic group of Escherichia coli; Stx, Shiga
toxin; SWNT, single-walled nanotube; TBAF, tetra-n-butylammonium fluoride;
TBAH, tetra-n-butylammonium hydroxide; TBTU, 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium tetrafluoroborate; TEM, transmission electron micros-
copy; TEMPO, 2.2,6,6-tetramethylpiperidine-1-oxyl; TF, Thomsen—Friedenreich
antigen; TFA, trifluoroacetic acid; TGA, thermogravimetric analysis; THF, tetrahy-
drofuran; TRIS, tris(hydroxymethyl)aminomethane; VAA, Viscum album agglutinin;
VT, verotoxin; VV-HRP, horseradish peroxidase-labeled plant lectin V. villosa; VVA,
V. villosa plant lectin; WGA, wheat germ agglutinin; YDS, yolk decasaccharide
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I. INTRODUCTION

1. Multivalency: Definition and Role

Generally, the valency of a particle (namely a small molecule, oligosaccharide,
protein, nucleic acid, lipid or aggregate of these molecules, a virus, bacterium, or cell)
can be defined as the number of separate structural units of the same kind that can
interact with other particles through ligand—receptor interactions.! Thus, one can
consider that a molecule having two tethered and identical copies of binding compo-
nents can be classified as a divalent entity. Similarly, multivalent or polyvalent
interactions can be defined as specific simultaneous associations of multiple ligands
(or epitopes) present on a molecular construct or biological surface that binds in a
cooperative way to multiple receptors expressed on a complementary entity.

The ubiquity of these multivalent interactions at different levels in several
biological mechanisms testifies to their essential role. In fact, multivalency in Nature
is very often expressed by fractal or ‘‘dendritic’’ architectures that represent perhaps
the most pervasive topologies observed in vegetal and animal kingdoms.?> Typical
examples of these patterns may be found at different scales of dimensional length
(meters to microns), and typical examples can be observed in abiotic systems (such as
snow crystals, fractal erosions, manganese dendrites in rock) or in the biological
world. The reasons for such extensive mimicry of these dendritic topologies at
virtually all scales of dimensional length are not entirely clear. However, one might
speculate that these evolutionary architectures have been optimized over the past
several billion years to provide structures manifesting maximum interfaces for opti-
mum energy extraction/distribution, nutrient extraction/distribution, information stor-
age/retrieval, and adhesive processes. For example, trees use fractal dendritic patterns
above and beneath the ground in order to enhance the exposure of their leaves to
sunlight to harvest light and maximize the photosynthesis process, and of their roots
to collect water from the soil.

Most notable natural examples of this architecture at the molecular level are
probably the glycogen and amylopectin hyperbranched structures that Nature uses
for energy storage. Presumably, the many chain ends that decorate these macromo-
lecules facilitate enzymatic access to glucose for high-demand bioenergy events.
Another nanoscale example of dendritic architecture in biological systems is found
in proteoglycans. These macromolecules appear to provide energy-absorbing, cush-
ioning properties and determine the viscoelastic properties of connective tissues.
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In addition, the tremendously complex dendritic respiratory network is composed of
bronchioles and alveoli to give the maximum surface for efficient transfer of oxygen
into the bloodstream. The arterial and central nervous system networks, together with
the kidneys and lung structures also consist of a great number of cells growing into
dendritic structures in order to gain the largest exchange of material or information
with the surrounding tissues.? Recently, the implication of dendritic patterns observed
under the feet of the gecko has also been clarified to explain the exceptional ability of
these animals to climb rapidly up smooth vertical surfaces.* Microscopic examina-
tions have shown that a gecko’s foot has nearly five hundred thousand keratinous
hairs or setae, each composed of an impressive dendritic network of tiny foot hairs
‘‘spatulae.”” Measurements have revealed that one seta is 10 times more effective at
adhesion than predicted from maximal estimates on whole animals. Values of the
adhesive force support the hypothesis that individual setae operate by weak attractive
quantum chemical forces from molecules in each foot-hair interacting through
Van der Waals forces with molecules of the surface.

Finally, a very striking example is also afforded by Nature, particularly in exposing
a wide array of complex dendritic glycoconjugates on mammalian and HIV-1 cell
surfaces. These carbohydrate structures play critical roles in multiple key cellular
events, such as cellular adhesion and recognition, regulation of physiological func-
tions, and pathogenic infections. For HIV-1, several hypothesis have been formulated
concerning their role in infection process, and it has been speculated that the N-linked
hyperbranched high mannose oligosaccharide (MangGlcNAc,), exposed at the exte-
rior envelope glycoprotein gp120, helps the ‘‘hidden’’ virus to escape neutralizing
antibodies.” Indeed, these glycans are produced by the host cell, and are largely
unrecognized by the immune system machinery.

2. Multivalency in Protein—-Carbohydrate Interactions

Although carbohydrates and their corresponding conjugated glycoforms have long
been regarded as only space-filling matrices or post-transcriptional accessory
elements in glycoproteins serving to protect them from premature degradation, it
has become apparent that such glycoconjugates as glycolipids or glycosaminoglycans
exhibit a broad variety of additional biological functions. Indeed, carbohydrates are
expressed on the majority of mammalian cell surfaces, and are bound to proteins,
glycoproteins, and glycolipids, or conjugated to such cellular constituents as proteo-
glycans that are entangled in the cell membrane and clustered in multiantennary
configurations. In other terms, these oligosaccharides constitute signal transductors
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between extra- and intracellular media.®® Hence, these glycosylated structures are
responsible for the presentation of target structures for microorganisms, toxins and
antibodies, control the half-life of proteins, modulation of protein function, or provi-
sion of ligands for specific binding events. In addition, they have recently emerged as
antigenic determinants in cell-cell recognition, signaling events, and as ligands for
910 A5 such, they constitute the first line of contact for
the adhesion and tissue colonization by several pathogens expressing carbohydrate-

bacterial and viral infections.

binding proteins (lectins). Conversely, several infectious microorganisms use or
escape the immune defense mechanisms by masking important receptors or antigenic
determinants by exposing self-carbohydrate structures. As mentioned earlier, the
consequences of these ‘‘masking’’ events are that the bacterial or viral pathogens
are transported to target tissues by self cellular systems.

Despite their critical importance, carbohydrate—protein interactions are paradoxi-
cally characterized by rather weak association constants (millimicromolar), with
limited specificity and selectivity on a per-saccharide basis.'!"'?> Nature usually
compensates for this situation by exposing numerous copies of the same carbohydrate
ligands on the extracellular domains of the cells. Consequently, these interactions are
transformed into very potent attractive forces, dramatically and naturally reinforced,
when multiple ligand copies are presented to similarly clustered receptors. This
phenomenon, resulting from a synergic and cooperative effect, is known as the
““glycocluster or dendritic effect,””! and has been initially observed with asialogly-
coprotein receptors found on hepatocytes.'* In its widespread version, it is usually
assumed that this effect has its source in the enhanced affinity of a given multivalent
glycoside toward a CRD (carbohydrate-recognition domain) by fully occupying one
active site at a time.The phenomenon is now widely accepted of having its basis in
stabilization by macroscopic ‘‘crosslinking glycocluster effects.”” It has thus come
well established that multivalency may offer numerous benefits in terms of affinity
and receptor selectivity versus monovalent interaction, and can induce particular
clustering organization on the cell surface, notably to provide a strategy for
controlling signal transduction pathways within cells.!3

Surprisingly, however, mammals utilize only nine different monosaccharides,
which are organized in a massive amount of structural diversity. The variations of
anomeric configurations and linkage positioning between saccharides are thus respon-
sible for unraveling several distinctive ‘‘glycocodes.”’!® As a consequence, the
different architectures and topological expressions that result are at the origin of the
required high affinity and selectivity for a particular tailored recognition event.
Interestingly, even such complex multiantennary glycans as ManyGlcNAc, are only
partly involved in these binding processes and often, but not unexpectedly, only the
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peripheral groups are bound in the receptors’ active sites. Hence, multivalent inter-
actions are now understood to be a ubiquitous strategy that has evolved in Nature for a
wide range of functions, and which provide numerous benefits and unique roles not
achievable with monovalent interactions. Consequently, from a simplistic point of
view, most multiantennary glycans may be regarded as polyvalent neoglycoconju-
gates of well-defined architectures and multivalency, designed to mimic the complex-
ity of the multiantennary oligosaccharide structures while emphasizing the
recognition of the sole surface.

3. Synthesis and Applications of Multivalent Glycoconjugates

As mentioned before, multivalent carbohydrate—protein interactions mediate many
important physiological and pathophysiological processes. However, their thorough
understanding suffers from the natural complexity of the carbohydrates resulting from
incomplete biosynthesis or subtle attachment of other functionalities at specific
positions along the oligosaccharide sequences. Numerous key functions of carbohy-
drates depend on the observed microheterogeneity, added to well-defined cluster
organization. In order to study, characterize, understand, and manipulate these critical
interactions, striking advances have been made in isolation, purification, structural
analyses, and partial or selective degradation processes. Alternatively, chemical or
chemoenzymatic synthesis of multivalent carbohydrate ligands is, however, likely to
remain the method of choice to afford tailored multivalent architectures developed as
effectors or inhibitors of biological mechanisms. Accordingly, it is highly desirable to
tackle the inherent problem of high specificity and increased affinity by simulta-
neously optimizing factors involved in both multivalency and intrinsic fine tuning of a
ligand toward individually targeted carbohydrate-binding protein interactions.

To achieve these goals, glycochemists are actively pursuing an approach that can
be summarized in Fig. 1. The steps to be undertaken may be expressed as follows.
After assessing the bacterial/viral genomes, proteomic analysis, and search for carbo-
hydrate-binding protein homology through bioinformatics, the presence of a carbohy-
drate-binding protein is then confirmed. For bacterial or viral lectins, the isolated
proteins can be labeled with fluorogenic probes. The ligand-binding specificity of the
fluorescent lectins is then determined by glycan microarrays such as the one freely
accessible from the Consortium for Functional Glycomics (or the like) to identify the
best oligosaccharide *‘lead.”’!” The most recent microarrays are usually constituted of
approximately 400 natural and synthetic glycans (version 3.10).'822 Once essential
carbohydrate residues (epitopes) responsible for the biological activity of interest are
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FIG. 1. Steps involved in the discovery of optimized multivalent glycodendrimers.

identified, the lead candidates are then validated by using a range of binding assays
such as ELISA (enzyme-linked immunosorbent assay), ELLA (enzyme-linked lectin
assay), ITC (isothermal titration calorimetry), SPR (surface plasmon resonance),
FRET (fluorescence resonance energy transfer), X-ray crystallography, and analo-
gous techniques. The relative binding affinities of confirmed oligosaccharide ligands
are next evaluated with a panel of simpler oligosaccharides with, ideally, a monosac-
charide as the simplest target to ease potential manufacturing purposes and lead
optimization that can be obtained by classical QSAR (quantitative structure—activity
relationship).

The resulting ‘‘glycomimetics’’ are further transformed into multivalent architec-
tures such as glycodendrimers that should also undergo iterative scaffold optimiza-
tion. In this context, ‘‘artificial glycoforms’’ have played crucial roles in our
understanding of multivalent interactions, which encompass chelation,?® receptor
clustering and steric stabilization,?* subsite binding,?> and statistical rebinding phe-
nomena.?® Hence, research on synthetic multivalent macromolecules has intensified,
giving rise to a myriad of original glycoconjugate structures which constitute
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high-affinity multivalent ligands that target surface receptors (namely enzymes,
lectins, toxins, and such pathogens as viruses or bacteria). These novel nanometer-
size structures have thereupon shown great potential as potent effectors or inhibitors
of surface—surface interactions, including cell-cell and cell-pathogen interactions
that occur in biological systems.?’

The following sections illustrate synthetic creativity recently devoted to generating
a plethora of multivalent structures used in the biomedical field and with therapeutic
goals in particular. Synthetic neoglycoconjugates in which carbohydrate residues are
attached to carriers thus present numerous advantages in terms of characterization,
structural uniformity, and availability. Hence, presentation of the sugar epitopes as
multiple copies on an appropriate scaffold (molecular, dendritic, polymeric) creates a
multivalent display that can efficiently mimic the natural mode of affinity enhance-
ment that arises from multiple interactions between the binding proteins and the
carbohydrate ligands. In general, the carbohydrate ligands are usually found at the
periphery of these macromolecules. Efficient conjugation reactions are required for
complete substitution and the structural integrities of the multivalent glycoconjugates
are evaluated by such conventional techniques as NMR spectroscopy and mass
spectrometry. Progress encountered in terms of their synthetic accessibility and
efficiency has allowed optimization of their modulation and activity. These factors
remain necessary for investigating how these multivalent structures can best influence
the targeted binding activity. These investigations are critical for highlighting the
potential of multivalent carbohydrate inhibitors as high-affinity ligands or as effectors
capable of clustering cell-surface receptors, and may permit generation of structures
having tailored biological activities.

In addition to useful but polydisperse multivalent glycomimetics of prominent
components at the surfaces of mammalian cells [such as neoglycoproteins,?®2°
neoglycopeptides,>*~3? neoglycolipids (or glycoliposomes),>*3* glycopolymers,3>—38
or glyconoparticles,***° new synthetic families of well-defined and monodisperse
glycosylated macromolecules have recently emerged, including glycoclusters, such
glycosylated nanomaterials as glycofullerenes and glyconanotubes, glycosylated
architectures from supramolecular assembly processes, and finally glycodendrimers.
The uniformity of these multivalent neoglycoconjugates is ensured by the controlled
arrangement of the constitutional building blocks. To this end, a large panel of linkage
functions have been used, but the ones most frequently used are amides, thioureas,
and recently 1,2,3-triazoles obtained via dipolar cycloadditions of alkyne and azide
precursors through a process now termed ‘‘click chemistry.””3%-33 The required
functionalities are installed with equal success on either the sugars or on the scaffolds.
This particular application has become widely used, since the sugar attachment can be
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effected with both protected or free sugars. The protecting groups most repeatedly
employed on the sugars have been esters because it is usually more difficult to remove
large number of ether or acetal-protected sugars (for example, benzyl ethers). More-
over, the lectin-binding efficiency and specificity of multivalent glycoconjugates
have been found to be dependent not only on the epitope density but also on the
nature of the core and the geometrical characteristics of the multivalent assembly.
The main goal of this chapter consists in the description of the most recently
conceived multivalent neoglycoconjugates, emphasizing the synthetic strategy
required to afford well-defined glycoclusters, glycofullerenes, glyconanotubes, gly-
cosylated self-assembled systems, and glycodendrimers, together with discussions
concerning their respective relevant uses and perspectives in biomedical applications.

II. GLYCOCLUSTERS

“Glycoclusters’” (or ‘‘cluster glycosides’’) can be structurally considered as
mimics of oligoantennary oligosaccharides of naturally occurring glycoconjugates.
Arbitrarily, this chapter considers these clustered structures as multivalent glycocon-
jugates, regardless of the number of peripheral saccharides and they are built from
““home-made’’ or commercially available scaffolds that do not contain repetitive
units. These structural characteristics allow distinction between these generally rather
low-valency architectures and the ‘‘true’’ multigeneration glycodendrimers that are
presented in later sections.

Because of the straightforward synthetic access to such rather small structures, a
large variety of glycoclusters, based on multivalent scaffolds and illustrated in Fig. 2,
have been described in the past few years. Hence, branched aliphatic or aromatic
scaffolds, calixarenes, porphyrins and derivatives, cyclic peptides, carbohydrates and
cyclodextrins, or more exotic central cores have been efficiently used as core mole-
cules, to afford small multivalent glycoconjugates having greatly enhanced avidity
compared to corresponding monovalent carbohydrates. In particular, the design of
such systems, including the valency, the introduction of suitable functions and
flexible linkers with optimal lengths, has been tailored. Thus, their optimization has
rapidly led to the dramatic enhancement of neoglycoconjugate—protein interactions,
and has been useful for determining such critical parameters as optimal association
geometries, including optimal distances between saccharide epitopes. It is noteworthy
that the majority of these scaffolds have also been used for constructing more
complex multigeneration glycodendrimers, in particular orthogonally derivatized
AB, systems, such as TRIS or gallic acid derivatives.



Branched aliphatic scaffolds

HO,C, NH,
— HO HX
HO HO,C__ o
N HO " XH
HZN/\H;\”/\H;\NHZ H&%’“Hz oo NO, J/ S, wd
HO,C™ XH
H,N
AB, system TRIS AB, systems Trivalent core Tetravalent core  X=0
X=S
. ! X=NH
Branched aromatic scaffolds O
HO. COOH X X X X]@ X |—© -
HO: ; x/©/ \©/ X=COCl, CO,H X x O O |
X Y Br, I, CH,OH
OH X=Br, | X 2 X=COCI, CO,H, Br, |
AB3 system Divalent core Trivalent core X Tetravalent cores !
X cl
Cl Cl
X=OH, NH,, Br, | , on Mon Ho
Y =COOH Calixarene core . )\ phN cl cl
4 Cl
AB, system

Porphyrin core X=0H, NH,, COH

FIG. 2. Common scaffolds used in the design of glycoclusters and glycodendrimers.

HO!

Hexavalent core

Br
Br

Br

Br
Br

Hexavalent cores

e

OH HO

SHLVONINODODATOOHN INHTVALLTNW JO SISHHINAS

SLI



Y. M. CHABRE AND R. ROY

176

(ponunuo)) g "OI

2109 JUajeABXaH

2109 JuajeAedapoq

EILLEUET\CETe)

2109 Juajenejuad

2109 JusjeAes9 |

2109 JuajeAlL

/)_m\o‘_w\” / N, P SV H o\ H
S S = J“_\_o m\ J mz zu
\/_m\‘oo _mﬂ\niv NN HN N N N
INossto—is_ (o) (z/& H A/ H
6/ 0O /
o o
o’
=/ /N
g ——e
209 N'H S8J109 1/y10

. WNH sepndad jusjeau)
v 42, HN
wayshs 'gly o 3 °
g 07N
A

apndad jusjeaiq

HN N ngIss ngiss
R d HN n&/ A ~—d de Ay Ay —
\/x /v_\\ . oL uﬂ v N—"~~v \ \ N v v \
HN N~
d A 9 b ™oy Hn _d d d o 4 d
~ ~ o N N_oO oJ\f /z\ Oy —— ~ Py
s Z
HN._O § HN__oO : ﬁ H02 H00 J
W /ﬂ W #\ R HE/H\z: o%0H ﬁuNoz Hoo
HN HN, :
o | o ll
“HN
I Il " Sspndad JIjoAD)
OH
O 8102 upyxapo|hy

o
o
HQ OH HO :o O N
OH OH 4eBns jusjeaeloQ Jebns juajeaejuad
© OHoH
OH HO
Q HO OH
o OH
HO oH HO

o]
HO
OH
e} oHO,
HO

OH 1eBns yusjeau SN =x
Jebns jusjeaes}a) 1eBns Jus|eAlp HO =X
OH X
o OH
N oH
OH 5 OH
o o
S OH N OH
N OH OH
OH OH
o o
N N

Spjoljeds 1epng



SYNTHESIS OF MULTIVALENT NEOGLYCOCONJUGATES 177

Since a large panel of multivalent scaffolds has recently been reviewed by Roy
et al>*>% and extensively detailed by the group of Santoyo-Gonzélez for ‘click
chemistry,”’>7-38 this section is dedicated to describing the synthesis of optimized
glycoclusters, notably highlighting more recent synthetic advances that have led to
multivalent candidates that are strikingly biologically relevant.

1. Glycoclusters from Branched Aliphatic Scaffolds

In order to synthesize the target complex glycoclusters, several commercially
available or readily derivatized aliphatic scaffolds constituting small multifunctional
building blocks have been used to permit rapid access to these multivalent structures
(Fig. 2). Historically, one of the first branched glycoside clusters was based on a
readily available ABj building block, tris(hydroxymethyl)aminomethane (1, TRIS),
used by Lee in the late 1970s.>° Owing to the synthetic advantages in terms of
symmetry that ensure orthogonal and rapid functionalization, this building block
constitutes an ideal candidate for clustering of saccharides. Hence, 1 and its deriva-
tives have been extensively used by several groups for direct glycoside attachment on
hydroxyl groups to generate trivalent clusters.®® However, although the chemistry of
glycocluster synthesis was established, the first such glycoconjugates were generally
subject to unfavorable steric factors upon binding to proteins. In this context, Kotter
et al. used extended TRIS derivatives, such as 4-(3-hydroxypropyl)-4-nitroheptane-
1,7-diol (2) to prepare highly branched glycomimetics (Fig. 3).5!

Based on these trivalent building block and peptide-coupling methodologies, the
rapid synthesis of tri- (3, 4) and nonavalent mannosylated clusters (5, 6) varying in the
chemical characteristics of their spacer moieties and lengths was accomplished.® The
C-6-linked trimannosylated cluster 4 displayed the highest binding potency toward
the type-1 fimbrial lectin from Escherichia coli (FimH), as tested by inhibition of
agglutination and ELISA, for which 4 showed an ICs, of 11 uM. Unfortunately, the
corresponding nonavalent dendrons S and 6 presented only very poor or no inhibitory
potencies. To explain these a priori unexpected results, it has been postulated that the
cluster did not present enough hydroxyl groups for efficient interactions with the
lectin surface, or did not present hydroxyl or other functional groups in the appropri-
ate orientation for lectin binding. Alternatively, it is well known that the FimH binds
mannosides from the nonreducing end.

By virtue of promising preliminary biological results indicating that tri- and
tetravalent glycoclusters constitute potent inhibitors of bacterial binding, which fitted
particularly well into the CRD of bacterial lectins (especially for mannose-specific
adhesion) straightforward syntheses of low-valency glycoclusters were initiated.
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FIG. 3. Early mannoside clusters used as ligands for E. coli FimH.®"%?

In this context, preparation of glycosylamines by direct condensation of amines
with reducing sugars could be an appealing strategy. The direct conjugation of
reducing sugars with diethylenetriamine (7) has been previously reported as allowing
efficient and rapid access to divalent carbohydrate derivatives in excellent yields.®> A
few years later, Hayes et al. extended this strategy, describing an elegant one-pot
methodology that allowed synthesis of higher valent derivatives through reaction of
more-highly functionalized amine clusters with unprotected D-mannose (9) and
dimannosides (Scheme 1).%* Several linkers of different lengths, flexibility, and
valency, including di-, tri-, and tetra-valent amines, were readily incorporated to
generate multivalent targets in good yields. Notably, tris(2-aminoethyl)amine (8)
and pentaerythrityl tetraamine (13), [prepared from tetrabromide (11) via azide
substitution to 12 followed by reduction to 13 with hydrogen on 10% Pd/C], gave
the corresponding tri- and tetra-mannoside clusters 10 and 14, respectively, using the
free reducing sugar D-mannose (9).

Cs-Symmetrical glycoclusters, based on a trivalent central core, and exhibiting
three and six peripheral mannosides have similarly been prepared by Dubber and
Lindhorst, who examined the potential of reductive amination for introducing an
aldehyde group of a p-mannose derivative as the carbohydrate ligand on tris(2-
aminoethyl)amine (8) as the branching core.%® To this end, the glycoclusters were
synthesized from (2-mannosyloxy)ethanal (16), which was obtained by ozonolysis of
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acetylated allyl «-pD-mannopyranoside (15), followed by treatment with sodium tria-
cetoxyborohydride NaBH(OAc); (Scheme 2). However, the instability of the trivalent
conjugate arising from autocatalytic deacetylation led the authors to use an excess of
aldehyde to ensure complete double N-alkylation. In more-complex carbohydrate-
based multivalent architectures, this situation may afford undesired partial structures.
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Another example has been described by Li et al., which proposed an efficient
convergent one-pot synthesis of a trivalent mannoside cluster using a Ugi four-
component reaction, involving the use of 2-carboxyethyl 2,3,4,6-tetra-O-acetyl-o-D-
mannopyranoside, benzaldehyde, methyl isocyanoacetate and the tris(2-aminoethyl)
amine core 8 in methanol.®® Biological investigations by ELLA assays indicated
efficient inhibition of binding of yeast mannan to the phytohemagglutinin Concanav-
alin A (Con A) with all the synthesized ligands, with notably an ICs, of 30.6 uM for
the trivalent derivative, corresponding to about a 10-fold enhancement after valency
correction as compared to a methyl o-D-mannopyranoside standard.

As previously mentioned, pentaerythritol and its derivatives constitute another
widely used family of aliphatic cores, allowing the construction of multivalent and
branched structures via the attachment of four similar or different groups, two pairs of
which are tilted at 90°. Accordingly, this tetravalent compound has received consid-
erable interest as an orthogonally protected handle useful for the generation of
combinatorial libraries, and as a building block that fits well into the general structure
of oligonucleotides and peptides, providing additional functionalities. Hence, through
the years, pentaerythritol-based multiantennary glycoclusters, exhibiting such relevant
carbohydrates as f-D-galactopyranosides,®” Galili antigen,®®% lactosides,’® galabio-
sides, a-D-mannopyranosides or sialic acids, were efficiently prepared. These three
last examples that furnished promising antiadhesins toward pathogenic infections will
be described in more detail in the following section.

Historically, one of the first example of a glycocluster based on pentaerythritol was
furnished in the late 1990s by Hanessian ef al., who described the synthesis of di- and
tri-haptenic clusters composed of the Tn (GalNAc) and the TF [f-pD-Gal-(1—3)-
GalNAc] antigens elongated with serine and glycolic acid spacers and attached
through amide bonds to pentaerythritol amino derivatives (Fig. 4).7!

A few years later, Hansen et al. proposed the first biological evaluation of galabio-
side clusters built around thiolated scaffolds with different valencies, including pen-
taerythrityl derivatives (Scheme 3). Efficient inhibition of hemagglutination (HAI) by
the gram-positive bacterium Streptococcus suis at nanomolar concentration was
achieved with these constructs.”?> Synthesis of the most potent tetravalent soluble
inhibitors started with 2-bromoethyl galabioside (18), which was treated with sodium
azide followed by O-deacetylation under Zemplén conditions and hydrogenolysis to
afford 2-aminoethyl galabioside (19) in 80% overall yield. Concerning the central core,
the commercially available pentaerythritol tetrabromide 11 was treated with methyl
3-mercaptopropanoate and cesium carbonate to give tetraester 20, which upon
hydrolysis led to the corresponding tetraacid 21 in excellent yield. Carboxylic acid
activation via formation of a pentafluorophenyl ester, using pentafluorophenol and
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diisopropylcarbodiimide (DIC) and subsequent peptide coupling in the presence of
amine 19, allowed the synthesis in 18% yield of the desired deprotected glycocluster 22
containing four galabioside residues. Biological studies indicated, through the series of
multivalent conjugates, a clear connection between inhibitory efficacy, the number of
galabiose units present on the potential inhibitor, and the flexibility of the structures.
Interestingly, the tetravalent galabioside was several hundred times more efficient than
the monomeric galabioside in inhibiting the agglutination of human erythrocytes by the
S. suis bacterium, resulting in complete inhibition at a concentration as low as 2 nM.

Inhibition of bacterial adhesion of fimbriated E. coli to pentaerythritol-based
clusters bearing peripheral «-D-mannopyranoside residues has also been often
addressed, albeit without systematic structure—activity relationships.”37
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In this context, Lindhorst et al. proposed biological investigations of pentaerythri-
tol-based mannoside clusters to test their capacity to block the binding of E. coli to
yeast mannan in vitro.”> In all of the proposed structures, and according to a rational
approach, pentaerythritol itself, as well as the included C; spacers, were used as
structural components for substituting the inner regions of the monosaccharide moi-
eties (Scheme 4). The tetravalent cluster 27 has been efficiently synthesized according
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to two different synthetic pathways. In the first route, a C; hydroxy linker was
introduced within the aglycone moiety of 24, and a Williamson ether synthesis with
pentaerythritol tetrabromide (11) led to a mixture of mono-, di-, tri-, and tetra-dentate
(26) conjugates, even when an eightfold excess of the corresponding alcohol and
forcing reaction conditions were used. In the best case, the protected tetravalent
cluster 26 was isolated in 62% yield. To circumvent these difficulties, an alternative
strategy was investigated, involving the use of a modified pentaerythritol derivative to
serve as a longer spacer-equipped tetraol (23) for the subsequent glycosylation step,
using imidate 25. To this end, pentaerythritol was initially perallylated and the
extended tetraol 23 was obtained by an hydroboration—oxidation sequence on the
double bond in the presence of 9-BBN, NaOH, and H,O,. Then, the perbenzoylated
mannosyl trichloroacetimidate 25 was used as the glycosyl donor for the Lewis acid-
assisted mannosylation reaction. Deprotection of the resulting tetramer 27 under
Zemplén conditions afforded the desired cluster 28 in excellent yield.

Evaluation of antiadhesive properties of the mannosylated clusters was assessed
using ELISA inhibition assays, in comparison to the monovalent reference methyl
o-D-mannopyranoside (MexMan). Results indicated that tetravalent cluster 28 was
more than 250 times more potent (thus 62.5 times on a valency-corrected basis) in
inhibiting mannose-specific adhesion than MeaMan, with an ICsy of 12.6 uM. The
observed inhibition of bacterial adhesion was most probably explained by the binding
of cluster glycosides to single CRDs, which are distributed along type-1 fimbriae,
rather than by multivalent binding, which would reflect interaction of the sugar
clusters with more than one CRD.

Subsequently, Touaibia et al. described the efficient and systematic synthesis of a
family of mannoside clusters built on pentaerythritol and dipentaerythritol scaffolds’®
using regioselective Cu(I)-catalyzed azide—alkyne [1,3]-dipolar cycloaddition
(CuAAc) (““click chemistry’’).”-7° The synthetic strategy first involved the use of
tetrazide derivative 12 with prop-2-ynyl o-D-mannopyranoside (29) under click
chemistry conditions, thus providing tetramer 31 in good yield after O-deacetylation
(Scheme 5).The conditions under which the Cu(I) catalyst was generated in situ from
copper(Il) sulfate and sodium ascorbate as the reducing agent generally provided
slightly better yields than that using the Cu(I) species (Cul) directly. The second
cluster was obtained by the treatment of tetrakis(2-propynyloxymethyl)methane (32),
prepared via nucleophilic substitution of the corresponding pertosylated pentaerythri-
tol and propargyl alkoxide, with 2-azidoethyl 2,3,4,6-tetra-O-acetyl-o-D-mannopyr-
anoside (33) under the same conditions already described. An excellent yield of
the extended cluster 35 was similarly obtained after acetyl-group deprotection.
The tetramannoside analogue 38, bearing a more rigid aromatic spacer, was likewise
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SCHEME 5. Extended tetramannosylated clusters prepared by Touaibia er al.”®

obtained from the tyramine mannoside derivative 36 and the tetrapropargylated core
32. Interestingly, the presence of the hydrophobic residue in the mannoside aglycone
(triazole) was considered to play an important role for an adequate fit into the E. coli
FimH CRD active site near tyrosine-48 and tyrosine-137.

Further, dendritic growths with new multiarmed clusters having more flexibility
and various geometries have also been considered by the authors. Thus, the hexato-
sylated dipentaerythritol 39 was converted into hexaazide 40, which upon treatment
with propargylated mannoside 29 under standard conditions of click chemistry and
subsequent O-deacetylation afforded the hexavalent cluster 42 in good (61%) yield
over two steps (Scheme 6).

The elongated analogues 47 and 48 were then synthesized by the reaction of
triazide 43 and ditosylates 44 and 45 under basic conditions (KOH, Me,SO)
(Scheme 7). The resulting hexakisazido pentaerythritol scaffolds 46 (n = 2, 4) were
then independently ‘clicked’’ in the presence of prop-2-ynyl o-D-mannopyranoside
(29), affording hexavalent clusters in 75% yields. Deprotection under Zemplén con-
ditions furnished the corresponding conjugates 47 and 48 having respectively a
distance of 11 and 18 A between each the tripodal mannoside moieties.

Preliminary biological data on this series of mannosylated clusters indicated
interesting potency in the inhibition of agglutination of E. coli x7122 by baker’s
yeast, with approximately a hundred times improved efficiency than those obtained
with monomeric b-mannose.
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The pioneering observations of Sharon, who first demonstrated the binding
preferences of type-1 fimbriated E. coli to mannopyrannosides bearing aromatic
aglycones,® led to the hypothesis for the existence of ‘‘subsite-assisted aglycone
binding.”’8! Based on these premises, the group of Roy et al. pursued their investiga-
tions to enlarge the panel of mannopyranoside clusters via single-step multiple
Sonogashira coupling.®? The necessary carbohydrate precursors were built with either
p-iodophenyl, propargyl, or 2-azidoethyl aglycones, whereas the central cores con-
sisted of (di)pentaerythritol-based azide or propargyl derivatives. The first target
tetramer (51) was synthesized from p-iodophenyl o-pD-mannopyranoside 49, previ-
ously prepared from peracetylated o,-D-mannopyranose by glycosidation with triflic
acid as a promoter. Then, Sonogashira coupling between tetrakis(2-propynyloxy-
methyl)methane (32) and 49, followed by subsequent O-acetyl deprotection of 50
provided the key tetravalent cluster 51 in good yield (Scheme 8). Noteworthy is the
fact that those transition metal-catalyzed cross-couplings have been optimized during



186 Y. M. CHABRE AND R. ROY

TSO/\é/O\%/n\OTs

KOH, DMSO
N, 40°C, 12h.
44n=270%
45n=470%

RQo

RO@A
RO

RO 03\\

N,

N

RO 9 (¢] /!

)

N=N

RO W
OR

gvovb Oﬁnvo\/;‘\N/\N‘\N

Ny N,
/‘;\/O\/é\ ﬁvov;‘\
O
N, n Ny
N3 N,

46

CuS0,.5H,0, NaAsc

THFH,O, rt, 12h. | 29
n=272%
n=475%

OR
RO
OR
OR
N=N o
/ o)
N\/\/
N-N OR
N O,
\ OR
O or

(0]

0
R=AC
MeONa, MeOH [ WSR
o
rt., 4h. R=H O-, OR oR
47n=295% or \[or

48n=492% OR
OR

SCHEME 7. Oligoethyleneglycol interspaced, hexakis tetramannosylated clusters for E. coli FimH
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this study, recommending the use of 5 mol% Pd(PPh;),Cl, in the presence of 10 mol%
Cu(I) catalyst, piperidine as a base in tetrahydrofuran (THF) or N,N-dimethylform-
amide (DMF), with slow addition of the tetrakis alkyne to prevent homocoupling and
degradation. Alternatively, tetramer 55, possessing the reversed linkage functionality,
that is, the propargyl group installed on the mannoside residue and the aryl iodide on
the pentaerythritol scaffold, was also similarly prepared to investigate the effect of the
aryl pharmacophore positioning on binding. In this context, the central tetrakis[(4-
iodophenyloxy)methylmethane 53 was efficiently elaborated by nucleophilic substi-
tution of pentaerythritol tetrabromide 11 using p-iodophenol 52 under basic condi-
tions in 78% yield. Treatment of 53 with prop-2-ynyl «-pD-mannopyranoside 29 under
the optimized Sonogashira coupling conditions just described provided tetramer 54,
which upon further O-deacetylation gave unprotected tetramer 55 in 73% yield over
two steps. According to the same strategy, but using Et;N in DMF at 60 °C instead of
the foregoing Sonogashira cross-coupling conditions, the corresponding hexavalent
cluster 58 was efficiently obtained, using dipentaerythritol derivative 56 and manno-
side 29 after conventional Zemplén deprotection of 57.
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SCHEME 8. Alternative strategy toward the synthesis of hexakis mannopyranosides.®

Three different types of biological assays were put in place to evaluate the relative
binding properties of these tetra- and hexa-valent mannosylated clusters. Initially, the
cross-linking abilities of these molecules were investigated by using a kinetic turbidi-
metric assay (nephelometry), with the tetrameric phytohemagglutinin Con A from
Canavalia ensiformis as a model. Significant activity of the glycoclusters was
observed when they were used as ligands in interactions with protein receptors,
with the rapid formation of cross-linked lattices toward Con A, especially for tetramer
51. In fact, this last example was the best candidate, and it induced an almost
quantitative precipitation of the lectin within 2 min. Obviously, clusters having the
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alternative triazole heterocycles or the extended series from the Sonogashira coupling
were less efficient. These results were rationalized by the authors on the basis of the
relative stability of the resulting insoluble complexes, with molecular modeling of
tetramer 51 showing that each mannopyranoside residue was at the apex of a tetrahe-
dron in which they were 18.6 and 16.0 A apart. This distance could easily accommo-
date the clustering of four different tetrameric Con A lectins.

Each compound was then evaluated for its relative binding affinity by SPR mea-
surements. The affinity of the lectin domain of isolated FimH of E. coli K12 toward
clusters was obtained by competitive experiments between an immobilized anti-FimH
antibody (1C10) and free mannosylated clusters. According to this study, tetramer 51
was designated as the best ligand known, with a K of 0.45 nM (1.8 nM/Man) in the
subnanomolar range, corresponding to 1222-fold and 3-fold enhancement over the
reference monomer methyl o-D-mannopyranoside and the strongest monosaccharide
ligand known (HeptaMan), respectively. Once again, the position of the phenyl ring
appeared to be rather important with regard to modulating the activity of tetravalent
conjugate 55 (Kp = 273 nM), which differed from 51 only by the inverted
alkyne—phenyl ring sequence. These results thus further demonstrated that clusters
possessing an aryl moiety in the vicinity of the anomeric oxygen atom showed the best
overall qualifications. Conjugates obtained by the click chemistry already described
have also been studied. Spatial rearrangement of the hexamer having the triazole rings
appeared to be a determinant for affinity, as 42 was nearly five times better than the
analogous tetramer 31 (Kp of 3 and 14 nM, respectively), thus illustrating the
influence of multivalency on this scaffold. The distance between the anomeric oxygen
atom and the triazole ring was also a critical factor for affinity. On the other hand, the
introduction of four or six mannopyranoside moieties using extended precursors and
Sonogashira coupling had only a minor effect on the relative affinity.

Finally, the clusters were tested as inhibitors of hemagglutination of pig and rabbit
erythrocytes by type-1 piliated UTI89 clinical isolate E. coli. The inhibition titer (IT),
that is, the lowest concentration of the inhibitor at which no agglutination occurs,
showed tetramer 51 to be the best inhibitor of hemagglutination, with an IT of about 3
UM, or a factor of 6000 as compared to its affinity, and corresponding to 1000-fold
better inhibition than that induced by p-mannose. Overall, tetravalent cluster 51
was the best noncovalent cross-linker of Con A and the best ligand known to E. coli
K12 FimH.

Extended biological investigations concerning structure—function studies were further
initiated to evaluate the abilities of these clusters to inhibit Con A-induced membrane
type-1-matrix metalloproteinase (MT1-MMP)-mediated pro-MMP-2 activation, cell
death, and antiproliferative property in mesenchymal stromal cells (MSC).%3
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Mobilization of MSCs and recruitment by experimental vascularizing tumors
involves MT1-MMP functions. Given that the mannose-specific lectin Con A induces
MT1-MMP expression and mimics biological lectin—carbohydrate interactions, these
clusters were tested to evaluate their potential to block Con A activities on MSC. The
results indicated that specific tetra- and hexavalent mannoside clusters, especially 51,
55, and 58, reversed Con A-mediated changes in MSC morphology, and antagonized
Con A-induced caspase-3 activity and proMMP-2 activation. They also inhibited
Con A, but not the cytoskeleton-disrupting agent Cytochalasin-p-induced MT1-
MMP cell-surface proteolytic processing mechanisms, and effects on cell-cycle
phase progression. The antiproliferative and proapoptotic impact of Con A on the
MT1-MMP-glucose-6-phosphate transporter signaling axis was also reversed by
these mannosides. In conclusion, this family of mannosylated clusters very effectively
inhibited a spectrum of MT1-MMP-mediated cell responses that could be potentially
transposed to target tumor-promoting processes. In addition, their noncytotoxicity
allowed their use in vivo against experimentally implanted tumors.

Recently, Gouin et al. have designed a tetravalent cluster (60)3* based on a potent
E. coli FimH ligand heptyl a-p-mannoside (59)%° that has been preliminarily recog-
nized as a strong binder to FimH, with a Kp of 5 nM, as determined by SPR
measurements (Fig. 5). Furthermore, this derivative inhibited both adhesion of
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FIG. 5. Best ligands known for the inhibition of E. coli binding to murine bladder cells.®*
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type-1-piliated E. coli on a bladder cell line and biofilm formation in vitro, and also
decreases bacterial levels in a murine cystitis model.®¢ Suitably functionalized and
flexible ethylene glycol linkers were used to tether 59 moieties in order to ensure
water solubility and efficient conjugation on a pentaerythritol core via ‘‘click
chemistry’’ to afford neoglycoconjugate 60.

Binding affinities of the new flexible synthetic glycocluster toward type-1-piliated
E. coli were evaluated by HAI and bladder-binding assay (BBA). The results indi-
cated that, with an inhibition of bacterial bladder-cell binding at 12 nM (~ 6000- and
64-fold lower than mannose and 59, respectively), the tetravalent compound 60 is
currently one of the most promising antiadhesive drugs under development for the
treatment of urinary tract infections.

Pentaerythritol-based glycoclusters have also been investigated as potential neur-
aminidase inhibitors. In this context, Linhardt’s group has described a straightforward
approach to generate clustered nonnatural n-glycosylamines of o-sialic acid, which
are known to be resistant to neuraminidase-catalyzed hydrolysis as opposed to the
natural O-glycosides.?” Influenza viruses use their hemagglutinin to bind to sialic acid
residues located on the surface of the host cell and gain entry into the cell. Once the
cell is infected, the new virions use their neuraminidases (or sialidases) to escape from
the infected cells. Thus, these neuraminidases have been targeted to stop viral
infection by blocking the virus inside the infected cells. To this end, a small library
of mono- and divalent 1,2,3-triazole-linked sialic acids has been constructed via click
chemistry, together with corresponding tetravalent cluster, generated from tetrapro-
pargylated core and «-sialic acid azide. Preliminary neuraminidase-inhibition assays,
involving fluorescence measurements induced by the release of 4-methylumbellifer-
one produced by the hydrolysis of the substrate [2'-(4-methylumbelliferyl) N-acetyl-
o-neuraminic acid] by the enzyme [neuraminidase from Clostridium perfringens
(Clostridium welchii)], have been addressed. The results indicated micromolar ICs
values, notably for the tetramer with an ICsy of 20 uM, comparable to the known
sialidase inhibitor Neu5Ac2en (67 uM).

2. Glycoclusters from Branched Aromatic Scaffolds

Inasmuch as only a few of the carbohydrate residues contained in large oligosac-
charides can be involved in several binding-recognition process to trigger or inhibit
various biological phenomena,®® it has been assumed that the roles of the remaining
sugars within the polymer were limited to a structural matrix, acting simply as spacers
maintaining the epitopes at the proper distances to ensure optimal interaction with the
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receptor-binding sites. Based on these preliminary assumptions, structural analogues
of elicitors could result from molecules containing an aromatic core supporting
pendant sugar epitopes. By substitution of structural sugar components with benze-
noid groups, the rigidity of the polymeric matrix would be preserved with only
minimal distortion to the three-dimensional framework. The first and closest analogy
to such ‘‘aromatic core’’ harboring cluster glycosides was provided by Yariv et al.
who first described phloroglucinol-based ‘‘artificial antigens’’ 61, with the general
formula 1,3,5-tris-(p-glycosyloxyphenylazo)-2.4,6-trihydroxybenzene. These early
multivalent models had the ability to form brightly colored, cross-linked precipitates
with antibodies directed against the appropriate and homologous carbohydrate
determinants (Fig. 6).%°

Through the years, the development of transition metal-catalyzed methodologies,
notably involving cyclotrimerization and Sonogashira or Heck cross coupling, has
paved the way for rapid and efficient access to aryl glycoclusters with desired and
controlled valency.

a. Glycoclusters from Intermolecular Cyclotrimerization.—In 1982, Kaufman
and Sidhu described the one-step synthesis of aromatic cluster glycosides via metal-
catalyzed cyclotrimerization of appropriate acetylenic sugar precursors.’ In this
context, various 2-propynyl 2,3.4,6-tetra-O-acetyl-D-glycopyranosides and their
corresponding thioglycopyranosides have been used to explore and validate the
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FIG. 6. Early (1962) glycoclusters used in quantititative immunoprecipitation of anticarbohydrate
antibodies.®’
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SCHEME 9. Cobalt-catalyzed cyclotrimerization of propargylated glycosides.”

feasibility of this type of benzannulation approach in glycochemistry. Treatment of
acetylenic precursors (29, 64, 65) with the conventional cyclotrimerization catalyst,
dicobalt octacarbonyl, Co,(CO)g, gave a mixture of the corresponding regioisomeric
trimeric glycosides 66 and 67 (Scheme 9). Although the reaction appears to be quite
general, the yields, ranging from 15% to 61%, tend to be markedly influenced by the
nature of the starting material, and the thio analogues afforded poor yields, undoubt-
edly due to poisoning of the cobalt catalyst.

In the same study, the authors also proceeded to the construction of original
“‘octopus-like’” hexakis glycosides, readily accessible from the corresponding bis
(glycoside) monomers (Scheme 10). Thus, cyclotrimerization of 2-butyn-1,4-diyl bis-
(p-p-glucopyranoside) octaacetate (68) gave benzenehexaylhexamethylene hexakis-
(p-p-glucopyranoside) tetracicoacetate 69 in an excellent yield of 95%. The
corresponding thio derivative (70) was also prepared according to similar conditions,
but in lower yield (29%).

Hexavalent glycocluster 74, organized around a hexaphenylbenzene core, has also
been obtained via a synthetic strategy involving diphenol 71, which was coupled with
tetra-O-acetyl-o-D-glucopyranosyl bromide (72) using stannate methodology to fur-
nish divalent glycoconjugate 73 in moderate yield. Its cyclotrimerization under the
standard cobalt-catalyzed conditions gave the desired glucosylated cluster 74 in 40%
yield.

However, these elegant glycosylated nanostructures displayed only weak
biological activity relative to their native glucan elicitor counterparts. Nevertheless,
such glycoclusters provided unique environments for host—guest chemistry of amphi-
pathic molecules owing to their lipophilic core surrounded by a hydrophilic periphery.
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SCHEME 10. Synthesis of *‘glycoasterisk’* using cobalt-catalyzed benzannulation.”

Subsequently, Roy ef al. improved the methodology to provide hexavalent man-
nopyranosides via [242+2]-cycloadditions in the presence of the dicobalt octacarbo-
nyl catalyst by refluxing in 1,4-dioxane for only 2 h (as compared to 21 days for the
mannoside cluster obtained in the previous example).”! Regioisomeric mixtures of
1,2,4- and 1,3,5-isomeric clusters were obtained in 63% yield and in 10:1 molar ratio.
Interestingly, the reaction was general and could be equally applied to several other
saccharides. Prompted by the success of the dicobalt octacarbonyl-catalyzed cyclo-
trimerization, the same group attempted similar reactions with symmetrical and
mannosylated disubstituted alkynes. Under identical conditions as just described,
the corresponding hexamer was obtained in 84% yield. The resulting deprotected
cluster, obtained quantitatively under Zemplén O-deacetylation conditions, was water
soluble and showed excellent cross-linking abilities with tetrameric plant lectins,
indicating that the spatial orientation and rigidity provided by the extended inner
aryl core offers great potential as neoglycoconjugates.”?

A few years later, the same group extended this strategy in order to access
metabolically stable C-glycosyl clusters containing long-arm spacers via a sequence
of transition metal-catalyzed transformations (Scheme 11).°% In this context, cross-
metathesis reactions of various C-glycosyl compounds with alkenes having available
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amine groups were first studied. In particular, a peracetylated C-allyl o-D-galactopyr-
anoside analogue, obtained in 81% yield (95:5, o/f) from the reaction of peracetylated
galactopyranose in the presence of allyltrimethylsilane and BF;.Et,0 in acetonitrile,”*
was coupled to N-(benzyloxycarbonyl)allylamine using 20 mol% of Grubbs’ catalyst
(bis(tricyclohexylphosphine)benzylideneruthenium(IV) dichloride [(Pcy;3),Cl,Ru=
CHPh)] to afford 75 in 45% yield as a single trans isomer. The synthesis of the
desired hexavalent ‘‘molecular asterisk’” was then initiated by transformation of 75
through hydrogenolysis into its amine derivative in 92% yield. The resulting amine
was coupled with p-iodobenzoic acid under peptide-coupling conditions to afford aryl
iodide 76 in 80% yield. The subsequent palladium-catalyzed Sonogashira reaction
between 76 and (trimethylsilyl)acetylene efficiently gave an intermediate which,
upon treatment with tetra-n-butylammonium fluoride (TBAF), gave the corresponding
terminal alkyne 77 in 68% overall yield. With compound 77 in hand, subsequent
Sonogashira cross-reaction was carried out with p-iodophenyl analogue 76 to afford
the key acetylenic dimer intermediate 78 in 73% yield. Finally, the desired cyclo-
trimerized cluster 79 was isolated in 53% yield after treatment of 78 with dicobalt
octacarbonyl in 1,4-dioxane at 60 °C for 12 h. Unfortunately, no biological data
involving this deprotected extended cluster was available.

Following these investigations, Das and Roy first reported a Grubbs’-catalyzed
version of these intermolecular cyclotrimerizations, using 2-propynyl derivatives and
a ruthenium carbenoid catalyst, which thus afforded mixtures of regioisomeric aryl
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mannopyranosides, in ratios similar to those observed with the dicobalt octacarbonyl-
mediated benzannulation but with decreased reaction time and much improved
yields.”> Therefore, 2-propynyl glycosides, including the acetylated o-D-mannopyr-
anoside, -D-galactopyranoside, and lactoside were treated with Grubbs’ catalyst (15
mol%) in dry dichloromethane at room temperature for 12 h. The desired trisubsti-
tuted benzene derivatives were isolated as typical mixtures of 1,2,4- and 1,3,5-
regioisomers (90:10) in 66—75% yields. By contrast, the access to corresponding
hexavalent analogue via cyclotrimerization of disubstituted symmetrical alkynes
was not successful, perhaps because of steric hindrance.

b. Glycoclusters from Cross-Coupling Reactions.—Earlier work in the mid
1990s by several research groups highlighted the formation of cross-linked lattices
induced when multivalent protein receptors were admixed with synthetic carbohydrate
multimers, including dimers.®°7 All of the reported evidence supported the notion that
small-rigidified carbohydrate clusters bearing hydrophobic residues would form stable
complexes. The result of the synthetic efforts as presented here was inevitably the
formation of glycoside clusters wherein the sugar moieties were linked to the side arms
emerging from the central platform through O-, S-, or C-glycosidic linkages.

Based on these observations, Roy et al. proposed efficient synthesis of oligomeric
carbohydrate clusters, named ‘‘sugar-rods,”” by using Sonogashira—Heck—Cassar
(SHC) cross coupling reactions.’!*® In this context, dimeric conjugates of constrained
conformational flexibility, incorporating central hydrophobic aryl residues, were
obtained under standard Sonogashira cross-coupling conditions. Hence, heating a
mixture of protected propynyl glycosides with a p-diiodobenzene core in the presence
of catalytic tetrakis(triphenylphosphine)palladium(0) in a 1:1 mixture of DMF-Et;N
quantitatively afforded the corresponding glycosylated bisethynylene derivative. It is
worth noting that the reaction was effected in the absence of Cu(I) as cocatalyst, thus
preventing the undesired oxidative homodimerization of the propynyl starting mate-
rial (Glaser reaction). This general strategy, compatible with various glycosides and
the usual acetate protecting groups, has also been applied toward the efficient
synthesis of divalent ‘‘rod-like’’ thioglycosides, which represent potential enzyme
inhibitors because of their resistance to enzymatic hydrolysis.”

Sengupta and Sadhukhan adapted this one-step Pd-catalyzed methodology to tri-
and tetra-valent aromatic cores in order to generate multiantennary glycoclusters
(Scheme 12).19° A threefold Sonogashira cross-coupling reaction of propargyl -p-
glucoside 64 with 1,3,5-tribromobenzene (80) in the presence of Pd(dba),, PPhs, in a
1:1 mixture of Et;N and DMF at 60 °C smoothly gave rise to the centrally planar
triantennary glycocluster 81 in 70% isolated yield. The authors also presented an
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SCHEME 12. Pd(0)-catalyzed Sonogashira and Heck cross-coupling reactions leading to glycoclusters.'®

example wherein multivalent glycoclusters could be rapidly assembled via a multiple
Heck reaction strategy. For this purpose, 2-O-acryloyl-1,2:5,6-di-O-isopropylidene-
a-D-glucofuranose (83), derived from alcohol 82, was used with the centrally tetrahe-
dral core tetra(p-iodopenyl)methane (84) under phase-transfer-catalyzed conditions
(Pd(OAc),, BuyNBr, NaHCO3;, DMF) at 80 °C. The resulting tetrahedral glycocluster
85 was obtained in 60% yield.

A few years later, Dondoni et al. extended the Pd-catalyzed cross-coupling strategy
to C-glycosyl compounds, resistant to enzymatic degradation.!?! Dense C-glycosylated
clusters built around benzene as a rigid platform were thereby synthesized via multiple
SHC cross-coupling reactions, using various ethynyl C-glycosyl derivatives and poly-
iodinated benzenes. The limit of this type of conjugation was tested by the use of such
crowded systems as those represented by vicinal polyiodobenzenes and short-arm sugar
acetylenes. The study elegantly and efficiently afforded di- and tri-valent conjugates
from p-diiodobenzene and sym-triiodobenzene, respectively, involving the use of
diversely protected ethynyl glycosides (acetylated or benzylated). In addition, the
deprotection via hydrogenolysis of the clusters generated from the conjugation of
benzylated saccharides afforded the corresponding ethylene-bridged systems, since
the triple bonds were also reduced through this operation. As the use of benzyl-
protected ethynyl C-glycosyl derivatives turned out to be inefficient as reaction partner
in the SHC with the tetraiodobenzene, the desired tetravalent neoglycoconjugate was
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obtained in only moderate yield (49%). Further cross-coupling attempts under opti-
mized conditions and involving hexaiodobenzene failed, affording only the tetraadduct
in 35% yield. Interestingly, O-deacetylation and O-debenzylation, together with the
reduction of triple bonds, yielded highly water-soluble structures.

Biological investigations of these rigid clusters were addressed by André et al., who
described the preparation of lactoside-bearing glycotope bioisosteres having strong
binding affinities to lectins (Fig. 7). According to the optimized Sonogashira condi-
tions already described, and using the required di- and tri-iodinated benzene cores and
per-O-acetylated 2-propynyl lactoside, they obtained divalent (86) and trivalent (87)
glycosides in yields of 90% and 80%, respectively.!®> Complete O-deacetylation
resulted in freely water-soluble clusters in almost quantitative yields.

The relative affinities of these lactoclusters were evaluated in a competitive solid-
phase binding assay, using different labeled sugar receptor as probes, notably the
p-trefoil mistltoe lectin (Viscum album agglutinin, VAA) and three mammalian
galectins having different modes of presentation of their respective CRDs. Prelimi-
nary results indicated that glycoclusters could well surpass the inhibitory capacity of
lactose. Of note is the fact that binding of the two homodimeric proto-type galectins-1
and -7 was not effectively influenced by the presence of multivalent compounds.
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FIG. 7. Di- and tri-valent rigidified lactoside clusters having strong affinity to V. album lectin.'®?
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In fact, only a few of them manifested inhibitory capacity in the range of free lactose,
demonstrating cases of negative correlation between carrier-dependent presentation
of lactose and inhibitory efficiency. However, the trivalent cluster 87 induced the
strongest cluster effect with the chimeric-type galectin-3, with an ICsy of 30.8 uM
(700 uM for free lactose) in contrast to the corresponding divalent lactoside 86. Its
efficiency was independently confirmed by hemagglutination and by in vitro cyto-
fluorometric tumor-cell binding analysis. The trivalent compound was a potent
inhibitor of galectin-3, blocking its binding to native cell surfaces. Finally, these
data underlined the feasibility of galectin-type target selectivity by compound design,
despite the use of an identical headgroup for the synthesis.

c. Persulfurated Glycoclusters.—Recently, two research groups have indepen-
dently described the synthesis of persulfurated glycoclusters, organized around an
aromatic core, that showed interesting lectin-binding activities. in an ongoing research
program to study mannose-binding proteins (MBPs) by the systematic syntheses and
biological evaluation of multivalent glycomimetic inhibitors against bacterial adhesion,
Chabre et al. have described the synthesis via ‘‘click chemistry’’ of dense sulfurated
glycoclusters containing up to 18 peripheral o-D-mannopyranoside residues
(Scheme 13).193 The synthetic strategy employed hexavalent sulfurated scaffolds 88,
initially obtained by thioacetylation of a commercial hexabromomethylated precursor
with potassium thioacetate, which was further functionalized with TRIS derivatives
2-bromoacetamido-tris[propargyloxy)methylJaminomethane (89). This trivalent moiety
was synthesized in an efficient three-step sequence using Boc N-protection of TRIS,
followed by propargylation under basic conditions. Quantitative removal of the Boc
protecting group under acidic conditions and reaction with bromoacetyl chloride led to
precursor 89, which was then treated with hexathioacetate 88 under basic and reductive
conditions to afford the octadecapropargylated dendritic scaffold 90 in excellent yield.
Its treatment with 2-azidoethyl tetra-O-acetyl-a-D-mannopyranoside (33) using ‘‘click
chemistry,”” and subsequent deprotection under standard Zemplén conditions provided
the densely packed cluster 91 containing 18 peripheral mannoside residues. Initial
evaluation against the BclA lectin from Burkholderia cenocepacia by ITC revealed
promising candidate ligands having strong affinities (Chabre ef al., unpublished results).

The second example has been furnished by Sleiman et al., who proposed a new class
of persulfurated, semirigid, radial, and low-valent glycosylated ‘‘molecular-asterisks’’
possessing dual function as ligands and as probes by virtue of the conjugated
electronic system.'% Moreover, these glyco-asterisks could exhibit conformational
preferences for alternating up-and-down patterns around the central core by exposing
the phenylthio groups above and below the plane of the benzene ring, which could be
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potentially useful for optimized ligand orientation (Scheme 14). These glycoclusters
were obtained from the hexaamino persulfurated benzene precursor 92, readily
accessible on a multigram scale by coupling sodium 4-acetamidothiophenolate with
commercial hexachlorobenzene in 1,3-dimethyl-2-imidazolidinone (DMI) and
subsequent deprotection in concentrated hydrochloric acid. Various protected carbo-
hydrates containing terminal carboxylic acid function (93-95) were then introduced
onto the multivalent amino-scaffold, using 2-ethoxy-1-ethoxycarbonyl-1,2-dihydro-
quinoline (EEDQ) as the coupling agent, in yields ranging from 50% to 55%.
O-Deacetylation under Zemplén conditions occurred uneventfully to provide the
hexavalent clusters 99 and 100.

In order to assess their biological activity, the authors investigated their ability to
inhibit the hemagglutination of rabbit erythrocytes by Con A. Results indicated that
the o-glucose asterisk 99 efficiently inhibited hemagglutination at 11 uM,
corresponding to a 60-fold enhancement per sugar relative to methyl o-D-glucopyr-
anoside. A more significant impact was recorded for the «-D-mannoside 100, which
showed one of the best inhibitory potencies reported at a minimum concentration of
89 nM, and hence a greater than 3750-fold increase in relative activity per sugar
compared to methyl «-D-mannopyranoside. Control experiments proved that nonspe-
cific interactions of the scaffold were not responsible for the observed inhibition
effects, which were more probably induced by a powerful cross-linking phenomenon.
In addition, the authors observed a 60-fold amplification of selectivity between the
mannose and the glucose clusters relative to the monovalent compounds. Dynamic
light scattering (DLS) experiments further confirmed the strong aggregating effect of
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Con A by the mannoside cluster at concentrations slightly above the nanomolar range,
according to a mannose-dependent and partially reversible process. Finally, these
results suggested that, rather than an increased avidity for Con A, the unusual potency
of these molecular glycoasterisks was due to an efficient and kinetically controlled
macromolecular assembly that strongly amplified the effect of these low-valency
ligands.

d. Glycoclusters with a Calixarene Core.—Cyclic polyaromatic calix[n]arenes,
owing to their oligomeric nature and shapes that can be tailored by the size of the
macrocycle ring and by the nature of the substituents on the lower rim, are attractive
multivalent scaffolds with controllable valency. Hence, they constitute valuable candi-
dates onto which glycosides can be exposed at the periphery. More particularly and
analogously to CDs, calix[4]arenes blocked in the cone conformation can, to some
extent, mimic a small portion of the multiantennary cell surface, presenting a series of
glycosylated residues on the exterior of a lipophilic cavity. Moreover, the cavity and the
spacers between the upper rim of the calix[r]arenes and the sugar units can be useful for
cooperatively binding molecules in a host—guest chemistry process. In this way, the
inclusion complexes could be directed toward selected biological targets which specifi-
cally recognize the carbohydrate units, with the glycocalix[n]arenes acting as novel
types of site-directed molecular delivery systems. They thus provide a versatile plat-
form of well-defined shape for the construction of more-sophisticated structures,
including neoglycoconjugates that may be named ‘‘calyx sugars.”” Furthermore,
because of their low cytotoxicity, calixarene derivatives have found wide applications
in the biomedical field as enzyme inhibitors, anticoagulant and antithrombotic agents,
antiangiogenic and anticancer, antiviral, antimicrobial, and antifungal products.'®

Since the first examples of lower and upper rim glycocalixarenes were obtained in
1994 by Marra et al.,'® employing the Mitsunobu reaction or copper(I)-catalyzed
glycosylation, the development of efficient synthetic methodologies has allowed the
emergence of several examples of O-, N-, or C-glycosyl calix[n]arenes, and these
have recently been reviewed (101-106, Fig. 8).107-108

Severe drawbacks resulting from the absence of suitable spacer arms and low water
solubility recorded for the first calix[n]arene-glycoconjugates have been overcome
during subsequent years with the use of adapted chemical ligations and suitably
derivatized carbohydrates. As example, 2-thio-x-sialosides have been efficiently
conjugated to a calix[4]arene scaffold via nucleophilic substitution, providing
extended and water-soluble clusters'®” that may exhibit up to 16 dense clustered
epitopes.'!® Wittig olefination,!!!"1!12 Pd-catalyzed Sonogashira cross coupling,'!
click chemistry,''!''> and azide-nitrile cycloaddition''® have also given rise to
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diversified calyx sugars. In addition, efficient introduction of biologically relevant
carbohydrates on calix[n]arenes, through amide'!”
can act as hydrogen-bonding groups) have been described and have afforded elon-
gated nanostructures with tailored spacer arms. These have shown promising applica-
tions as drug delivery systems via host—guest supramolecular chemistry.

Initial exploratory investigations, addressed by Dondoni ef al. in the late 1990s,
have highlighted the ability of calyx sugar 101 to recognize such neutral and charged
molecules as D-glucosamine hydrochloride and tetrabutylammonium dihydrogen-
phosphate, and showing interesting potential as receptors of phosphate or phospho-
nate-bearing molecules of biological relevance.

The same group then synthesized thiourea-linked upper rim calix[4]arene glyco-
conjugates with exposed two or four glucose, galactose, and lactose units, and they
further investigated the recognition properties of these glycocalixarenes, together
with their interactions with specific lectins.'?* Solution '"H NMR and electrospray
ionization-mass spectrometry (ESI-MS) experiments demonstrated their anion-recog-
nition properties, enhanced with the presence of an aromatic ring in the guest, whereas
turbidimetric analysis indicated the ability of the glycoclusters bearing four peripheral
glucosides and galactosides to interact with Con A and with peanut lectin, respec-
tively. These combined features made these new glycoclusters attractive as possible
site-specific molecular delivery systems. Higher valency analogues, such as gluco-
sylthioureidocalix[6]- and calix[8]arenes were further investigated.'>* Supramolecu-
lar studies suggested the formation of self-assembled small discoid-like particles in
water (3—10 nm in size), in equilibrium with the monomeric macrocycle, which
ideally could exhibit a working valency much higher than when compared with that
of the monomeric species. Turbidimetric measurements and atomic force microscopy
(AFM) assays indicated strong interactions with Con A, especially for the octameric
glycoconjugate, causing agglutination with the formation of large supramolecular
entities, which progressively evolved toward precipitation because of the extensive
lectin cross-linking.

Besides these preliminary studies that have demonstrated the interesting potential
of these calyx sugars, recent applications have afforded striking and concrete results.
In 2005, elegant work disclosed from combined efforts of the Ungaro and Bernardi
groups has described the synthesis of a divalent cholera toxin (CT) glycocalix[4]arene
ligand (109) having higher affinity than the natural GM1 oligosaccharide 107
(Fig. 9).!2% The bacterial CT is produced by toxicogenic strains of the gram-negative
bacillus Vibrio cholerae, the causative agent of cholera, the life-threatening acute
diarrhea, that mainly affects third-world populations. This heterohexameric ABs
complex is composed of structurally independent, catalytically active heterodimeric

or thiourea linkages'!8~!2! (which
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FIG. 9. Divalent GM1 mimic having high affinity against cholera toxin.'**

A (CT-A, enzymatic) and homopentameric B (CT-B, targeting) subunits. This last
moiety effects recognition and anchoring to the cell membrane. With 80% sequence
homology in common with the heat-labile enterotoxin secreted by some strains of
the E. coli bacterium (LT), their mode of action remain similar: both toxins exploit
the intrinsic complicated trafficking mechanisms of the host cells to gain access to the
cytosol, where they exert their detrimental activity. As a prelude to the infection, once
in the lumen of the gastrointestinal tract of the human host, the toxins recognize the
receptor ganglioside GM1 [fGall—3GalNAcl—4(aNeuSAc2—3)pGal(1—4)p
Glcl—1Cer] (107 with an ICsg of 14 nM for CT)) on the surface of epithelial cells
through the B subunits arranged in a pentameric pattern which trigger endocytosis. 2%
Acute structural studies and biochemical data concerning the fundamental interaction
of GM1 with CT demonstrate the critical role of the two sugars at the nonreducing end
of GM1, namely galactose and sialic acid. Taking these specific structural properties
into consideration, the rational design of artificial receptors for the toxin as monova-
lent or multivalent ligands has been envisaged.'?” While preparation of the ganglio-
side GM1 represents a tedious synthetic challenge, one of the strategies of impeding
CT-B/GM1 interactions concerns the design and synthesis of functional and structural
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mimics of the natural CT membrane receptor GMI. In this regard, Bernardi et al.
described the synthesis of pseudosugar GM1 mimics, designed using molecular
modeling techniques and presented as high-affinity binders of CT, including the
second-generation conjugate 108, having a Kp, of 190 uM.!28

In this context, divalent presentation of this promising candidate has been investi-
gated by the authors using the fixed cone conformation of calix[4]arene to allow
introduction of the molecules onto the upper rim, and their projection into the same
portion of space, thus mimicking, to some extent, a small portion of the natural cell-
surface ganglioside. The synthesis of the divalent neoglycoconjugate was based on
initial functionalization of the corresponding diacid with an aminated spacer and
further introduction of squaric acid moieties.

The interaction of the deprotected cluster 109 with CT was studied by fluorescence
spectroscopy, which indicated that, together with ELISA assays, the ligand displayed
a higher affinity for CT (ICsy = 48 nM) than the natural GM1 oligosaccharide under
the same conditions (IC5y = 219 nM). An exceptionally high-affinity enhancement
relative to that for the monovalent ligand 108 was thereby obtained, roughly 4000-
fold (namely 2000 per sugar mimic). Although complementary detailed thermody-
namic analysis is needed to determine the precise role of multivalency in this
particular system, the result constituted another striking example highlighting the
advantageous utilization of calixarene scaffolds together with the use of a
glycomimetic.

Subsequently, Kfenek et al. proposed a series of calixarenes substituted with 2-
acetamido-2-deoxy-f-p-glucopyranose (GlcNAc) directly linked by a thiourea
spacer, and tested their binding activity to heterogeneously expressed activation of
C-type lectin-like receptors of the rat natural killer (NK) cells NKR-P1, and the
receptor CD69 (human NK cells, macrophage).!?° NK cells are important compo-
nents of the innate immune response against tumors and early protection against
viruses and other intracellular pathogens. Interestingly, high-affinity carbohydrate
ligands for both major activating receptors, NKR-P1 and CD69, have been found.
More particularly, GIcNAc was recognized as a high-affinity receptor in this study.
Furthermore, multivalency through multiantennary, branched GlcNAc-containing
structures was found to be crucial for a highly specific recognition and binding
event to NKR-P1 and CD69 receptors in vitro. Hence, this study was initiated to
determine differences in the binding capability of calix[4]arene-based glycoconju-
gates to recombinant receptors, as well as their effects on proliferation and cytotoxic
cell-effector function. Results indicated that, in the case of NKR-P1, the binding
affinity of f-pD-GlcNAc-substituted calixarenes carrying two or four sugar units was
comparable to that observed with known linear chitooligomers. The influence of



206 Y. M. CHABRE AND R. ROY

GlcNAc substitution of the calixarene skeleton on binding affinity for CD69 receptor
was more profound, and the corresponding tetravalent cluster containing thiourea
functionalities displayed very potent inhibitory activity, with —logICsq as high as 9.3,
making it one of the best ligands for this receptor. The use of glycoconjugates with
lower valency led to a dramatic decrease of the binding activity. In addition, the
immunostimulating activity of the tetravalent glycoconjugate indicated a proliferation
and stimulation of natural cytotoxicity of human peripheral blood mononuclear cells
(PBMC) at concentrations of 10~ and 10~8 M, as observed for lipopolysaccharide.
Moreover, at these concentrations, it induced an increase in the spontaneous death of
tumor targets. Generally, calyx sugar derivatives were superior to the corresponding
dendritic PAMAM-GIcNAcg analogues (see next).

The synthesis of a novel anticancer vaccine candidate built on a nonpeptidic
scaffold, in which a cluster of four S-linked Tn antigen glycomimetics (S-Tn) was
conjugated to an immunoadjuvant moiety, trihexadecanoyl-S-glycerylcysteinyl-ser-
ine (P5CS), through a calix[4]arene scaffold has been described.!° The glycomimetic
S-Tn antigen was chosen as antigenic determinant because of its higher metabolic
stability and capability to determine the maximal immunostimulating activity of a
construct at lower doses with respect to the natural O-Tn analogue.

Preparation of the calix[4]arene platform started from disymmetrical 25,26,27-tripro-
poxy-28-hydroxy-p-tert-butylcalix[4]arene (110), which reacted with ethyl bromoace-
tate in the presence of NaH to furnish ester 111 quantitatively (Scheme 15). Direct
replacement of the rers-butyl groups via aromatic nitration afforded the nitrocalixarene
derivative which, upon subsequent reduction with H, at atmospheric pressure using Pd-C
catalyst, afforded the amino analogue 112. Afterwards, four Boc-glycine spacers were
efficiently introduced into the upper rim of the macrocycle, via standard amide coupling
in the presence of PyBOP and DIPEA. Saponification (aq. KOH, THF) of the ester group
led to intermediate 113, containing a single carboxylic acid functionality in the macro-
cycle lower rim, for amidation to the P;CS immunoadjuvant unit leading to 114. Removal
of the Boc group with TFA and coupling of the S-Tn acid derivative 115 with HOAt/EDC
in dry DMF allowed the formation of the targeted conjugate 116.

Thus, in the designed construct, the four S-Tn antigen units were linked covalently
through the glycine spacers of the calix[4]arene. Three propyloxy groups and one
pendant P;CS unit at the narrow rim block the synthetic core in a rigid cone-shaped
conformation, ensuring the preorientation of the antigenic units on the same side with
respect to the median plane of the macrocycle. The all-syn orientation of Tn antigens
was crucial for better mimicking of the cancer cell surface, while the presence of a
glycine spacer should avoid steric hindrance and ensure flexibility, both advantageous
in the antigen—immune system interaction.
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The authors evaluated the immunogenicity of the tetra-Tn construct 116 in mice by
using a monovalent glycoconjugate 117 as reference compound. The aim was to
investigate the role of the cluster effect in amplifying the antibody production with
respect to a single presentation of the Tn antigen unit. In the serum-dilution range
considered, mice immunized with tetramer 116 showed a substantial and significant
production of antibodies. Even when the concentration of monovalent compound was
increased fourfold with respect to the parent monovalent derivative 117, the reactivity
elicited by the clustered construct was significantly higher. These data clearly showed
that a cluster effect provoked the higher immunostimulating activity of the tetravalent
cluster as compared to the monovalent analogue. The authors thus presented still
further convincing evidence for a vaccine candidate built on a nonpeptidic platform
that induces a more-effective immune response due to the cluster effect and presenta-
tion in an optimized arrangement of Tn antigens. The rigid calix[4]arene scaffold was
claimed to properly mimic the mucine surface encountered in vivo.

In a later investigation, a set of 14 calix[n]arenes (n = 4, 6, or 8) having thiourea-
linked galactose or lactose moieties were prepared to analyze their reactivity toward the
reference plant lectin from VAA relative to three human galectins (galectins-1, -3, and
-4).131 Despite their high degree of flexibility, the calix[6,8]arenes generally proved
especially effective for the plant AB-toxin. In the solid-phase model system involving
VAA lectin and using the absorbed glycoprotein asialofetuin (ASF), the inhibitory
potency of the hexa- and octavalent galactoside clusters were 5 and 8 uM, respectively,
corresponding roughly to a 100-fold enhancement as compared to free galactose. As
demonstrated with solid-phase and cell-binding assays, clustering on macrocycles was
also particularly effective toward galectin-4. In fact, among the human lectins, different
response patterns were registered, the tandem-repeat-type galectin-4 reacted very
sensitively to the presence of these test compounds. The ICs, value for the lactoside
cluster was lowered by a factor of 300-fold relative to the free sugar, when calculating
the sugar concentration in the assay. These bioassays underlined clear intergalectin
differences and dependence of inhibition on the conformational properties of the calix
[n]arenes scaffold, as well as on the shape and valency of the glycoclusters.

e. Glycoclusters with Porphyrin Cores.—The attachment of saccharide compo-
nents to porphyrin macrocycles gives rise to various derivatives termed glycopor-
phyrins, which might become of great importance for medicinal and other
applications, such as catalysis and molecular recognition.

Since the pioneering synthesis of this type of glycoconjugate first described by
Maillard et al. in the late 1980s via condensation of 2-formylphenyl tetra-O-acetyl-f3-

p-glucopyranoside with pyrrole,'32 improved synthetic methodologies have generated
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highly promising water-soluble glycoconjugates showing potential as photosensiti-
zers (PSs) in photodynamic therapy (PDT),!3? or as antibiotics,'** antiviral agents,'?>
and drug sensors.!3°

Interestingly, despite the fact that carbohydrate and porphyrin derivatives consti-
tute two groups of naturally occurring compounds of great significance to all existing
organisms, only a few examples of natural glycoporphyrins are known. Tolyporphin
A 118, isolated from the blue-green alga Tolypothrix nodosa, whose total synthesis
has been reported,'3”-!138 and the chlorophyll c,-monogalactosyldiacylglyceride 119, a
derivative isolated from Emiliana huxleyi, are two examples of natural glycopor-
phyrin-like derivatives (Fig. 10).

The biological significance of glycoporphyrins, their limited natural occurrence,
and their widespread applications have made the availability of such compounds a
scientific challenge for several research groups. Synthetic approaches have consisted
in the direct glycosylation of prefunctionalized porphyrins or chemical synthesis from
suitable glycoconjugates precursors.

Two general approaches have thus been used to access glycoporphyrins.!'3° The first
is based on Lindsey’s method involving the coupling of pyrroles or dipyrromethanes
with glycoaldehydes species through acid-catalyzed condensations, followed by
oxidation of the reaction mixture, for instance with 2,3-dichloro-5,6-dicyanobenzo-
quinone (DDQ) (Fig. 11).132 By this strategy, O-,'4%141 C-, and S-linked glycosyl
compounds'4? can be obtained, and have been examined in detail.'*? Interestingly,

higher valency glycoporphyrins can be obtained by following the pyrrole—aldehyde

condensation strategy, generating O-glycosylated porphyrin dimers possessing ether
144

linkages.

118, Tolyporphin A 119, Chlorophyll c,-monogalactosyldiacylglyceride

FIG. 10. Natural glycoclusters bearing a porphyrin core.
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OH

FIG. 11. Sugar aldehydes condensed directly on pyrrole derivatives by Lindsey’s chemistry.

The second methodology involves direct introduction of glycosylated moieties onto
a suitably functionalized meso-arylporphyrin scaffold, accessible from a natural
source (protoporphyrin-IX) or by total synthesis. Several O-,'33:145.146 §_147 anq
N-glycoporphyrins!#® (125-129) have thus been prepared (Fig. 12). Moreover, in
order to explore the influence of the clustered peripheral saccharides around the
porphyrin scaffolds, and to evaluate their photophysical properties, the synthesis of
dodecavalent porphyrins bearing four trivalent glycodendrons via amide ligation
(129) has been achieved.'*°

PDT is certainly the most promising application for this kind of neoglycocluster. Its
concept is based on the concentration of PS in target cells and upon subsequent
irradiation with visible light in the presence of oxygen, leading to specific destruction
of the target cells or tissues. There is general agreement that the principal mechanism
whereby cell destruction occurs involves the disruption of the cellular, mitochondrial,
or nuclear membranes by singlet oxygen ('0,) generated by the action of the PS.!'>°
Photofrin®, the first PDT formulation introduced, has been approved in several
countries including USA, Canada, Netherlands, France, Germany, and Japan for
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H,cooc COOCH,

FIG. 12. Glycoconjugates incorporated on porphyrin scaffolds.

treatment of bladder, esophageal, gastric, cervical, and lung cancers, and several other
diseases. Although Photofrin® is effective against a number of malignancies, it is
not an ideal PS because of the lack of a well-defined structure, its weak absorbance in
the red region of the visible spectrum and the long-lasting skin photosensitivity
induced. Mainly because of these drawbacks, several other derivatives have been
synthesized with the required peripheral substituents, such as carbohydrate residues to
control water solubility, biodistribution, pharmacokinetics, and affinity—selectivity
for cancer cells.'*>'%” Hence, glycoconjugation can advantageously modify the
amphiphilic—lipophilic balance of macrocycles and can favor specific interactions
of the resulting conjugates with the lectin receptors usually overexpressed in certain
malignant cells. Glycoconjugation may thus be a potentially effective strategy for
targeting PS toward tumor cells and allow a more efficient and selective PDT
treatment. To illustrate this concept, some recent studies leading to efficient
glycosylated PS are presented later.
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Five novel diethylene glycol (DEG)-linked O- and S-galacto or manno-conjugated
m-tetraphenyl porphyrins have been prepared and their biological and photobiological
properties investigated in vitro against a human retinoblastoma cell line (Y79).!33
Preliminary studies established that human retinoblastoma cells express sugar recep-
tors that exhibit a preferential affinity for galactose and mannose residues.'!

The precursor 5,10,15-m-tri(p-phenol)-20-phenylporphyrin (130) was used for
synthesis of all of the glycoconjugates studied (Scheme 16). The trivalent O-glyco-
sylated DEG porphyrins 132a (f8-Gal), 132b («-Gal), and 132¢ (2-Man) were obtained
by treating 130 with the requisite bromo-substituted glycosides (131), followed by
deprotection under Zemplén conditions, with yields ranging from 22% to 50% over
two steps. The corresponding thioglycosylated porphyrin analogues 132d (f-Gal) and
132e (2-Man) were obtained according to a slightly modified strategy involving the
preliminary synthesis of the bromo-substituted porphyrin glycol 133 via standard
Williamson etherification and final introduction of peracetylated 1-thioglycopyra-
noses 134 under basic conditions, with improved overall yields of 62—75%.

The amount of PS taken up by the Y79 retinoblastoma cells was first determined by
fluorescence intensity measurements (reflecting the internalized drug concentration)
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SCHEME 16. Galacto- and manno-substituted tetraphenyl porphyrins used for PDT against human
retinoblastomas.'**
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using flow cytometry. The results indicated efficient internalization of the glycocon-
jugates, preferentially in the membranes of all cytoplasmic organelles, with the extent
of uptake dependent upon the nature of the sugar component, its anomeric configura-
tion, and the linker used. An increase in the spacer length linking the tetrapyrrolic ring
and the sugar moiety resulted in higher cellular uptake in the case of 132a (O-f-Gal),
132d (S-f-Gal), and 132¢ (O-0-Man), while a considerable decrease in drug internal-
ization was observed for 132b (O-a-Gal). Hence, these results highlighted the impor-
tance of the amphiphilic/lipophilic character of these clusters, indicating that high
lipophilicity led to low cellular uptake. The binding affinity toward the sugar-specific
receptors on Y79 cells has also been investigated by examining a possible competition
effect between the glycoporphyrins and the corresponding glycosylated albumin,
indicating inhibition of uptake values of 40—45%, possibly due to cell-sugar-receptor
saturation. In addition, their phototoxicity in darkness, evaluated by measurements of
the cell survival fraction, was found to be negligible in all cases. High photoactivity
was observed for the two a-galacto—manno porphyrins 132b and 132¢ (LDsq = 0.05
and 0.35 uM, respectively) at 514 nm and low fluence (1 J/cm?). In addition,
glycoporphyrins can also exhibit possible cell-membrane interactions that can affect,
for instance, the plasma lifetime of a particular drug.

Promising results have been obtained for both compounds 132b and 132c¢ since
each one showed high in vitro photobiological activity in human retinoblastoma cells.
Very low doses of the drug associated with low light intensities were sufficient to
observe a marked effect. Moreover, both compounds undergo only very limited
cellular metabolic degradation.

The same group further investigated the in vitro phototoxicity in order to determine
the influence of different structural parameters.'? Despite lower photodynamic
activity than that observed for hydroxylated PSs (in particular the common Foscan®
or Temoporphyn®), glycoconjugates displayed phototoxicity against Y79 cells hav-
ing significant intrinsic cytotoxicity. These results confirmed that the photoactivity
could be strongly modulated by the presence of a DEG spacer between the chromo-
phore and the glycoside, and by the anomeric configuration of the sugar. Trivalent
a-O-galactosylated porphyrin 132b was determined to be a better candidate than
® in the clinical application of PDT for conservative therapy of
retinoblastomas.

A second example has been addressed in which the synthesis and potential appli-
cation of a series of neutral O-glycosylated porphyrin dimers and two original
O-glycosyl cationic dimers were examined in PDT. In order to understand the
influence of the number of glycosyl moieties, the spatial geometry and the ionic
character on their photodynamic activity was evaluated.'** The in vitro results

Foscan
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concerning their photocytoxicity against K562 human chronic leukemia cells com-
pared favorably with those of the common PS Photoprin II®.

Two strategies for preparation of neutral and monocationic porphyrin models were
used. The presence of a spacer arm directly attached to the meso phenyl position of the
porphyrins gave access to a series of dimers with different substituents on the meso
position and with different geometries.

Neutral bisporphyrins were synthesized according to Lindsey’s methodology,
namely the coupling of pyrrole with p-formylphenyl 2,3,4,6-tetra-O-acetyl-f-p-glu-
copyranoside and o- or p-hydroxybenzaldehyde with controlled stoichiometry and in
the presence of BF;.Et,O as catalyst (Scheme 17). Subsequent oxidation of the
porphyrinogen intermediates with p-chloranil gave porphyrins 135a and 135b in
5% and 7% yields, respectively. Treatment of 135a or 135b with an excess of 1,3-
diiodopropane (K,CO5;, DMF, reflux) afforded derivatives 136a or 136b in 80-85%
yields, respectively. Dimers 137a and 137b were formed by the reaction of 136a or
136b with the monohydroxylated precursors 135a or 135b via nucleophilic substitu-
tion, followed by O-deacetylation under modified Zemplén conditions. The analogous
triglycosylated bisporphyrin 139 was similarly obtained from 5-(4-hydroxyphenyl)-
10,15,20 tristolylporphyrin (138).

An elegant synthesis of a monomeric porphyrin intermediate bearing one pyridyl
and three glycosyl units, precursor of cationic dimers, has also been described
(Scheme 18).'>3 Thus pyrrole, p-formylphenyl 2,3.4,6-tetra-O-acetyl-f-D-

1) 135a or 135b, K,CO, , DMF
reflux, 24h.  50-54%

2) MeONa/MeOH, DCM
[
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1) 138, K,CO,, DMF
reflux, 24h. 45%

2) MeONa/MeOH , DEM
rt,1h

SCHEME 17. Tri- and hexavalent glucosylated porphyrins prepared by Sol et al.'**
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1) 141, DMF
reflux, 48h., 17%
-

2) MeONa/MeOH
DCM, rt., 1h., 68%

1) 136b, DMF
reflu, 48h.  16%

2) MeONa/MeOH, DCM
rt 1h 71%

SCHEME 18. Synthesis of glucosylated porphyrins bearing cationic head-groups.'>>

glucopyranoside, and pyridine-4-carboxaldehyde were added to propanoic acid to
provide the expected intermediate 140 in 7% yield. Condensation of 140 with the
elongated analogue 141 of 136b in DMF using potassium carbonate afforded adducts
in 17% and 16% yields which, following sugar deprotection, provided monocationic
dimers, 142 or 143, respectively.

The authors first determined the partition coefficients of the deprotected bispor-
phyrin conjugates in order to evaluate their lipophilic character. Both triglycosylated
conjugates 139 and 142 were found to be more lipophilic than 137a,b and 143. Next,
studies concerning their photosensitizing properties, consisting in trapping reactions
of 'O, with ergosterol acetate, indicated production of 'O, in very high yield,
comparable to the reference hematoporphyrin (HP). Their in vitro photocytotoxicity
was then evaluated against the K562 leukemia cell line. The amphiphilic character
was found to be an essential factor for efficient PDT, since the amphiphilic triglyco-
sylated dimers 142 and more particularly neutral 139, were found to be more active,
with a quasi-similar activity to Photofrin® for 142 after 120 min of irradiation,
inducing 70-80% cellular death, probably through apoptosis. In addition, it has
been shown that the presence of the glucosyl residues on the same side of the dimer
conjugates was crucial for optimal activity.

A final illustration of the biological potential of glycoporphyrins has been provided by
Ballut ef al., who described their incorporation into a dimyristoyphosphatidylcholine
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(DMPC) liposome membrane and measured the interaction of the resulting conjugates
with Con A lectin.!>* In this context, the authors designed a new family of glycoconju-
gated PSs bearing only one glycodendron moiety, with variable length for the spacer
linking the carbohydrates to the porphyrin scaffold, on the para position of one meso-
phenyl group (Fig. 13). Briefly, the Cbz-glycine spacer was introduced via peptide
coupling onto the amino function of a trivalent precursor, followed by deprotection of
the three terminal carboxylic acid functions of the scaffold and subsequent introduction
of aminoethyl o-D-mannopyrannoside derivative through amide ligation. The suitably
functionalized aminodendron (after Cbz-hydrogenolysis) was then coupled to 5-benzoic
acid-10,15,20-triphenyl porphyrin through an amide linkage, which after standard O-
deacetylation afforded the trivalent glycoporphyrins 144 and 145 in good overall yields.

In order to evaluate the conditions of incorporation of compounds 144 and 145 into
a liposome membrane, the two derivatives were mixed with DMPC in a 1:1 ratio and
the mixtures were spread at the air—water interface. Interestingly, incorporation of the
elongated conjugate 145 in DMPC induced the formation of larger vesicles than the
phospholipid ones (diameter of 218 vs. 185 nm) while compound 144 mixed poorly,
leading to smaller and less stable vesicles probably because of repulsive interaction
between sugar moieties in the vicinity of the phospholipid headgroups. Moreover, 1 h
of contact between the mixed liposome containing 145 and Con A, led to a dramatic
increase of the vesicle diameter (up to 2510 nm) and polydispersity was observed.
These striking results were postulated to originate from the long spacer, which would
increase the mobility of the mannoside moieties and thus facilitate their interactions
with the lectin. In addition, the existence of Con A dimers and tetramers at the pH
studied, allowed lectin interaction with more than one porphyrin molecules possibly
borne by different liposomes. Such multiple interactions would lead to the formation
of a network of vesicles bridged by Con A molecules, resulting in a dramatic increase

FIG. 13. Mannosylated prophyrin clusters prepared by Ballut et al. for liposome preparation.'>*
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in their apparent size. Such liposomes bearing glycodendronized phenylporphyrin
could constitute an efficient carrier for drug targeting in PDT.

f. Other Aromatic Glycoclusters.—Clearly, access to other type of clusters has
also been addressed, for instance, by using more conventional glycosylation strategy.
In this context, the synthesis of trivalent -p-galactoside 149 using stercoselective
Lewis acid-catalyzed tris-glycosylation of 1,3,5-benzenetrimethanol (148) with
galactal 147 derived from 146 has been described (Fig. 14).!35 A second example
concerned the synthesis of trivalent clusters (150) containing such disaccharides as
lactoside as ligands for galectin-1 and -3,'5° or the more-complex a-L-Fucp-(1—4)-
p-D-GlcNAc for the inhibition of binding of PAII-L lectin from Pseudomonas aeru-
ginosa,"’ generated by click chemistry between an aromatic tripropargylated core
(derived from trimesyl chloride), and the corresponding glycoside azide. Inhibitory
properties of 20 uM against galectin-1 were observed for the conjugate 150 in HAI
assays. This comprises a 40-fold enhancement as compared to free lactose, and 13.3-
fold on a per-saccharide corrected basis. In addition, more-unusual macrocyclic
scaffolds, such as phthalocyanine (151) have recently emerged to afford dense

glycoclusters for which biological relevance remains to be determined.!8:159

3. Glycoclusters from Carbohydrate Scaffolds

Structurally, carbohydrate derivatives are interesting polyfunctional platforms for
the synthesis of oligosaccharide mimetics or glycoclusters. The possibility of selec-
tive functionalization of the various hydroxyl groups by well-established methodol-
ogies, and control of the relative orientation of the branches by configurational and
conformational bias, makes these ‘‘full-carbohydrate glycoclusters’’ ideally suited for
mapping the geometrical requirements for efficient lectin binding.
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In this context, several synthetic strategies for efficient derivatization of various
carbohydrate scaffolds have been described, notably including perallylation of non-
reducing mono- or di-saccharides and subsequent ligation of S-glycosides by thioether
linkages through photochemically promoted radical addition.'®® Controlled introduc-
tion of such desired functionalities as hydroxyl or amino from terminal allyl functions
can also permit the construction of glycoclusters through ether,'®! or thiourea linkages
(154-156, Fig. 15).160.162

Systematic studies aimed at evaluating their biological properties against uropatho-
genic E. coli have been initially addressed by measuring the relative affinities of Con
A towards D-glucose-centered mannosylated clusters 152¢ and 152f and their
corresponding analogues, 153, 154, and 155 by a competitive ELLA assay.'®
Hence, the known allyl 2,3,4,6-tetra-O-allyl-o- and -D-glucopyranosides were cho-
sen as the core building-blocks for the preparation of pseudosymmetric penta-
branched derivatives. The versatile reactivity of the terminal alkene has been
exploited in different ways to produce glycoclusters exhibiting a variety of linking
functional groups, such as thioether, ether, and thiourea. With this strategy, the
higher-valent D-glucose-centered glycocluster 155 containing 15 peripheral epitopes
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has also been obtained. The ICsq values of the pentavalent clusters 152¢ and 152 (27
and 31 pM, respectively) were indicative of strong Con A affinity relative to the
reference methyl «-bD-mannopyranoside, corresponding to a 6.4 and 5.5-fold enhance-
ment on a per mannoside basis. A tetravalent analogue (153) containing an aglyconic
oxygen atom presented identical avidity, indicating that multivalent presentation
through four branches is sufficient to elicit a cluster effect. In sharp contrast, replace-
ment of the 1-thiomannose wedges with ¢-D-mannopyranosylthioureido units virtu-
ally abolished any multivalent or statistic effects, along with a dramatic decrease
of binding affinity. Alternatively, the 15-valent ligand 155, possessing classical
O-glycosidic linkages, was a very efficient inhibitor of the Con A—yeast mannan
association (ICs of 18.5 uM). However, the valency-corrected relative potency was
about one-half that of the pentavalent derivatives. Those results illustrated the poten-
tial of carbohydrates as multivalent scaffolds for glycocluster synthesis and under-
lined the importance of careful design of the overall architecture in optimizing
glycocluster recognition by specific lectins. As mentioned in the introduction, the
TRIS scaffold is NOT optimized for simultaneous binding without the utilization
of elongated spacers that allow several lectins to bind the maximum accessible
sugar ligands.

In contemporary studies, several others multimannoside glycoconjugates based on
carbohydrate scaffolds have been similarly constructed using ‘‘click chemistry.”” The
construction of these multivalent glycoclusters involves first the introduction of
propargyl or azide functionalities on such mono- or oligo-saccharides as maltoside
or maltotrioside as central cores and subsequent reaction with glycosylated ligands
containing the complementary functionality (157-159, Fig. 16).163.164

A remarkable example of a biologically relevant D-glucose-centered glycocluster
has been achieved by Kitov et al., who designed an oligovalent, water-soluble
carbohydrate ligand named STARFISH having subnanomolar inhibitory activity
toward Shiga-like toxin I (SLT-I).?* Shiga toxin (Stx) and Shiga-like toxins (SLTs
or VTs (Verotoxins) are ribosome-inactivating proteins that act as N-glycosylases,
cleaving several nucleobases from the RNA, and thereby halting eukaryotic protein
biosynthesis. Infection by bacteria that produce SLTs results in serious gastrointesti-
nal and urinary tract disorders, and is known to cause a potentially lethal disease, the
hemolytic uremic syndrome (HUS), that may result in kidney failure. Stx is produced
by Shigella dysenteria, whereas SLTs are produced by the Shiga toxigenic group of
E. coli (STEC), including serotype O157:H7 and enterohemorrhagic E. coli (EHEC).
The E. coli toxins can be further divided into SLT-I and SLT-II having conserved
structures in the binding sites, and the SLT-II edema variant (SLT-Iie). Like CT, SLTs
belong to a family of bacterial enterotoxins harboring a hexameric ABj5 structure,
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FIG. 16. Multivalent glycoclusters built around saccharide scaffolds using *‘click chemistry.”'6%164

where A denotes a cytotoxic enzyme located above the center of one face of the
Bs-subunit, which represents a symmetrical homopentameric lectin-like carbohy-
drate-recognizing complex having a doughnut shape that facilitates delivery and
entry of the A component into the cell of the host.'% The SLT-I is virtually identical
both in structure and mechanism of action to the toxin expressed by S. dysenteria,
having similar B-subunits and differing only in one residue (Ser45 vs. Thr45) in their
A-subunits. The in vivo receptor of Stx and SLTs is the trisaccharide portion (P¥) of
the neutral glycolipid, globotriosylceramide (GbOse; or Gbs, aGal-(1-4)fGal(1-4)
PGlc(1-1)ceramide), present in greater amounts on the surfaces of kidney glomerular
endothelial cells, to which the renal toxicity of Stx may be attributed (Fig. 17).
When the crystallographic structures of the protein or carbohydrate-ligated proteins
are known, it is possible to model multivalent oligosaccharide inhibitors. As men-
tioned, the SLTs possess five noncovalent B-subunits per molecule and each subunit
presents three carbohydrate-binding domains. Therefore, oligovalency *‘tailored’’ to
the structure of the B-subunit pentamer offers the best opportunity for designing
higher affinity inhibitors, as 15 binding sites are symmetrically arranged across the
toxin surface that engages the cell membrane. Thus, highly selective, potent binding
of SLTs to Gbs is mainly attributed to the multiple interaction of the B-subunit
pentamer with the trisaccharide moiety on Gbs. On the basis of these facts, several
SLTs antagonists in which this trisaccharide moiety was combined using various
dendritic core structures have been reported. Among these, the foregoing study in
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particular afforded spectacular results and effectiveness in neutralizing SLTs infec-
tion. Hence, the use of the crystal structure of the Bs subunit of E. coli 0157:H7 SLT-
IB in conjunction with an analogue of its carbohydrate receptor allowed the design of
tailored multivalent glycocluster 160 bearing 10 peripheral functionalized P* resi-
dues. Structurally, this decavalent cluster, named STARFISH, comprised a radially
symmetrical star-shaped carbohydrate backbone (D-glucose) with pairs of Gbj trisac-
charides at the tip of each arm, ideally spaced and oriented to be simultaneously
engaged by each the B-subunits and thus to permit pentavalent interaction with SLTs.
To achieve this display of tethered ligands, a glucose molecule was chosen as the
central core for adequate pentavalent presentation, via its derivatization as pentaallyl
ethers, free-radical reaction with thioglycolic acid, and subsequent chain elongation
of the radial arms. Each of them was designed to span ~ 30 A from the central core of
the toxin and the tether was adapted to bridge binding sites 1 and 2 on each B-subunit.
ELISA and solid-phase inhibition assays indicated the highest molar activity of any
inhibitor reported, with subnanomolar inhibitory activity against STL-I and II (ICsq of
0.4 and 6 nM, respectively), thus being 1-10-million-fold higher than that of mono-
valent ligand. Furthermore, the ability of the inhibitors to protect host cells against a
lethal dose of SLT-I in culture could be determined by using Vero cells. Cytotoxicity
assays indicated that STARFISH inhibitor 160 provided effective protection of Vero
cells cultured in the presence of SLT-I (ICsq of 1.19 uM) and SLT-II (IC5q of 1.58
uM), even over a 2-day coincubation period. Interestingly, the crystal structure
showed that one STARFISH molecule bound to not just one but to two B-subunit
pentamers. Instead of binding sites 1 and 2, the tethered PX-trisaccharides of STAR-
FISH bound to two B-subunit monomers from separate toxin molecules. As, in the
experiment, the concentration of STARFISH was sufficient to form a 1:1 complex, it
was suggested that the formation of a 2:1 sandwich must be thermodynamically
favored, as for the CT. Extended investigations have been made by the same group
in order to circumvent the differentiation of SLT-I and SLT-II during biological
studies. In fact, STARFISH 160 protected mice when it was injected subcutaneously
in admixture with a lethal dose of SLT-I but not SLT-II, and it also reduced the
distribution of 23I-STL-I but not '?*I-STL-II to the murine kidney and brain. Modifi-
cation of the nature and length on the linkage between the oligosaccharide component
and the backbone (thereby increasing the flexibility of the tether) was then necessary
to protect against the more-toxic SLT-II.!6°

Despite a considerable decrease in its inhibitory activity in the solid-phase inhibi-
tion assays (with an ICsy of 300 nM, corresponding to a ~50-fold increase compared
with 160), an equivalent decrease in performance of the so-called DAISY (161) in the
more challenging SLT-I and SLT-II verocytotoxicity-neutralization assays was not
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FIG. 18. A variant of the STARFISH 10-mer in which the P* antigen is linked to the central glucose core
at the anomeric position,'®®

apparent (Fig. 18). Subcutaneous injection of 161 protected mice against oral chal-
lenge with SLT-I and also STL-II-producing STEC. Interestingly, 161 did not inter-
fere with the ability of the murine immune system to produce SLTs-specific
protective antibodies.

The class of well-defined biocompatible CDs also provides an interesting alternative
for construction of carbohydrate-centered clusters. This nonimmunogenic scaffold
combines unique structural features, such as high symmetry and a truncated
cone-shaped hydrophobic cavity, which can be exploited for efficient and radial
epitope presentation, together with complexation of hydrophobic drugs in their
cavities for targeted drug delivery.!'®” More particularly, perglycosylated CDs
showed much improved ability to form stable complexes with an antitumor
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reagent as compared with the CD itself and they provide one of the most potent
candidates among specific carriers toward drug-delivery systems.

In order to introduce peripheral carbohydrates on these macrocyclic scaffolds, a
variety of selectively functionalized derivatives has been described, often generated
without need for hydroxyl-group protection. Since the first synthesis of perthioglu-
cosylated derivatives of B-CD in 1995,'%® several other groups have described
alternative synthetic pathways for the multifunctionalization of CDs, either on
their primary faces or on both faces simultaneously. Those methodologies, involving
well-documented photoaddition of thioglycosides to polyallylated 5-CD ethers in an
anti-Markovnikov fashion,'®® followed by selective introduction of such reactive
functionalities at the primary positions as iodine,'”%!7! 172
amide,!7? gave rise to a panel of neoglycoconjugates named ‘‘glycoCDs.”” These can
exhibit simple f-p-glucosides (162 and 163) or N-acetyl-p-glucosamines (164)
through ether, thiourea, or amide linkages, or more-sophisticated carbohydrate appen-
dages, such as elongated sialic acids (165)!73 or sialyl Lewis* (166)'7° via thioether
functions (Fig. 19).

Concerning the general biological relevance of glycoCDs, it was demonstrated that
these systems often showed amplified inhibitory effects as compared to their mono-
valent analogues. For instance, the Roy group synthesized a small library comprising
p-p-glucosylated, 3-D-galactosylated, o-D-mannosylated, and N-acetyl-f-D-glucosa-
minated CDs. They evaluated their relative binding properties toward different
natural carbohydrate-binding plant lectins, using both microtiter plate competitive-
inhibition experiments, double-sandwich assays using horseradish peroxidase
(HRPO)-labeled lectins, and turbidimetric assays.'’ In general, all persubstituted
B-CDs showed good to excellent inhibitory properties, together with abilities to cross-
link their analogous plant lectins. Their capacity to anchor both microtiter plate-coated
lectins and their corresponding peroxidase-labeled derivatives further confirmed the
usefulness of these multivalent neoglycoconjugates in bioanalytical assays.

Another example has been provided by Furuike et al. who proposed an efficient
practical synthesis of CD-scaffolded glycoclusters via standard nucleophilic substitu-
tion of iodide from a heptakis(6-deoxy-6-iodo-f-cyclodextrin) precursor by various
unprotected sodium thiolates derived from 3-(3-acetylthiopropanamido)propyl glyco-
sides (Fig. 20).!7> Hence, novel glycoCDs having p-galactose (167), N-acetyl-D-
glucosamine (168), lactose (169), and N-acetyllactosamine (170) residues were
obtained in high yields ranging from 78% to 88%. In order to evaluate the effect of
clustering on the biological potency of these four glycoclusters, the hemagglutination
inhibitory activities were examined by means of wheat germ agglutinin (WGA) from
Triticum vulgaris and Erythrina corallodendron lectin (EcorL), which are known as

amine, and chloroacet-
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N-acetyl-p-glucosamine- and N-acetyllactosamine-specific lectins. As anticipated,
heptavalent GIcNAc-CD (168) showed drastically enhanced affinity against WGA
in comparison with the monovalent analogue, corresponding to a 40-fold enhance-
ment of the inhibitory effect. Similarly, the three other glycoconjugates efficiently
inhibited hemagglutination induced by EcorL, notably compound 170 bearing N-
acetyllactosamine residues, which showed the lowest inhibitory concentration (MIC
of 89.2 uM).

Finally, another remarkable example has been designed in which a variety of
glycoCDs bearing clustered mannosyl ligands were prepared and investigated for
binding toward the tetrameric plant lectin Con A.!7%!77 In this context, the key
template was a 6'-amino-6'-deoxy-S-cyclodextrin,!”® the modified 1,2,3-triaminopro-
pane branching component,'!” and an isothiocyanato-functionalized «-D-mannopyr-
anosyl cluster prepared from TRIS. Coupling of the isothiocyanate derivative and the
amine-functionalized trimannoside and the branching component gave the thiourea-
bridged glycodendrimer—CD conjugates 171. The monosubstituted hexavalent 5-CD
mannocluster showed a strong cluster effect in the inhibition of Con A binding to
yeast mannan, with an ICsq of 10 uM that constituted up to a 22-fold increase on a
molar basis as compared to monovalent derivative. In addition, the CD derivatives
exhibited extremely high water solubility, more than 20-fold higher as compared to
the parent CD (15 mM). Furthermore, the potential utility of such systems in active
sugar-directed drug delivery to specific saccharide receptors on biological surfaces
has been investigated. Thus, the cavity of f-CD was used to carry the anticancer drug
Taxotere, for which the water solubility was greatly improved by the construct. Up to
4.5 and 4.7 g/L of Taxotere was solubilized in 25 mM aqueous solutions of a trivalent
mannocyclodextrin derivative at 25 °C, corresponding to more than a 1000-fold
solubility enhancement as compared to the water solubility of the isolated drug
(0.004 g/L).180

4. Glycoclusters from Peptide Scaffolds

The class of peptide-based glycoclusters constitutes a valuable addition to the
arsenal of glycoconjugates serving as important tools in glycobiology. Their structural
properties allow them to act as mimetics of glycocalyx constituents and permit
presentation of the glycans in particular and optimized orientations. Ideally, an
unnatural peptide scaffold, cyclic or not, might provide much greater design flexibil-
ity than one afforded by the natural sequence. In general, manipulation of the length
and nature of the amino acid sequence of the cyclic peptide provides opportunities for
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designing multivalent ligands that are suitable for different geometric requirements.
Moreover, variation in the number of glycan attachments, as well as the distances
between glycans, together with subsequent introduction of a suitable chemical handle
for conjugation to a carrier protein constitute parameters that could be readily tailored
during the scaffold synthesis.

Although standard chemical processes have been used to access linear bioactive
glycopeptides, 87183 solid-phase synthesis (SPS) constitutes one of the most appeal-
ing synthetic methodologies and has led to a large variety of well-defined glycoclus-
ters grafted onto synthetic peptide platforms. The numerous successes encountered in
the SPS of various peptide-based conjugates, coupled to the ease of preparation and
purification of complex derivatives, have motivated chemists to apply this methodol-
ogy to synthesis of peptide glycoclusters. Hence, linear peptides containing a gly-
cocluster head group (172, 173),'* multivalent cyclic neoglycopeptides including,
for instance, three N-acetylglucosamine residues (174),'8> and multitopic biotinylated
glycoclusters build on a topological cyclodecapeptide template (175-179)'8¢ repre-
sent remarkable illustrations of this powerful and straightforward methodology
(Fig. 21).

Concerning biological investigations, Zhang et al. described the SPS of a pentava-
lent ligand having a cyclic decapeptide scaffold with built-in linkers in order to create
efficient inhibitors for the CT B pentamer.'®” Varying the nature of the flexible amino
acids lacking side chains (such as lysine, y-aminobutanoic acid, and e-aminohexanoic
acid) allowed the authors to achieve the desired ring-size variations and to increase
the likelihood that the peptides might adopt expanded conformations in solution
(Fig. 22). The synthetic peptide-core (180) bearing five galactosylamine residues
were assayed for their ability to block CT B pentamer binding to ganglioside-coated
plates. Interestingly, ligands having longer or shorter linkers than optimal exhibited a
loss in inhibitory power, demonstrating that when a ligand’s effective dimension is
not matching that of its target, there is a decrease in the ligand’s affinity. Submicro-
molar ICsq values were obtained for the best derived ligand (180), depending on the
core size, which ranged from 2.5 to 6 A. The resulting glycoclusters presented a more
than 10°-fold increase over monovalent galactose, which had an ICs, of ~ 100 mM in
the same receptor-binding inhibitory assay.

Several glycopeptides, particularly those having mannosides or complex oligoman-
noside end-groups, have the potential to become entirely synthetic vaccines.
More notable are the following examples directed at raising the protective immune
response against HIV-1 infection. Noteworthy is the fact that several infectious
microorganisms use or escape the immune defense mechanisms by masking important
receptors or antigenic determinants through exposing self-carbohydrate structures.
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FIG. 22. Potent pentavalent D-galactosylamine inhibitors used by Fan’s group for the cholera toxin B
pentamer.'®’

The consequences of these ‘‘masking’’ events are that the bacterial or viral pathogens
are transported to target tissues by self cellular systems. An emerging example of this
irregular situation is the recognition, binding, and transport of the hyperbranched
high-mannose oligosaccharide (ManoGIcNAc,) present on HIV gp120 by dendritic
cells, with the ensuing transport of the ‘‘hidden’’ virus particles to lymph nodes.

Danishefsky’s group using 14-residue cyclic peptides bearing f-turns provided by
two D-Pro-L-Pro sequences appended at the extremity of the scaffolds (181), elegantly
constructed the potent HIV-gp120 carbohydrate antigen 182, which was strongly
recognized by the human swapped and protective IgG 2G12 antibody (Fig. 23).!88
The cyclic peptide containing two or three handles for glycan attachment, together
with a single cysteine residue for further carrier protein or biological marker conju-
gation, was built on a prolinated trityl resin using solid-phase peptide chemistry, while
the synthetic oligosaccharide MangGIlcNAc,-NH,, prepared by amination of the
reducing sugar,'® was attached to the aspartic acid residues properly positioned
onto the cyclic peptides 181a or 181b using the Lansbury aspartylation procedure,
thus providing dimer and trimer (182), respectively.!?°

Studies with SPR indicated that the control peptide lacking the saccharide portion,
as well as the monovalent glycopeptides, showed no measurable response, thus
confirming the importance of multivalent binding event in this critical recognition
process. The corresponding divalent and trivalent glycopeptides proved to be strong
ligands against the 2G12 bound surface, indicating topographical homology with the
natural gp120 structure. With the confirmed antigenicity of both glycopeptides, the
authors then used the sulthydryl anchor of the divalent antigen for its attachment to
the highly immunogenic, maleimido-derived outer membrane protein complex
(OMPC) carrier from Neisseria meningitidis. The conjugate addition, performed at
near-neutral pH, afforded a vaccine candidate bearing ~2000 copies of the carbohy-
drate antigen which was also recognized by 2G12 antibody in an ELISA assay using
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either gp160 or the glycoconjugate as coating antigens. Horse radish peroxidase-
conjugated antihuman IgG (HRP-IgG) evidenced detection of the binding event. The
results indicated that, while both antigens could bind to the 2G12 antibody, the natural
gp160 bound more efficiently. The immunological properties of the semisynthetic
vaccine are presently under investigation.

An analogous example has been provided for the construction of a tetrameric gp120
glycan epitope (186) by using the determined shortest version derived from the D1
arm of the MangGIcNAc, (183), and prepared as an extended azide-bearing aglycone
184 (Fig. 24)."°! The cyclic peptide scaffold 185 was built with 6 lysine, 2 glycine,
and 2 proline residues. Four of the lysine e-amino groups were acylated with propyn-
oic acid for glycan attachment by *‘click chemistry,”” and the remaining two ¢-amines
were coupled to the universal T cell epitope derived from tetanus toxoid 15-mer
peptide TT?30-343 to afford a fully synthetic vaccine candidate 186.

The binding of vaccine candidate 186 to the human antibody 2G12 was analyzed by
SPR technology. While a synthetic monomeric oligosaccharide such as 184 as well as
the natural high-mannose type N-glycan MangGIcNAc,Asn (183) did not show
binding to antibody 2G12, the related synthetic oligosaccharide clusters carrying
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FIG. 24. Cyclic peptide vaccine candidate bearing the minimally epitopic D1 branch of the Mang
GlcNAc, antigen of HIV-1 gp120 recognized by the protective human antibody 2G12.'*!
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four units of the D1 arm tetrasaccharide 186 have demonstrated affinity to this
antibody. Furthermore, results suggested that an appropriate spatial orientation of the
sugar chains in the cluster was crucial for high-affinity binding to antibody 2G12, and
that the introduction of the T-helper epitopes onto the cyclic decapeptide template did
not affect the structural integrity of the oligosaccharide cluster formed at the other face
of the template. Therefore, compound 186 constitutes a valuable immunogen that
might also be able to raise carbohydrate-specific neutralizing antibodies against HIV-1.

5. Other Glycoclusters

To better understand the critical role of oligosaccharide—receptor interactions and
their molecular mechanisms through the cluster-effect, and thus access optimized
synthetic ligands, several research groups have shown creativity in proposing original
multivalent platforms that could allow for tailored valencies, dimensions, and epitope
orientations.

For instance, Burke et al. investigated a templated ligand array based on a con-
formationally defined macrocyclic scaffold on which three mannoside residues,
appended through a solubilizing linker, were displayed (Fig. 25).'°> The C3-symmet-
ric hydropyran cyclooligolide core was previously obtained according to an iterative
multistep synthetic sequence notably involving key-step macrolactonization under
Keck-Steglich high dilution conditions.'*® In particular, the template rigidity con-
ferred a specific orientation of saccharide residues such that they emanate from a
single face. In addition, molecular-modeling studies predicted a maximum separation
between mannose residues of approximately 35 A. Given that the binding sites within
the Con A tetramer are separated by 65-70 A, the trivalent ligand 187 could not
simultaneously occupy two mannose-binding sites within the tetrameric lectin. There-
fore, it could be used to explore mechanisms of multivalent ligand binding in the
absence of the chelate effect. SPR competition-binding assay with Con A indicated
the absence of nonspecific interactions induced by the template, and highlighted the
fact that 187 promoted rather than inhibited binding of Con A to the mannose-
substituted lipid surface. The data suggested that the glycocluster was able to bind
two or three Con A tetramers simultaneously and to form soluble clusters with high
avidity for immobilized ligands. Assay by FRET showed the reversibility of the
phenomenon, and corroborated the fact that clustering of Con A by 187 did not
depend on subsequent precipitation or cluster binding to a surface. In addition, this
synergistic interaction favored the formation of a Con A cluster rather than the
formation of a one-to-one complex of Con A and the trivalent ligand.
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Another striking example has been provided which exploited cucurbit[n]urils (CB
[n], n = 5-10) (188), a family of macrocyclic cavitands comprising n glycoluril units
as multivalent scaffolds for carbohydrates.!* They possess a hydrophobic cavity
accessible through two identical carbonyl-fringed portals, and can form stable
host—guest complexes with a wide range of guest molecules. Hence, CB[6]-based
clusters 189a-c, presenting an average of 11 carbohydrate moieties attached to the
periphery (189a, f-glucose; 189b, [-galactose; and 189c¢ a-mannose, respectively)
were prepared via photoreaction of (allyloxy);,CB[6] (188) with corresponding
acetylthioglycosides, followed by standard O-deacetylation (Fig. 25). In particular,
the mannoside cluster 189¢ presented strong avidity for Con A and a 1100-fold excess
of Me-oMan was necessary for the disruption of its cross-linking interaction with the
lectin. ITC confirmed this affinity and indicated that 189¢ behaved predominantly as a
trivalent ligand to the lectin with a binding constant K = (1.94-0.2) x 10~> M~ !, which
was 25 times higher than that for Me-oMan. The authors further exploited the cavity
provided by such conjugates to incorporate, through host—guest interactions, the
fluorescein isothiocyanate (FITC)-spermine conjugate 190 in order to estimate their
potential as drug-delivery vehicles. Targeted delivery experiments in vitro were thus
carried out with the (FITC)-spermine derivative as a fluorescent probe as well as a
drug model, and the HepG2 hepatocellular carcinoma cells that overexpressed galactose
receptors as target cells. Intracellular translocation has been estimated by confocal
microscopy, and the results confirmed internalization of the CB[6]-galactose-(FITC)—
spermine complex 190b via galactose-mediated endocytosis. This study demonstrated
the potential of glyco-cucurbituryl derivatives as targeted drug-delivery system and
paved the way to other interesting therapeutic applications.

Touaibia and Roy have used biodegradable and biocompatible cyclophosphazene
derivatives as multivalent platforms to afford densely functionalized o-p-mannoside
clusters 191 (Fig. 26).' Use of a short and efficient strategy based on single-step
Sonogashira and ‘‘click chemistry’’ has afforded a variety of glycoclusters around
cyclotriphosphazene with different valencies, spacers, and epitope spatial arrange-
ments. Hexavalent derivatives 191a—191d were obtained from commercial hexa-
chlorocyclotriphosphazene (P3;N3Clg) onto which various phenol derivatives had
been conjugated via nucleophilic substitution. Direct ligation of «-D-mannoside con-
taining the adequate complementary function via optimized Pd-catalyzed
cross-coupling or ‘‘click chemistry’’ and subsequent deprotection under Zemplén
conditions afforded hexavalent conjugates in excellent yields.

Higher valency glycoclusters were also obtained by reaction of the hexabromo-
methylated P;Nj; scaffold derivative with di- or triazide building blocks containing a
hydroxy anchoring function (Fig. 27). Corresponding deprotected dodeca- and
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octadeca-mannoside clusters 192 and 193 were thereby isolated following click
chemistry and O-deacetylation. Similarly, decamannoside 194 has been obtained
from a dimer bearing an N;P;Cls fragment prepared from the double monosubstitu-
tion of hexachlorocyclotriphosphazene with bisphenol A, using n-BuLi as a base and
appropriate stoichiometry. Subsequent replacement of the remaining chlorides by
iodoaryl groups allowed the preparation of the Sonogashira adduct 194.

To evaluate the influence of structural parameters governed by the cyclophosphazene
core concerning the valency and the spatial orientation of epitopes, as well as the nature of
linkers directly related to the ligation technique used for the mannoside incorporation, the
authors performed preliminary kinetic turbidimetric assays with Con A. Insoluble cross-
linked complexes formed rapidly for all compounds, without marked difference for the
hexavalent analogues. On the other hand, the incorporation of additional mannosyl units
led merely to statistical binding-affinity enhancements, notably for the less-dense
decamer 194, which presents favorable extended intersugar distances.

The class of azamacrocycles also constitutes an interesting platform for controlled
multivalent presentation of epitopes (Fig. 28). Although examples are quite scarce,
their use has generated biologically relevant glycoclusters. For instance, the tetrava-
lent o-mannosyl clusters 195 scaffolded on 1,4,8,11-tetraazacyclotetradecane
(cyclam) have been described and showed interesting inhibitory properties in the
adhesion of type-1 fimbriated E. coli to guinea pig erythrocytes'° or binding properties
toward Con A (196, 197).'"7
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Significant enhancements have been obtained by Fan e al., who similarly included
the pentavalent analogue (pentacyclen) into their arsenal of templates toward the high-
affinity multivalent ligands 198 and 199 (Fig. 29).'°® The modular design of multiva-
lent antagonists (antiadhesins) targeting members of the AB;5 bacterial-toxin family has
been achieved, including CT and E. coli heat-labile enterotoxin (LT). The strategy
exploited the fivefold symmetry of the binding sites on the toxins B pentamer.

This synthetic plan was based on difficulties in distinguishing ligand-mediated
aggregation of the protein from an actual gain in effective affinity when highly
multimeric ligands were studied. In this context, the authors expected substantial
enhancement in affinity by using multivalent systems that allowed geometrically
restrained presentation of the exposed ligands to match the specific arrangement of
the target protein’s binding sites. With this in mind, synthesis of various pentavalent
derivatives 198 and 199 containing three distinct modules has been achieved.
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A semirigid core, having ‘‘fingers’’ projecting outward in the direction of the
receptor’s binding sites and fitting perfectly into the active site have been assembled.

A study describing the syntheses of ff-pD-galactosylated pentavalent ligands built
around a pentacyclen core and adopting a fivefold symmetry, and the systematic
effects of flexible linkers has been published (Fig. 30).!°8 Preliminary results detailed
the affinity for LT, and the best pentavalent ligand 200 (R = R; with n = 4) showed an
ICso that was 103-fold higher than galactose. A few years later, the same group
optimized the structure, incorporating five copies of the more potent m-nitrophenyl
a-p-galactoside (MNPG) derivatives rather than five copies of -p-galactose.!”” The
~100-fold higher single-site affinity enhancement of MNPG for the binding site of
the toxin relative to galactose was found to yield a proportionate increase in the
affinity and ICso measured for the respective pentavalent constructs. Indeed, ELISA
experiments involving CTB pentamer revealed an ICs, of 0.9 uM for 201 (R = R?),
corresponding to about an 18-fold affinity enhancement over 200 (R = R'"). These
results demonstrated that improved affinity for a single-site ligand confers a parallel
improvement in the affinity of a pentavalent construct presenting five copies of the
same ligand. Furthermore, from DLS studies and crystallographic data, it resulted that
a 1:1 CTB/201 complex was the major mode of association in solution between the
ligand and the toxin. The lead structure 201 was then affined with the incorporation of
guanidine-bridged poly(ethylene glycol)s of various lengths, in order to enhance its
water solubility. Thus, compound 202 (R = R3) having an optimized effective
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dimension for strong affinity, displayed an ICs, of 6 nM, being lower than that of the
natural receptor GM1, and which represented the first multivalent ligand based on a
simple galactoside having nanomolar affinity against CTB.?°° During parallel inves-
tigations, spectacular improvement has been observed with the construction of a
family of complex ligands having five flexible arms, each ending with a bivalent
ligand 203 (R = R*).20! ELISA tests revealed that the improved decavalent deriva-
tives were significantly more potent, showing affinities for CTB an order of magni-
tude better than the corresponding nonbranched ligands. More precisely, a more than
10%-fold enhancement in inhibitory power over the monovalent ligand was achieved
with the best decavalent candidate 203 (with n = 4) with an ICsq of 40 nM, a value
that lies in the same range as the ICs, of the natural receptor (50 nM). Dynamic light-
scattering studies demonstrated the formation of concentration-dependent unique 1:1
and 1:2 ligand—toxin discrete complexes in solution, with no sign of formation of
large aggregates. Crystallographic studies confirmed that the decavalent inhibitor
resulted in a ‘‘sandwich arrangement’’ of two B pentamers facing each other and
bridged by the ligand. The improvement in ICs, displayed by the decavalent ligands
might be attributed to a substantial difference in affinity between the galactose
fragment within the pentavalent ligand and the rather short, nonspanning bivalent
galactose moiety present in the decavalent ligand.

Finally, two other exotic scaffolds has been described that can be added to the large
panel of glycoclusters described so far. The first consists in linear pentaerythrityl
phosphodiester oligomers (PePOs) onto which galactosyl clusters were attached via
combinatorial and automated synthesis on a solid support (Fig. 31).2°2 The propargyl-
ated scaffold was synthesized by standard DNA solid-phase supported phosphorami-
dite chemistry, and azido-galactoside residues were conjugated by *‘click chemistry.”’
Microwave-assisted acceleration of the reaction time afforded the corresponding
multivalent clusters 204a,b with controlled length and valency. The elongated fuco-
sylated analogues 205 have also been described by the same authors, and showed
increased affinity in ELLA competition assay for P. aeruginosa lectin (PA-IIL), with
ICs values 10-20 times higher than the monovalent L-fucose but corresponding to
only a modest twofold increase on a per saccharide basis.??

The second one concerns polyhedral oligosilsesquioxanes (POSS) that have been
functionalized with carbohydrate moieties 206-208 via standard amide bonds?** o
more efficiently via photolytic thiol addition from a perallylated precursor.
Biological evaluation of the octavalent POSS-glycocluster 208 exhibiting elongated
lactoside residues was investigated by measuring the inhibitory effect on the binding
of asialo-oligosaccharides from human ol-acid glycoprotein (AGP) by RCA120
(a f-galactose specific lectin), using capillary-affinity electrophoresis. The first
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results indicated strong inhibition, ~200 times higher than that induced by free
lactose and being thus attributable to the cluster effect.

III. GLYCOSYLATED CARBON-BASED NANOSTRUCTURES

The past few years have witnessed the discovery, development and, in some cases,
large-scale production and manufacturing of novel materials that lie within the nano-
meter size scale. More particularly, the incorporation of nanotechnologies in early-
stage development of new drugs, diagnostics, or therapeutics constitutes a powerful
addition to the arsenal of classical macromolecular structures. Consequently, this
strategy opens new avenues for the original and efficient designs of adapted nanome-
dicine. In this context and owing to their three-dimensional architectures, the fullerenes
and nanotubes (both carbon-based nanomaterials), constitute promising candidates for
novel nanometric constructs having biological properties and offering challenging
scaffolds toward multivalent presentation of saccharide units.

1. Glycofullerenes

Fullerenes, the third allotropic form of carbon along with graphite and diamond, are a
novel class of spheroidally shaped molecules made exclusively of carbon atoms. They
have generated much enthusiasm and numerous research efforts during the past few
years.?%® Hence, the chemical and physical features of Cgp, also named
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Buckminsterfullerene, the most representative example among the fullerenes, have been
extensively explored. Their intrinsic properties such as their size, hydrophobicity, three-
dimensionality, and electronic properties have made them extremely promising nanos-
tructures, offering interesting features at the interface of various scientific disciplines,
ranging from material sciences®’ to biological and medicinal chemistry.2%8-210

In order to demonstrate and illustrate their attractive potential in the foregoing
applications, an array of studies has been recorded, including cytotoxicity investiga-
tions on both unmodified and functionalized fullerenes. Initial results have indicated
that these novel and fascinating architectures were not carcinogenic when applied to the
skin, nor did they affect the proliferation and the viability of cells when they are
internalized. Hence, despite an observed dose-dependent toxicity phenomenon
reported for certain related derivatives, the early observations indicate great promise
for applications in DNA cleavage, PDT, enzymatic inhibition, antiviral, antibacterial,
and antiapoptotic activity.2°-2!! However, the total lack of solubility in aqueous or
physiological media is a severe drawback for their quick and efficient development as
suitable carriers. In order to circumvent the natural repulsion of fullerenes for water,
several methodologies have been adopted, including their entrapment into tailored
microcapsules, their suspension with the help of cosolvents, and their chemical deriva-
tization, notably their introduction onto peripheral solubilizing appendages. Further-
more, it has been shown that the multivalent presentation of polar groups around the
fullerene spheres can prevent clustering phenomena in reasonably dilute solutions and
consequently increase the hydrosolubility of the resulting conjugates. In this context, a
variety of chemical functionalities have been utilized to increase both the hydrophilicity
(with groups such as OH, CO,H, NH,, quaternary ammonium, and CD) and to prepare
novel compounds possessing biological and pharmacological activity.

Among the panel of known fullerene derivatives, the fulleroglycoconjugates (also
termed glycofullerenes) exhibit a combination of interesting properties related to
water solubility and biological relevance. Spherical topology of the fullerenes has
furnished suitable scaffolds for multivalent presentation of peripheral carbohydrate
residues, and chemistry has been adapted for their efficient and controlled conjuga-
tion. The first examples of glycofullerenes were monovalent conjugates which were
subsequently tailored and optimized to generate multivalent glyconanostructures
based on Cgo where biological properties were enhanced by taking advantage of the
‘“‘glycoside cluster effect.”’

a. Monovalent Structures.—In the early 1990s, Vasella et al. reported the first
synthesis of a monoglycosylated fullerene, introducing one carbohydrate residue on
Cgo via the nucleophilic glycosylidene carbene precursors 209 and generating the
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212 Ri=H, R2= OAc (28%)
213 RI=OAc, R?=H (18%)
214 R!=H, R?=0-4Gal(OAc), (13%)
215 R!=H, R2=0-a-Glu(OAc), (18%)
216 Ri=H, R2=0-a-Mal(OAc), (16%)
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Toluene, reflux

SCHEME 19. Synthesis of monovalent fulleroglycoconjugates directly introduced onto Cgy.

enantiomerically pure spiro C-linked glycosyl-Cg derivatives 210 (Scheme 19).2!2
Another approach permitted synthesis of fullerene glycoconjugates via the thermal
cycloaddition of the per-O-acetyl glycosyl azides 211 in boiling chlorobenzene.?!3
Although this methodology generated a mixture of two inseparable stereoisomers of
N-f-glycopyranosyl [5,6]azafulleroids in relatively poor yields (13-28%), the gener-
ality of the reaction has been demonstrated with a series of mono- (212, p-glucopyr-
anose and 213, p-galactopyranose), di- (214, lactose and 215, maltose), and
trisaccharide (216) conjugates to Cgp.

Soon afterwards, Dondoni et al. developed a three-component approach involving
Ceo, a carbohydrate aldehyde (217), and N-methylglycine 218 (sarcosine) leading to the
formation of glycofulleropyrrolidine monocycloadducts (219) in poor yields (10-14%),
via 1,3-dipolar cycloaddition reaction of the intermediate azomethine ylide to Cg.2'#
The feasibility has nevertheless been demonstrated with the use of a series of 1-deoxy-
1-C-formyl derivatives of galactopyranose, glucopyranose, and mannofuranose.
Moreover, this methodology has been advantageously adapted for synthesis of Cgg
derivatives containing a 6-(f-p-glycopyranosylamino)pyrimidin-4-one unit.?!3

Alternative strategies utilizing the initial introduction of suitable chemical func-
tionality onto the fullerene have been adopted by several research groups, allowing
conjugation of the saccharides with complementary functions in the final synthetic
steps. This approach has led to improved flexibility with the chemical functions on the
carbohydrate moieties, especially the anchoring ones, and a better control on the
number of attached saccharide residues.
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SCHEME 20. Monovalent fulleroglycoconjugates introduced by preactivation of Cg.

In this context, Banks et al. proposed the synthesis of glycofullerenes based on the
use of aziridino[2’,3’:1,2][60]fullerene (CgoNH) (222) (Scheme 20).2!6 Its preparation
in good yield (55-60%) involved the initial formation of N-tert-butoxycarbonylazir-
idinol[2,3":1,2][60]fullerene 221, generated by in situ trapping of the intermediate
nitrene (fBuO,CN:) 220 by Cg. Use of the D-galactose chloroformate derivative 223
through direct acylation under mild conditions led to the desired galactofullerene 224
in quantitative yield.

Another example has been provided by Ito er al., who described the use of
methanofullerene derivatives as powerful and stable precursors for glycofuller-
enes.”!’” Their study was based on the use of [60]fullerenoacetyl chloride (227),
obtained from the fert-butyl [60]fullerenoacetate derivative 226, which had been
prepared in 56% yield by treatment of corresponding stabilized sulfonium ylides
225 with Cg,.2'® Subsequent transformation with p-TsOH in toluene gave [60]full-
erenoacetic acid, which was directly converted into the corresponding acyl chloride
227 by using thionyl chloride. Standard ester formation with methyl 2,3,4-tetra-O-
benzyl-f-p-glucopyranoside (228) and 4-(dimethylamino)pyridine (DMAP) afforded
the desired hybrid derivative 229 in 66% yield.
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An additional study investigated the DNA- and protein-degradation properties of
the novel glycofullerene derivative 232.2!° Its synthesis was based on a Diels—Alder
reaction of 2-trimethylsilyloxy-1,3-butadiene with Cgy, followed by the reduction of
the cyclohexanone derivative with DIBAL-H in toluene to afford the corresponding
racemic cyclohexanol 230 in excellent yield.>?° Glycosylation with glycosyl bromide
231 in the presence of AgClO,4, CaCOj, and CaSO, in toluene and subsequent
deprotection under Zemplén conditions gave the desired glycofullerene 232, which
was shown to effect selective degradation of the HIV-protease by photoirradiation.

Synthetic aspects for access to monovalent fullerene—carbohydrate hybrids were
highlighted, but only a few biological applications were mentioned. In contrast,
multivalent presentation of saccharides by multiple anchorages to the same structure,
or their presentation as antennary glycodendrons, has generated promising results.

b. Multivalent Structures.—Divalent hybrid glyconanostructures have been
prepared via the [34-2]-cycloaddition reaction between 2-azidoethyl glycopyranoside
derivatives and Cgo. The first example described a strategy for synthesis of [60]
fullerenols carrying mono- and bis-«-D-mannopyranosides (Scheme 21).22! The meth-
odology was based on initial thermal coupling of 2-azidoethyl mannopyranoside (33)
and an equimolar amount of Cgy in chlorobenzene, giving a mixture of two isomeric

SCHEME 21. Synthesis of mannosylated fulleroglyco hybrids by [3+2]-cycloaddition of glycosyl azide
onto Cgo. 221722



246 Y. M. CHABRE AND R. ROY

monoadducts (¢-D-mannosyl [5,6]-azafulleroid, 233a, and «-D-mannosyl [6,6]-azir-
idinofullerene, 233b)??? and a bismannosylated adduct 234. Subsequent simultaneous
deacetylation and polyhydroxylation were then conducted in the presence of tetra-n-
butylammonium hydroxide (TBAH) in aqueous NaOH, to afford deprotected mono-
(236) and bisfullerenols (237) with an average of heterogeneously distributed 29 OH
groups per Cgo. Biological evaluations, notably involving lectin-induced HAI assay
with an o-D-mannoside-specific lectin (Con A), revealed that mono- and bis-mannosyl
fullerenols exhibited diminished activity for both binding to Con A and aggregating
erythrocytes as compared to the activity of mannosylated neoglycopolymers. A few
years later, a similar grafting methodology was used to generate a series of mono- and
bis-sugar-pendant [60]fullerene derivatives prepared from a variety of carbohydrate-
linked azides.??* The phototoxicity of the corresponding deprotected glycoconjugates
was evaluated for potential applications in PDT. Substantial production of singlet
oxygen (10,) under laser irradiation (355 nm) was observed for both adducts, notably
for the monosugar derivatives, which shown a better photosensitizing ability. In
addition, in vitro studies involving HeLa cells confirmed their photocytotoxicity
and indicated a carbohydrate-dependent efficiency. In line with previous work,
another application has been proposed which described the formation of stable self-
assembling structures in aqueous solvents from the deprotected bis(x-D-mannopyr-
anosyl)-[60]fullerene conjugate 235.22* The diameters of the resulting large aggre-
gates (100-300 nm), resembling bilayer vesicles or unadulterated liposomes, were
determined by DLS and AFM. These supramolecular structures were able to encap-
sulate Ba?* ions and such organic molecules as Acridine Red, constituting for
instance, promising candidates for slow drug delivery. The ability of these manno-
fullerenes to bind to a mannoside-recognizing lectin (Con A) was also investigated.
Colloidal suspensions of the stable self-assembling structure 235 presented higher
blocking activity than the two monoadducts, with an interesting submicromolar MIC
(minimum inhibitory concentration) value in a lectin-induced hemagglutination
assay. This strong protein-binding activity has been rationalized by the authors by
the fact that the fullerene scaffold allowed a spatial arrangement of the bis(manno-
pyranoside) moiety that could mimic 3,6-branched o-D-trimannoside, a natural ligand
of Con A. Unfortunately, this methodology often generates mixture of diversely
substituted adducts, difficult to separate, in rather low yields and presenting only
very limited solubility in water.

An alternative synthetic approach, first developed by Bingel??> allowed the efficient
nucleophilic cyclopropanation of fullerenes via their reaction with bromomalonate
derivatives in the presence of base. This approach, the most reliable method for the
synthesis of functionalized methanofullerenes, combined the advantages of mild
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reaction conditions, good yields, and exclusive formation of [6,6]-bridged adducts.
Furthermore, the degree of functionalization could be controlled by the stoichiometry
of the malonate derivatives for access to higher adducts in one step (bis up to hexakis).
This methodology suffers, however, from the complexity of preparing the bromomal-
onates, often generating mixtures of mono- and di-bromo derivatives with similar
chromatographic properties. An optimized methodology has then been proposed by
Camp and Hirsch that avoids the use of bromomalonates by direct treatment of the
fullerene with malonates in the presence of CBr4 (or I) and DBU (1,8-diazabicyclo-
[5.4.0]undec-7-ene).??® It has been exploited in collaborative work describing
the synthesis of amphiphilic glycofullerodendrimers and their incorporation into
Langmuir and Langmuir-Blodgett films (Scheme 22).2*” The synthesis of the first
Cgo-dendrimer conjugate containing one glycodendron headgroup started from the
treatment of Cqy with diethyl malonate (238) in the presence of CBr4 and DBU to
furnish the monoadduct 239a in 57% yield (Scheme 22). A clean formation of 239b
from its diester 239a was accomplished in toluene with a 20-fold molar excess of NaH
at 60 °C.22® DCC (N,N’-dicyclohexylcarbodiimide)-mediated double amide bond
formation between 239b and the O-acetylated trisglucoside wedge 240,>2° accompa-
nied by monodecarboxylation of the starting material allowed the formation of glyco-
fullerodendron 241 in 32% yield. The bisadduct 247 was synthesized via the same
synthetic pathway through preliminary coupling with DCC-DMAP-mediated esterifi-
cation of m-benzenedimethanol (242) with malonic acid monoester 243 in 83% yield.
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SCHEME 22. Synthesis of Cgo malonates by Bingel’s procedure, followed by glycodendronization.?*’
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The resulting bismalonate derivative 244 was then engaged in double-Bingel macro-
cyclization with Cgq to afford the Ci-symmetrical cis-2 bisadduct 245 in 22% yield.
Subsequent selective cleavage of the tert-butyl ester under acidic conditions provided
the desired diacid core 246,%*° which was finally treated with the glycodendron 240
under the foregoing conditions to yield glycofullerodendrimer 247 exhibiting six
peripherally protected glucopyranoside residues. With this work, the authors high-
lighted the preponderant role of the bulky glycodendron headgroups on Cg that formed
a compact insulating layer around the carbon sphere, avoiding the general propensity of
amphipilic fullerene derivatives to aggregate irreversibly. Hence, both amphiphilic
fullerenes 241 and 247 were able to form stable, ordered monomolecular Langmuir
layers at the air—water interface and showed reversible behavior in successive
compression—expansion cycles. In addition, the monolayers were transferred success-
fully as X-type Langmuir-Blodgett films onto quartz slides for anticipated applications
as biosensors.

The group of Hirsch has reported the synthesis of ‘‘sugar balls’’ according to the
two distinct methodologies already mentioned, but involving the direct grafting of
glycosylated dendrons onto Cg (Scheme 23). They also described their supramolecular
assembly in aqueous solution.?3! In this context, bis(a-D-mannopyranosyl)fullerene
(250) has been synthesized by a sequence involving the bis-(x¢-D-mannopyranosylated
malonate) 248. This resulted from a peptide-coupling reaction between the
corresponding 2-aminoethyl 2,3,4,6-tetra-O-acetyl-«-D-mannopyranoside, quantita-
tively obtained from corrersponding azide derivative 33 after Staudinger reduction,
and malonic acid, in 56% yield. The subsequent nucleophilic cyclopropanation of Cgg
with 248 under typical Bingel-Hirsch conditions, followed by O-deacetylation of 249
under Zemplén conditions afforded fully deprotected [6,6]-monoadduct 250 in
an overall isolated yield of ~6%. It is noteworthy that the protected architecture,
presenting robust amide linkages around the malonate anchor points, tolerated basic
cleavage of the acetyl protecting groups without side reactions or decomposition of the
fullereno sugar.
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SCHEME 23. Synthesis of a bismannoside-Cq adduct using the Bingel-Hirsch procedure.?*!
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Unfortunately, its relatively low solubility in aqueous media compelled the authors
to enhance the number of peripheral saccharidic units. Toward this goal, they devel-
oped fullerene glycoconjugate 258, where two dendritic branches terminated by six
deprotected a-D-mannopyranosyl building blocks were connected through two adja-
cent imino bridges to the all-carbon framework (Scheme 24). Moreover, in this type of
Cgo adduct, which constitutes a 1,9-dihydro-1a-aza-1(2)a-homo(C60-1},)[5,6]fullerene
derivative, the entire 60-7-electron system of the fullerene core was retained. For its
preparation, AB; glycosylated dendritic building blocks were first synthesized by
preliminary protection of Newkome’s dendron 2512*2 with benzyl chloroformate
(CbzCl), then treatment with formic acid for orthogonal and quantitative cleavage
of the tert-butyl ester to give triacid 252 upon which, peptide coupling with 2-ami-
noethyl 2,3,4,6-tetra-O-acetyl-o-D-mannopyranoside 253 provided trimannoside 254
in 83% yield. Selective removal of the Cbz protecting group by hydrogenolysis gave
the corresponding amine in quantitative yield, which was engaged without further
purification with a suitable linker bearing a terminal azide group, namely 2-[2-(2-
azidoethoxy) ethoxy]acetyl fluoride (255), in the presence of DMAP in CH,Cl, to
provide the azido oligo(ethylene glycol)-terminated glycodendron 256 in 94% yield.
Its subsequent thermal coupling with Cgq in toluene afforded a mixture of mono- and
bisglycodendron adducts. Separation and purification by column chromatography
gave regioselectively the twofold cluster-opened diazabishomofullerene adduct 257,
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but in only 8% yield. Finally, quantitative deprotection under standard Zemplén
conditions provided 258. This Cg, glycoconjugates having six peripheral mannoside
residues is the most water-soluble fullereno sugar (> 40 mg/mL) known. Its amphi-
philic nature, with a cone-shaped structure, triggered the formation of small supramo-
lecular aggregates in aqueous solutions (observed in DOSY NMR and corroborated
by TEM investigations), as uniform spherical micelles with an extremely narrow size
distribution. These micellar sugar balls, with a diameter below 5 nm, furnish an
original arrangement of saccharides that opens the gate to new biomedical
applications.

Another fruitful methodology, initially developed by Nakamura’s group
the introduction of five carbohydrate moieties onto a Cg( scaffold using the efficient
synthesis of Cs symmetric fullerene derivatives (Scheme 25).23* A thiolate—alkyl
halide coupling reaction in aqueous basic media provided their one-step synthesis in
good yields, taking advantage of the high nucleophilicity of the thiolate anions
generated. Synthesis of the key fulleropentathiol intermediate 261 involved the
fivefold addition reaction of the copper derivative 259, prepared in situ from the
corresponding Grignard reagent and CuBrSMe,. The desired fullerene cyclopenta-
diene bearing tetrahydropyranyl-protected thiophenol moieties (260) was obtained in
93% isolated yield, which was then deprotected in o-dichlorobenzene in the presence
2-mercaptoethanol and trifluoroacetic acid to afford the pentathiol derivative 261 in
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SCHEME 25. Pentavalent fulleroglycoconjugates.”**
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95% yield. Subsequent installation of five saccharide moieties via a nucleophilic
substitution reaction in aqueous THF with 6 equivalents of sodium hydroxide and
2-bromoethyl glycopyranosides 263a—c afforded the fullerene glycoconjugates «-D-
mannoside 264, -p-glucoside 265, and f3-p-galactoside 266, in 73%, 79%, and 87%
yields, respectively.

Despite the generality of this methodology for simple carbohydrate derivatives, its
application for introduction of larger oligosaccharides via direct nucleophilic substi-
tution produced side products and led to lower yields. To circumvent this situation,
the same authors described the optimization and adaptation of this methodology for
the quantitative synthesis of fullerenes bearing five saccharides, such as the glucose
270a, maltotriose 270b, and globotriaosylceramide Gb3-Pk trisaccharide 270c deriv-
ative (Scheme 26).23> Hence, more-sophisticated nanometer-scale pentavalent molec-
ular architectures could be readily prepared by use of the key pentaalkynylfullerene
intermediate 268 obtained directly by the derivatization of fulleropentathiol 261 with
7-bromohept-1-yne 267 in 73% yield under the foregoing conditions. Click chemistry
allowed efficient conjugation of the functionalized saccharide moieties with a termi-
nal complementary azide function (269a—c) on the pentaalkynylated core 268 under
mild conditions. Hence, in the typical presence of CuBr.SMe, and DIPEA in Me,SO,
deprotected fullero-derivatives 270a—-c were obtained in nearly quantitative yields
through optimized conditions involving controlled heating or microwave irradiation.

Similarly to the STARFISH design already described (Fig. 17), the peripheral and
radial presentation of five P¥-trisaccharide residues presenting tailored spacers could
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SCHEME 26. Alkylation of fulleropentathiol by an alkyne spacer followed by ‘‘click chemistry’” with
various azido sugars, including the P* trisaccharide.”*
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furnish adapted structures for efficient and specific interactions with SLTs. In line
with promising results obtained with the functionalization of fullerenes, several
research groups have recently described the derivatization of carbon nanotubes
(CNTs) with biologically relevant carbohydrates.

2. Glyconanotubes

CNTs are members of the fullerene structural family and consist exclusively of
carbon atoms arranged in a series of condensed benzene rings, organized in graphitic
sheets that are rolled up into a tubular structure.>*® CNTs made up of a single
graphene layer wrapped into a cylindrical structure constitute single-walled CNTs
(““‘SWNTs’’), whereas multiwalled CNTs (‘“MWNTs’’) are generated from a central
tubule of nanometric diameter and surrounded by several graphitic layers spaced by a
distance of about 0.34 nm. Most commonly, the diameter range of CNTs varies
between 0.4 and 2 nm for SWNTs and between 1.4 and 100 nm for MWNTs, while
their length is in the range of micrometers (up to 100 nm). Moreover, CNTs typically
form bundles that are entangled together in the solid state, giving rise to a highly
complex ‘‘spaghetti’’ network.??” Intrinsically, CNTs possess very interesting and
unique physicochemical properties such as: high surface area, ordered structure with a
high aspect ratio, ultralight weight, excellent chemical stability, high electrical con-
ductivity, high thermal conductivity, and metallic or semiconducting behavior
according to the arrangement of the hexagon rings along the tubular surface. For
these reasons, these nano-objects have raised great enthusiasm and expectations in
many different applications, including material, biological, and medical sciences.?*®
More particularly, their intriguing structures and properties have led to the emergence
of functionalized CNTs as new biologically relevant alternatives for therapeutic and
diagnostic applications,?*° including their use as vectors for delivery of therapeutic
molecules®®® (plasmid gene delivery,?*! peptides/proteins,>*? and antibiotics?*3).
Indeed, prior to become viable and effective nanomedicines, the toxicological and
pharmacological profiles of CNTs had been determined by several research groups
and reviewed by Lacerda er al.>** As with biological studies on fullerenes, function-
alized CNTs offer potential as nanomedicines, whereas nonfunctionalized CNTs
usually contain amorphous carbon, carbon nanoparticles, and residues from metal
catalysts, regardless of the procedures for their production. Indeed, their inherent
hydrophobic properties, associated with their innate propensity to form bundles via
aggregation through van der Waals forces, constitute major technical barriers for their
utilization in medicinal applications. To overcome these drawbacks, modification of
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their surface is typically achieved by adsorption, electrostatic interaction, or covalent
bonding of different molecules and chemical procedures that render them more
soluble in biological media.>*> Such modifications generally improve the water
solubility of CNTs, decrease the aggregation phenomenon, and transform their
biocompatibility and biodistribution profiles.

It has been shown experimentally that such bioactive proteins, nucleic acids, genes,
and more particularly carbohydrates can be successfully conjugated to CNTs. In
particular, because of versatile modes of chemical modification and solubilization,
the one-dimensional nanostructure of SWNTs, with high surface area-to-weight ratio
and some structural flexibility, can be exploited as platforms for multivalent carbo-
hydrate arrays under physiological conditions. The resulting densely attached sugars,
as pendant groups on the CNT hybrids, serve as multivalent carbohydrate ligands and
show potential biological activities as well as behaving as glycoconjugate polymers.
Multivalent presentation of saccharidic residues has been realized via noncovalent
stabilization processes through favorable hydrophobic, 7—r stacking or electrostatic
interactions, or via sidewall- or defect-targeted covalent functionalization. Several
groups have reported multivalent carbohydrate—CNTs conjugates, such schizophyllan
polysaccharides, lipid-terminated glycopolymers, and carbohydrate ligands toward
bacterial toxins and viral proteins.

a. Glyconanotubes from Noncovalent Interactions.—The initial challenge of
obtaining SWNTs soluble in organic or aqueous media by a supramolecular approach
was motivated by the necessity for retaining their intrinsic physical properties without
affecting the all-carbon scaffold. The first successful example was realized through
noncovalent functionalization by wrapping synthetic and biocompatible water-solu-
ble polymers around the SWNTs. The formation of supramolecular complexes in
solution between SWNTs and the preformed helical structure of starch (a polymer
composed of the linear amylose and branched amylopectin) has been investigated.?4¢
The enhanced water solubility of the supramolecular complexes was significant, and
further investigations suggested that the presence of the preformed helical structures
of amylose may not be required.?*” Other studies examplifying complexation of the
SWNTs with CDs have also yielded some interesting results.?*8

As a natural extension of these preliminary studies, promising applications in the
area of glyconanotechnology have been directed toward artificial glycoconjugates
carrying bioactive carbohydrates, densely distributed onto CNT platforms, to mimic
cell-surface oligosaccharides. A striking example describes a biomimetic surface
modification of CNTs, using glycosylated polymers designed to mimic cell-surface
mucins (Scheme 27).2*° These high molecular weight glycoproteins are involved in
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SCHEME 27. Noncovalent functionalization of SWNTSs by using an amphiphilic glycopolymer, ending
with a lipid tail for mucin mimicry.**’

specific molecular cell—cell recognition processes. Additionally, the dense clusters of
O-linked glycans confer rigidity, provide strong hydration and passivation against
biofouling (cell adhesions), thus ensuring protection of structural functions against
nonspecific biomolecular interactions. It has been demonstrated that, in native
mucins, the clustered N-acetyl-«-D-galactosamine (x-GalNAc) residues proximal to
the peptide were the major contributors to the rigidification of peptide backbones.
Based on these observations, the authors prepared synthetically tractable mucin
mimic (MM) in which «-GalNAc residues were linked through an oxime bond to a
poly(methyl vinyl ketone) (PVK) lipid-teminated backbone. Its preparation started
with the initial introduction of a C;g lipid chain at the extremities of 4,4'-azobis(4-
cyanopentanoic acid) via peptide coupling to give 272. Polymerization of the func-
tionalized initiator via radical polymerization of methyl vinyl ketone (1-buten-3-one,
271, MVK) afforded C;g-poly(MVK) 273 onto which aminooxy-functionalized
o-GalNAc 274 residues were grafted through oxime bonds, affording C;g-o-MM
polymer 275. An aqueous solution of the resulting amphiphilic glycopolymer was
then subjected to ultrasonication in the presence of SWNTs which were thereupon



SYNTHESIS OF MULTIVALENT NEOGLYCOCONJUGATES 255

fully solubilized, suggesting the formation of hydrophilic surface coating through the
self-assembly of the terminal lipid chains on the nanotubes via hydrophobic interac-
tions, affording glycoconjugates C;g-o-MM-SWNTs (276). Evidence for mucin
mimetic coating was provided by three different imaging techniques, namely AFM,
scanning electron microscopy (SEM), and transmission electron microscopy (TEM).

As anticipated, substantial enhancement of water solubility was observed and the
previously entangled SWNT bundles dissociated to form much finer bundles, stable in
aqueous solution for several months. Despite the inherent difficulties from the
imaging technique conditions, the formation of individual nanotubes with fairly
uniform diameters of 65-70 nm was observed. The recognition and resistance proper-
ties of these nanotube—mucin mimetics were investigated with the use of Helix
pomatia agglutinin (HPA). Incubation of 276 with a solution of HPA conjugated
with fluorescein isothiocyanate (HPA-FITC), and appropriate subsequent treatment
led to significant fluorescence that was attributed to a dependent receptor-ligand
interaction. Moreover, studies under similar conditions but involving glycoconjugates
bearing the  anomer of GalNAc manifested no significant fluorescence labeling.
Hence, the lectin did not interact with the coated nanotubes in the absence of its
favored ligand. These results clearly demonstrated that SWNTs coated with a MM
could engage in specific molecular recognition with protein receptors and resist
nonspecific protein binding.

A few years later, the same group extended studies with functionalized CNTs—cell
interactions.?>° In order to exploit their ability to interact with cells, the advantage of
the hexavalency of HPA and its capability to cross-link cells and glycoproteins was
explored. Two parallel experiments were conducted, on one hand involving the
preformed complex of HPA-FITC with C,g-a-MM-coated CNTs incubated with
chinese hamster ovary (CHO) cells, and on the other the preincubation of CHO
cells with unmodified HPA and subsequent treatment with modified C;g-a-MM-
coated CNTs containing the fluorescent dye Texas Red. In both instances, analysis
by fluorescence microscopy and flow cytometry suggested the formation of the
tricomponent a-GalNAc-HPA-CNT—cell surfaces complex, and with a dose- and
precomplexation-dependent labeling for the second study. Control CNTs modified
with Cg-f-MM-CNTs indicated no significant fluorescent labeling at low concentra-
tion. In conclusion, demonstration that lipid-terminated poly(MVK)-based glycopo-
lymers could coat CNT surfaces and promote their binding to cells through
receptor—ligand interactions has been demonstrated. Modified CNTs were nontoxic
to cultured cells (CHO and Jurkat cells), but irregular surface and nonuniform
thickness of the CNTs coating might be explained by the high polydispersities
(>1.7) of the polymers employed. The surface heterogeneity generated could
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constitute a drawback to the systematic use in a reproducible way of glycopolymer-
coated CNTs as sensors of protein binding.

In 2004, Hasegawa et al. demonstrated that SWNTs could be literally wrapped
within a helical polymeric superstructure composed of schizophyllan, a polysaccha-
ride bearing lactoside appendages (SPG-Lac, 278), in aqueous solution
(Scheme 28).2! Water-soluble SPG-Lac—-SWNTs nanocomposites (279) were
obtained by mixing the glycopolymer in Me,SO with SWNTs dispersed in water.
Their formation was unequivocally observed and confirmed by a battery of such
analytical techniques as UV—vis spectroscopy, colorimetry, thermal gravimetry, and
AFM. Molecular recognition of the resulting composite was assessed by SPR, using
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SCHEME 28. Solubilization of SWNTs (279) with artificial (277) or natural (278) schizophyllans.>>'*%?
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immobilized RCA 1 lectin (Ricinus communis agglutinin, ff-Lac-specific) on gold
surfaces, and the results indicated highly specific affinity toward the lectin. This
specificity was also confirmed by confocal laser-scanning microscopic (CSLM)
observations using FITC-labeled RCA,,. Promising applications as SWNTs-based
sensory systems have been demonstrated by the authors, who succeeded in construct-
ing a layer-by-layer structure composed of the SPG-Lac—SWNTs composite and
RCA 5.

By the same methodology, an individual dispersion of water-soluble SWNTs ran-
domly wrapped by a helical glycoconjugate polymer (poly(p-N-acryloylamidophenyl)-
a-D-glucopyranoside, PAP--Glc, 277) has been obtained.?>> The characteristic sharp
photoluminescence signal observed by near-infrared fluorescence spectroscopy, asso-
ciated with the multivalent presentation of peripheral carbohydrates, made this system
promising as new sensing approach for detecting carbohydrate-recognition proteins.

The preparation of biocompatible SWNTSs, noncovalently functionalized with bioac-
tive glycodendrimers, has been reported (Scheme 29).>3> A bifunctional dendritic
scaffold 284 was built using the 2,2-bis(hydroxymethyl)propanoic acid as a building
block 281, which was linked to an azidopyrene tail (280) capable of binding the surface
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of SWNTs through n—n interactions. The orthogonal synthetic approach was based on
sequential condensation of the dendrititic polyol 282 with 2,2-bis(hydroxymethyl)-
propanoic anhydride (283).2°4 At the desired generation, azide-functionalized pyrene
280 was chemoselectively ligated to the propargylated and hydroxylated dendritic
scaffold 281 by CuAAC methodology. A panel of deprotected 2-azidoethyl mono- or
disaccharides (285a, o-mannoside; 285b, f-galactoside; and 285c¢, f-lactoside) were
then efficiently grafted onto the multivalent dendrimer 284 by click chemistry.
The unifornity and purity of the resulting amphiphilic glycodendrimers 286a—c were
confirmed by NMR spectroscopy and MALDI-TOF mass spectrometry. The glycoden-
drimers were then adsorbed onto SWNTs by ultrasonication in aqueous solution.
Analysis by SEM and TEM revealed small bundles and individual SWNTs coated
entirely with a thin uniform layer of glycodendrimers, contrasting markedly with the
thick and heterogeneous coatings obtained by use of the glycopolymers mentioned
earlier. Specific binding of SWNT-bound glycodendrimers to receptors was observed
with the FITC-lectins: C. ensiformis agglutinin (Con A), Arachis hypogaea agglutinin
(PNA), and Psophocarpus tetragonolobus agglutinin (PTA), which recognized [G(3)]
Man-SWNTs 287a, [G(3)] Gal-SWNTs 287b, and Lac 287c, respectively (Fig. 32).
Similar results were obtained with the corresponding [G(2)] glycodendrimers. In
addition, experiments in which SWNTSs were initially functionalized with a mixture
of [G(2)] Man 287a and [G(2)] Lac 287c¢ using various molar ratios, and then
incubated with a 1:1 mixture of Texas Red-conjugated PNA and FITC-Con A,
demonstrated that multiple epitopes displayed on SWNTs could bind simultaneously
to discrete proteins. The [G(2)] Man-SWNTs 287a were then successfully engaged
with FITC-Con A and CHO cells in the experimental protocol earlier employed to
promote specific binding of modified SWNTs to the cell membranes. Similar results
were obtained with the other [G(2)] glycodendrimer-functionalized SWNTs with
corresponding labeled lectins. Finally, incubation of HEK293 cells with [G(3)]
glycodendrimer—SWNTs conjugates did not affect their proliferation, in contrast to
the unmodified SWNTs, indicating that glycodendrimers mitigated the cytotoxicity.
Besides the preparation of glyconanotube conjugates by supramolecular interac-
tions, another synthetic pathway commonly used involved covalent attachment of the
saccharidic units on the CNT scaffolds. The progress recently recorded concerning
the derivatization of unfunctionalized CNTs, allowing introduction of suitable
anchoring functions at their surface, are the basis of this synthetic alternative.?>’

b. Glyconanotubes from Covalent Interactions.—Multivalent presentation of
peripheral saccharides around functionalized CNTs has been mostly assessed through
covalent processes. In most applications, the use of CNTs containing carboxylic acid
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groups as suitable anchoring sites constitutes the favored covalent methodology for
installing suitable functional group that render the CNT soluble in appropriate
solvents.?>® Typically, carboxylic acid functions are generated on CNTs through the
oxidation of surface defects, by suspending the CNTs in 3 M HNO;, and then
treatment with aqueous HCI (Scheme 30).257 As already presented in this chapter,
in addition to their biological relevance, the conjugation of unprotected carbohydrates
onto all-carbon scaffolds can solve the problem of their intrinsic low solubility.

One of the first examples of a water-soluble SWNTs glycoconjugate was obtained
by covalent grafting of glucosamine via amide bonds.?>® The carboxylic acid func-
tions of 288 were first converted into the corresponding acyl chlorides by suspending
the functionalized SWNTs in a solution of thionyl chloride (SOCl,) in DMF. The
resulting solid was then mixed with an anhydrous solution of glucosamine in THF at
reflux to afford glucosamine grafted-SWNTs. The new glycoconjugates were char-
acterized by UV—vis and AFM analysis, and their solubility in water ranged from 0.1
to 0.3 mg/mL, depending on the temperature.

The synthesis of the first f-p-galactoside-modified SWNT (Gal-SWNT, 296) with
high water solubility has been described, along with its interactions with galactose-
specific lectins that formed supramolecular junctions at the surface of the glycocoated
SWNTSs (Fig. 33).%>° Using a similar strategy, analogous Man—-SWNTs conjugates
(297) effective in the capturing of pathogenic E. coli under physiological solution was
also synthesized.?®® The synthesis was based on the use of 2-aminoethyl f-p-galacto-
pyranoside (290a) grafted onto SWNT-bound carboxylic acids (288) under sonication
conditions, through carbodiimide-activated amidation with 1-ethyl-3-(3-dimethyla-
minopropyl)carbodiimide (EDAC) in aqueous KH,PO, buffer. Complete instrumental
characterization included solution-phase NMR, SEM and TEM, Raman, and near-IR
spectroscopy, optical absorption, thermogravimetry, and spectrophotometry. The
resulting galactosylated-SWNTs (296) were exfoliated and well dispersed, and pre-
sented a total sugar content of ~65%. The high sugar ratio and large surface area of
the covalently galactosylated SWNTs permitted the display of abundant sugar arrays

SWNT 288

SCHEME 30. Oxidation of defect sites of SWNTS to provide carboxylated SWNTs.>’
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FIG. 33. Carboxylic acid-functionalized SWNTs bearing series of galactosylated or mannosylated

mono-, di-, or trivalent dendrons.?®>

implicated in their strong binding interaction with receptors on pathogenic E. coli
0157:H7 cells. Significant cell agglutination was observed by SEM, with multiple
nanotubes binding to one cell and some nanotubes ‘bridging’” adjacent cells.

The same research group went further into detail concerning the antimicrobial
properties of monosaccharide-coated SWNTs, advantageously exploiting their appli-
cation for efficient and specific recognition of a nonvirulent strain of Bacillus
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anthracis.?®! In this context, similar nanostructures containing a large number of
monosaccharides (mannose or galactose) have been synthesized by conjugation of the
corresponding 2-aminoethyl glycopyranosides (290a,b) onto 288 through amidation.
The resulting water-soluble conjugates both strongly bound to B. anthracis spores,
leading to significant aggregation with the mediation of the Ca®* divalent cation. This
binding phenomenon was unique to the nanotube-displayed monosaccharide mole-
cules, and was not available with other displaying platforms such as polymeric
nanoparticles (polystyrene nanobeads for instance), indicating specific arrangements
of the carbohydrate ligands on the nanotube scaffolds. Furthermore, the associated
substantial reduction in colony-forming units (CFU) could potentially find valuable
applications in efforts for detection and decontamination.

Another series of hydrophilic glycodendron-functionalized SWNTs was also
synthesized and the lectin-binding interactions studied.?®? It was assumed that the
limited defect sites on the original nanotube surface could generate only a limited
number of carboxylic acid functions. The desired dense population of multivalent
ligands could therefore be reached by covalently grafting sugar dendrons containing a
suitable anchoring functionality. Toward this goal, -D-galactopyranoside dendrons
Gal,-NH, (292a), Gals-NH, (295a), and their analogous o-D-mannopyranoside den-
drons Man,-NH, (292b), and Many-NH, (295b) were efficiently prepared by a
systematic synthetic sequence based on the use of trisubstituted benzene cores
(Scheme 31). Divalent 292a,b and tetravalent glycodendrons 295a,b were obtained
from brominated derivatives 291a,b and 294a,b, respectively. Synthesis of the
required dendritic building blocks was initiated with the trisubstituted benzene core
289a, from which #-butyl ester removal with TFA afforded brominated precursors
289b. The tetravalent bromine-ending analogue (293) was synthesized by selective
etherification of 3,5-dihydroxybenzyl alcohol with 289a in order to double the surface
functionalities, followed by the introduction of bromine function with the PPh3;/NBS
tandem. The acetylated amine-tethered monosaccharides 290a,b were then conjugated
to 289b or 293 by carbodiimide-activated amidation yielding protected glycodendrons
291a,b and 294a,b in 99% and 67% yields, respectively. Finally the amine-ending
glycodendrons were prepared by a common synthetic protocol involving treatment
with NaN3, O-deacetylation under Zemplén conditions, and subsequent hydrogenolysis
with H, on Pd/C.

The amine-derivatized glyco wedges were finally used for the functionalization of
SWNT acids 288 by peptide coupling as before, to afford 298-301 (Fig. 33). The
resulting larger number of displayed ligands per SWNT was responsible for the
significant increase of water solubility, increasing with the functionalization, and
the enhancement of biocompatibility. In addition, they enabled more quantitative
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SCHEME 31. Amine-ending glycodendrons bearing either galactoside or mannoside residues.”®>

characterization, permitting a better understanding of the structural details of SWNTs
exhibiting multivalent carbohydrate ligands. Solution and gel-phase NMR studies,
SEM, Raman, optical absorption studies, spectrophotometry, and thermogravimetric
analysis (TGA) have all been employed in order to determine the morphology, the
arrangement of glycodendrons around the SWNT scaffolds, and the sugar content. No
meaningful differences in sample composition between the Gal- (296) and Man-
(297), Gal,- (298) and Man,- (299), Gals- (300), and Many- (301) glyconanotubes
as functional moieties were observed. More sugar residues were displayed on the
same amount of SWNTs for the divalent conjugates than for the monovalent ones.
Furthermore, and interestingly, the electronic properties of the CNTs were largely
preserved during the functionalization.

These carbohydrate-functionalized SWNTs were evaluated in binding assays with
pathogenic E. coli and with Bacillus subtilis (a nonvirulent form of B. anthracis or
anthrax). As compared with the binding properties of Gal-SWNT (296) to E. coli
O157:H7 and the induced decrease of CFU evoked earlier, considerable improve-
ments were recorded with divalent Gal,-SWNT (298). In the presence of the same
E. coli strain, the amount of recovered cellular aggregates was clearly larger, and with
a more significant reduction of CFU. This more favorable binding process by
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Gal,-SWNTs (298) seemed to suggest that the paired f-pD-galactosides are more
effective in the specific interactions. Moreover, Man,-SWNTs (299) and Many-
SWNTs (301) were both capable of binding and aggregating B. subtilis spores in
the presence of calcium cations. Despite preliminary encouraging observations,
quantitative evaluations of the foregoing binding assays were complex: a lack of
major tendencies and inconsistent results over a same series rendered the interpreta-
tion difficult and inaccurate.

Finally, a subsequent study furnished a clear demonstration that CNTs could
provide suitable support for rapid and efficient polymeric growth for the synthesis
of novel and biocompatible linear and hyperbranched glycopolymers by the ‘‘grafting
from’” strategy, with good and high reproducibility (Fig. 34).2°3 The successful and
controlled linear glucopyranoside-polymer grafting onto MWNTSs was achieved by
atom-transfer radical polymerization (ATRP), while hyperbranched glycopolymers
were introduced by self-condensing vinyl copolymerization (SCVCP) of the
corresponding functionalized 1,2:5,6-di-O-isopropylidene-3-O-methacryloyl-p-glu-
cofuranose (305) and inimer 2-(2-bromoisobutyryloxy)ethyl methacrylate (306) via
ATRP. The MWNT-CO,H precursor was generated by oxidation of the crude MWNT
with 60% HNOs;, and then modified with ethylene glycol, generating MWNT-OH.
The CNT-based macroinitiator MWNT-Br (302) for ATRP was formed by treating
MWNT-OH with 2-bromo-2-methylpropanoyl bromide. The morphology and nano-
structures of the resulting multihydroxylated conjugates 303 and 304 were observed
by SEM, TEM, and SFM, indicating the formation of nanotube—supported polymer
brushes for linear polymers and a polymer layer in a core-shell structure for hyper-
branched structures, implying their uniform growth on the surfaces of the MWNTs.
These original water-soluble glycopolymer-grafted CNTs offer promise in the fields
of tissue engineering and bionanomaterials.

In conclusion, such three-dimensional carbon-based nanostructures as fullerenes
and nanotubes constitute scaffolds whose efficient functionalization and derivatization
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FIG. 34. Glycopolymer grafted onto SWNTs.2%?
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has been developed in recent years. Accurate control of the introduction of biologically
relevant moieties has been achieved, giving rise to original nanostructures with
intriguing and promising properties. In particular, monovalent carbohydrates, more
complex oligosaccharides, or glycodendrons have been successfully anchored at the
surfaces, through covalent or noncovalent methodologies. Although practical applica-
tions remain as yet limited, preliminary results suggest that these nanomaterials offer
unique and favorable arrangements of multivalent carbohydrate arrays that are not
readily available with other displaying platforms.

IV. MULTIVALENT GLYCOCONJUGATES BY SELF-ASSEMBLY

To enhance the number of saccharidic units exhibited, construction of multivalent
scaffolds through supramolecular chemistry provides an interesting alternative for the
rapid synthesis of glycodendrimers. Dynamic and reversible self-assembly process
consisting in coordinating metal-assisted association of ligands is one of the most
striking examples of supramolecular organization.?®* Over the years, optical and
electrochemical properties of various complexes have been widely studied and
exploited in different domains for material and biological applications.26>-26¢

To target specific biological events, cells or tissues, the introduction of relevant
recognition molecules such as carbohydrates have been investigated during recent
years. In this context, metalloglycoclusters-initiated self-assembly of ligands contain-
ing simple saccharides or more dense glycodendrons around a coordinating metal has
contributed valuable additions of original and promising structures to the range of
available multivalent glycoconjugates. It is rather surprising that only a few examples
have been described, because the metal-assisted association of carbohydrate compo-
nents offers a straightforward access to carbohydrate clusters in which the number and
the relative orientation of the carbohydrate residues can be modulated almost at will
by changing the structure of the ligand and the nature of the metal. In addition, the
intrinsic photophysical properties of the metal complexes can be advantageously
exploited, for instance to create efficient biosensors. Furthermore, a second example
of multivalent presentation of carbohydrates through self-organization process result-
ing from lipophilic cores has been furnished through the aggregation of glycoden-
drimers in aqueous solution, allowing the homogenous and controlled formation of
hypervalent structures with distinct recognition properties as compared to the
individual precursors.
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1. Self-Assembly Using Coordinating Metals

Historically, the first multivalent glycoconjugate obtained by metal-assisted self-
assembly was described in 1994 by Sakai and Sasaki (Fig. 35).2%7 The methodology
was based on the trimerization of unsymmetrical Bipy-GalNAc (307) induced by the
presence of Fe(Il) salts, to give the tridentate Fe'(bipy-GalNAc); cluster 308 as a
mixture of four diastereomeric isomers (A-fac, A-fac, A-mer, and A-mer).

A comparative study involving bipy-GalNAc (307), Fe''(bipy-GalNAc); dendrimer
(308), and asialoglycophorin A using the GalNAc-specific plant lectin, Vicia villosa
B4, has been assessed by the authors to determine and compare their relative binding
potential. Better binding affinities were observed for the trivalent complex 308 over
the monovalent precursor 307, indicating the role played by the cluster formation of
GalNAc residues around the metal template. More interestingly, the similar strong
binding affinities observed for asialoglycophorin A, a natural glycoprotein containing
several repeating units of GalNAc linked to Ser or Thr residues, and Fe'(bipy-
GalNAc); were attributed to the adapted organization of GalNAc residues in the
complex with adequate intercarbohydrate distances.

A few years later, the same group proposed further investigations to explain the
strong binding affinities earlier observed with the self-assembled complex, describing
the dynamic molecular recognition of their synthetic ligands by lectins.2%® Studies
involving V. villosa B4 lectin and the complex highlighted the fact that the ratio of the
four diastereoisomers gradually changed during the binding experiment. After 32 h at
room temperature, the authors recorded enrichment in the A-mer isomer, which in the
end comprised 85% of the total isomers (vs. 15% in the native mixture). These
experimental observations suggested that the dynamic equilibrium seen at room
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FIG. 35. Self-assembled glycodendrimers around a Fe(II)-bipyridyl complex.®’
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temperature allowed the spatial arrangement of the three GalNAc residues to self-
adjust in order to provide a better complementarity to the multivalent carbohydrate-
binding sites of the lectin.?®® This tendency was confirmed with studies involving
other GalNAc-specific lectins, such as Glycine max, specific for a terminal «-D-
GalNAc residue attached to the 3’-OH group of galactose. Selective enrichment of
other diastereoisomers has been observed, indicating the adaptability of the process
for lectins presenting different shape and functionnalities in their carbohydrate-
binding pockets. The intramolecular lectin’s binding sites, being too distant from
one another to be reached by the close GalNAc residues, strongly suggest a dynamic
cross-linking process.

Kobayashi et al. employed hexavalent metal complexes based on the self-assembly
of three symmetric 2,2'-bipyridine ligands tethering two functionalized glycopyr-
anosides around ruthenium(IIT)?’° or iron(I)>’' as the core component (Fig. 36).
They undertook complete comparative studies involving glycosylated Tris-bypyri-
dine iron and ruthenium complexes in order to develop robust biosensors for moni-
toring saccharide-binding phenomena. Synthesis of the ligands was based on the use
of a 2,2'-bipyridine-4,4'-dicarboxylic acid core onto which amino glycopyranoside
derivatives were conjugated via amide functions. Hence, self-assembled glycoclusters

FIG. 36. Self-assembled glycodendrimers using chelating metal cations and divalent bipyridine
scaffolds.?’%"!
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consisted of direct N-linked glycosylamine appendages to the complex, or through a
O-linked p-butanamidophenyl spacer, were produced. Three equivalents of the result-
ing conjugates were then treated with RuCl; or FeCl, in a minimum amount of boiling
water—alcohol mixture to afford the corresponding tris-bipyridineruthenium and iron
complexes as mixtures of separable diastereoisomers.

To determine the importance of the structural parameters, the first study involved
ferrous O- (309-312) and N-(313-316) glycoclusters. In this context, the influence
of the spacers on the lectin affinity was investigated. Their relative binding proper-
ties to specific lectins were evaluated by a HAI assay and by SPR, using
a-glucoside- and o-mannoside-specific ConA and f-galactoside-specific RCA|,g
lectins. Lectin affinities observed for the N-linked-glycoclusters 313-316 were
low, but high affinities (ICsy in the micromolar range) were recorded for the
elongated conjugates, thus highlighting the importance of the flexibility and the
density of the carbohydrate scaffolds. Flexibility seemed essential for reaching high
and specific lectin-recognition, and this was probably induced through optimized
conformational organization of the epitopes to fit the binding sites of the lectins. On
the other hand, strong binding avidities to lectins were not observed, because of the
lability of the iron complexes, which readily dissociated in dilute aqueous solution
(<1076 M).

For this reason, the authors further investigated more stable elongated ruthenium
O-linked glycoclusters, and showed their avidity to the corresponding lectin to be
enhanced, reaching ICs, in the nanomolar range, comparable to known potent glyco-
polymers. The results indicated that dense saccharide clusters played essantial roles in
their specific and strong binding, as compared to monovalent precursors. Further-
more, the complexes exhibited intense emission spectra after excitation of the metal-
to-ligand charge transfer (MLCT) band in water, as compared to nonglycosylated
ruthenium complex. The strong luminescence was attributed to the peripheral carbo-
hydrate shell caused by closely packed saccharide clusters, which could possibly
isolate the luminescent core from that lost to the outer aqueous environment. The
structures were considered by the authors to resemble natural proteins having redox
and luminescent cores embedded in the polypeptide shells. Interestingly, binding of
lectin to these glycoconjugates decreases their luminescence by disrupting their outer
carbohydrate shell structure.

In 2003, combined efforts of the two research groups just mentioned developed a
one-pot transglycosylation strategy for the construction of complex-type disialooli-
gosaccharides starting from an o-D-glucopyranoside residue self-assembled onto a
tris-bipyridineruthenium complex A[Ru(x-Glc-3-bpy);]Cl, (317) (Scheme 32).272
They succeeded in this commendable chemoenzymatic one-pot transformation by
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SCHEME 32. Enzymatic transglycosylation of a preformed bisglucobipyridine core self-assembled as a
hexavalent cluster around a ruthenium cation.?’?

using endo-f-D-GlcNAc-ase from Mucor hiemalis (Endo M), which effectively cat-
alyzed transfer of the egg-yolk decasaccharide (YDS) from the asparagine-bonded
complex-type disialooligosaccharide (YDS-Asn) onto the 4-OH position of a «-D-
glucoside unit of 317. Therefore, a mixture of two separable products, consisting of
mono- (YDS;-ARu) (318) and bisadducts (319), was obtained in 42% and 12% yields,
respectively.

The binding properties of 318 and 319 in the presence of influenza type-A viruses
(A/Memphis/1/71) were evaluated, using an inhibition test with virus-infected MDCK
cells. The results revealed that, despite their small molecular weight, the YDS-adducts
and more especially 319, exhibited strong inhibitory potency, with an ICs of 8.4 uM,
being values of two orders of magnitude higher than that of the parent YDS-Asn. The
origin of this excellent virus affinity was unknown, but speculations concerning
favorable electrostatic and hydrophobic interactions between the cationic and aro-
matic-rich complex center and certain amino acid residues of the hemagglutinin have
been formulated. In addition, 318 and 319 exhibited strong luminescence at 605 nm,
the intensity of which increased with the number of YDS residues. As evoked in the
earlier work, this enhancement was attributable to the bulky oligosaccharides span-
ning around the luminescent core. Interestingly, the addition of influenza type-A
viruses to the 318 and 319 in PBS resulted in luminescence quenching, probably
caused by disruption of the saccharide shell and the resulting exposure of the
luminescent core to the aqueous environment. Although the exact mechanism was
not clear, this strategy could allow for the construction of robust and efficient
sensitive biosensors for various toxins, viruses, and bacteria.
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This strategy constitutes an extension of the work of Constable et al.?”?

initially described the self-assembly of peripheral saccharides covalently linked to
terpyridine moieties. Divalent iron(II) and ruthenium(II) complexes bearing function-

who

alized f-p-glucopyranosides or f-D-galactopyranosides have been efficiently
prepared by this approach (Scheme 33). The peracetylated glucosylated terpyridine
ligand 322 was obtained under phase-transfer conditions involving the reaction
between the nucleophilic 4’-hydroxy-2'2":6',2""-terpyridine 321 and tetra-O-acetyl-a-
D-glucopyranosyl bromide (320). The elongated analogue 326 was synthesized by
simple nucleophilic substitution using K,COj3, KI, 321 and 2-bromoethyl tetra-O-
acetyl-f-D-glucopyranoside (325). 1,2:3,4-Di-O-isopropylidene-6-O-tosyl-o-p-galac-
topyranose (329) was similarly treated with 321, using sodium hydride in THF to
afford 330. Divalent complexes (323, 327, and 331) were typically formed by treating
their terpyridine intermediates with [NH4]Fe(SO,),.6H,O in acetonitrile or ethanol
and precipitation with ammonium hexafluorophosphate. Subsequent deprotection of
the saccharide portions with aqueous methanolic K,COj3 or trifluoroacetic acid in
water, respectively, afforded the glycoadducts 324, 328, and 332.

The authors conducted preliminary biological investigation on these complexes,
studying their stability toward enzymatic hydrolysis. Interestingly, the glucoside
residue was not released from the complexes under the action almond f-glucosidase,
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SCHEME 33. Self-assembled glycoclusters using a monosubstituted terpyridine ligand.?”*
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while free ligands were hydrolyzed under similar conditions. The precise molecular
origin of these effects was, however, not determined.

Later, the same group attempted to improve the efficiency of coupling of the
carbohydrates onto the terpyridine scaffold by introducing a reactive pentaflurophe-
nyl group onto the 4'-position (333) with the use of simple alcohols or saccharides
(Scheme 34).?7* Somewhat surprisingly, it appeared that the nucleophilic Syaryl
substitution could not deliver the expected conjugates. They then relied on an
alternative strategy using a 4’-tetrafluorophenoxy spacer (334), which allowed syn-
thesis of the intermediate 335, via attack of the electrophilic sugar 325. Complex
formation between 335 with ferrous chloride furnished the divalent iron complex 336
in good yield. The lengthy synthetic sequence, together with the modest yields
obtained for the starting materials, rendered the strategy unsuitable for further
development.

In order to prove the generality of the concept and enhance the stability of the
resulting complexes, several research groups investigated the use of various ligands or
coordinating metals. With this concept in mind, a versatile synthetic methodology
leading to the self-assembly of galactose—oligopyridine conjugates around various
metal cores has been disclosed.?’”> The simple and successful strategy allowed
structural variation in the components and linkers, generating multivalent adducts
of different sizes, shapes, valencies, and conformational mobilities. The synthesis of
the necessary galactosylated precursors started from tetra-O-acetyl-f-D-
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SCHEME 34. Alternative strategy used by Constable et al. for the construction of a dimeric iron(II)
complex built around a terpyridine ligand.*’*
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galactopyranosyl trichloroacetimidate (337), further functionalized under standard
trimethylsilyl triflate-promoted glycosidation reaction conditions and subsequent
transformation with various alcohols (Scheme 35). Three peracetylated galactoside
conjugates (338, 340 and 342), containing terminal amino, phenol, and aryl iodide
functions, respectively, were thereby generated.

Functionalized oligopyridines consisting in bi- (343, 345, 347, 349) and terpyridine
(351) scaffolds were synthesized according to classical chemical strategies to allow
efficient anchorage of the complementary functions of the f-p-galactosylated moi-
eties 339, 341, and 342 (Scheme 36). The bisimine conjugate 344 was first prepared
by condensation of 2-aminoethyl 2,3,4,6-tetra-O-acetyl-f-pD-galactopyranoside (339)
with the bisaldehydo bipyridine 343 in excellent (90%) yield. In order to obtain the
elongated analogues 346 and 348, 3-(4-hydroxyphenyl)-1-propyl 2,3,4,6-tetra-O-ace-
tyl-f-p-galactopyranoside (341) was anchored to the dibromomethyl bipyridines 345
and 347 via nucleophilic substitution in 55% and 30% yields, respectively. Finally,
Pd-(0)-catalyzed Sonogashira coupling was used efficiently to introduce 4-iodophe-
nyl 2,3,4,6-tetra-O-acetyl-f-p-galactopyranoside (342) on the ethynylated bi-349 and
ter-pyridine 351 to afford divalent glycoconjugates 350 and 352, in 33% and 60%
yields, respectively.

Complexations of the bipyridine ligands with CuOTf and terpyridine ligand with
Zn(OTY),, afforded the corresponding 2:1 (353) and 1:1 (354) complexes, respec-
tively, as single species (Fig. 37). Depending on the metal ligands, spectroscopic
evidence indicated the formation of tetrahedral structures in the Cu complexes,
regardless of the length or the nature of the spacers, while a trigonal-bipyramidal
geometry was observed for the self-assembled glycoconjugates resulting from the
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SCHEME 35. Synthesis of f-p-galactopyranoside precursors, bearing amine, alcohol, and iodide as
anchoring functionalities, for metal-based self—assembly.275
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SCHEME 36. Divalent f-p-galactopyranosides built on oligopyridine metal ligand scaffolds.?”

Zn metal. In addition, unprotected bipyridine—Cu(I) complexes were obtained via
O-deacetylation under Zemplén conditions, in contrast to the terpyridine—Zn(II)
adduct, where the complex decomposed.

A later investigation describes the attachment of different 1-thiosaccharides to 2,2'-
substituted bipyridines to obtain biologically stable ligands and radiolabelled metal
complexes of Re and Tc (Scheme 37).27° The novel ligands were obtained by coupling
4.,4'-dibromomethyl-2,2’-bipyridine 355 with 2,3,4,6-tetra-O-acetyl-1-thio-f-p-gluco-
pyranose (356), 2,3,4,6-tetra-O-acetyl-1-thio-f-p-galactopyranose (357), and 2,3,4,6-
tetra-O-acetyl-1-S-acetyl-1-thio-o-D-mannopyranose (358), under basic conditions. The
ensuing thioglycosidically linked bipyridine derivatives were O-deacetylated under
standard Zemplén conditions to afford the water-soluble ligands 359-361. Luminescent
rhenium complexes (362—-364) were formed by refluxing a methanolic suspension of
the corresponding ligand with rhenium pentacarbonyl chloride [Re(CO)sCl]. New
glycoconjugated complexes of the general formula [Re(L)(CO);Cl], considered as
luminescent probes, were characterized by mass spectrometry, elemental analysis, 'H
and '3C NMR, IR, UV-vis, and fluorescence spectroscopy. One of the structures was
unequivocally characterized by X-ray crystallography, indicating a surprising nonsym-
metric metallocomplex architecture. In addition, the rather stable radiolabelled **™Tc
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SCHEME 37. Preparation of luminescent Re and **™Tc glycoclusters obtained by self-assembly.>’®

complexes 365-367 were synthesized similarly in quantitative yields, using [**™Tc
(CO)3(H,0)3]T as the metal ion source.

In order to increase the complexity of the peripheral epitopes resulting from the
self-assembly process, glycodendrons have been successfully grafted onto various
ligands, allowing the formation of dense glycocomplexes. Indeed, in most of the
examples, branching of the dendrimers produces a microenvironment that
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encapsulates the coordinating metal core and can drastically modify its photochemical
and electrochemical properties, and these can be modulated at will for suitable
applications.

The first such example was proposed by Roy and Kim?’” who described the
synthesis and the relative lectin-binding properties of square planar complexes
organized around a Cu(Il) coordinating core, and glycodendrons containing four or
eight peripheral Tn-antigen units (z-GalNAc known as a cancer marker), covalently
linked to a bipyridine core (Scheme 38). 2-Aminoethyl 2-acetamido-3,4,6-tri-O-
acetyl-2-deoxy-a-D-glucopyranoside (368) and its analogue 371 containing an elong-
ated linker (obtained by peptide coupling with N-Boc-protected 6-aminohexanoic
acid followed by acid deprotection with TFA, CH,Cl,, 76%) were used for anchoring.
Compounds 368 and 371 were then coupled with 2,2’-bipyridine-4,4’-dicarboxylic
acid chloride (369) to provide divalent Tn antigens 370 and 372, respectively, after
Zemplén deprotection.

In order to provide access to self-assembling structures of increasing carbohydrate
valencies, the authors described a convergent strategy for dimeric GalNAc building
blocks having both short- and long-space arms. Thus, aminated derivatives 368 and
371 were treated with bromoacetyl chloride in the presence of DIPEA to afford
bromoacetylated GalNAc derivatives 373 and 378 in excellent yields (Scheme 39).
N,N-Dialkylation involving mono-N-Boc-1,4-diaminobutane (374) and bromoacetyl
derivatives 373 and 378, followed by trifluoroacetolysis afforded dimers 375 and 379
in 72-73% yields. By a synthetic pathway similar to that described earlier, their
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SCHEME 38. Tn-Dimers built on 2,2’-bipyridine core for self-assembly.?””
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SCHEME 39. Other elongated Tn-antigen (a-p-GalNAc) clusters for self-assembly.?”’

amidation with 2,2'-bipyridine-4,4'-dicarboxylic acid chloride (369) in the presence
of Et;N, followed by O-deacetylation yielded the elongated bipyridyl tetramer 376.

The preformed dendrons 370, 372, and 376 were clustered around copper(Il)
(CuSO4 5H,0) in aqueous media to provide efficiently the symmetric and hydrox-
ylated glycoclusters and glycodendrimers 380-382 (Fig. 38), respectively, exhibiting
four and eight GalNAc residues. These metallated «-D-GalNAc-bearing glycodendri-
mers were fully characterized by standard spectrometric analyses, 'H and '*C NMR,
MALDI-TOF mass spectrometry, and UV-vis spectroscopy.

The potential of these self-assembled complexes to cross-link and to precipitate
horseradish peroxidase-labeled plant lectin V. villosa (VVA-HRP) was confirmed by
a solid-phase competitive inhibition assay (ELLA) with the use of asialoglycophorin
as coating material. All of the neoglycoconjugates, including simple divalent and
tetravalent ligands, inhibited the binding of asiaglycophorin to VVA-HRP with
greater efficacy than the monomeric standard inhibitor allyl o-D-GalNAc (ICsy of
158.3 uM). As anticipated, the elongated dimeric analogue 381 was the most potent
(ICsp of 1.82 uM) and the tetravalent ligand 380 showed less potency (ICsq of 4.09
uM), probably because of the shorter intrasugar distances between each of the
branches. As compared to their nonmetal complexes, the metallic clusters clearly
exhibited enhanced inhibitory potencies following the expected ‘‘cluster effect.”
Indeed, the Cu(Il)-(bipy-GalNAc) tetramers, 380 and 381 were 61- and 251-fold,
respectively, more potent than the monovalent control, while octamer 382 exhibited a
259-fold enhanced avidity. Interestingly, the best binding affinity was recorded for the
tetramer Cu(Il) nucleated derivative 381 (63-fold on a per saccharide basis) that has
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FIG. 38. 0-D-GalNAc 2,2’-bipyridine oligomers self-assembled around a copper(ll) salt.>”’

the longest intersugar distances. These results clearly demonstrate that the structural
arrangement and flexibility of the molecules play crucial roles in their relative binding
affinities. This work confirmed that the aglycone spacer and valency enhancement of
sugar residues in neoglycoconjugates were responsible for an increase in binding
affinity in carbohydrate—protein interactions.

This supramolecular assembly process has also been directed toward the synthesis
of metallic and fluorescent glycodendritic architectures.?’® Thus, homogenous fluo-
rescent and sugar-functionalized metallic dendrimers, containing various numbers
and types of monosaccharides have been prepared. The chelation of transition or
lanthanide metals was ensured by the presence of 8-hydroxyquinoline (Scheme 40).
Metallic glycodendrimers containing up to 18 peripheral mannoside residues have
been prepared starting from N-(tris[(2-cyanoethoxy)methyl])methylamine (383),
which was treated with concentrated HCI in ethanol to yield triester 384. Successive
peptide couplings with Boc-f-alanine and then with 8-O-benzylquinoline-2-carbox-
ylic acid (385) yielded the functionalized tripod 386, which after hydrolysis and
further coupling with pentafluorophenol afforded the active triester 387 in 71%
yield. Tetraacetylated mannose containing an anomeric 2-aminoethoxy linker
(290b) was then coupled to 387 to generate the trivalent neoglycoconjugate 388.
O-Deacetylation and further hydrogenolysis afforded the corresponding complex
precursor 389 in 24% yield over two steps.

Second-generation mannosylated dendrons were synthesized by the process
employed for 389, starting with the introduction of Boc-f-alanine on triester 384 to
provide 390 in 63% yield. Saponification and coupling with pentafluorophenol under
standard conditions afforded triester 391. The 2-aminoethyl mannoside 290b was then
coupled to 391 to give 392. In situ removal of the N-Boc-protecting group (TFA) and
treatment with 387 afforded, after deprotection, the nonavalent glycodendron 393 in
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SCHEME 40. Mannosylated dendrons having an 8-hydroxyquinoline ligand at the focal point for self-
assembly.”’®

29% yield over four steps. Finally, treatment of the foregoing precursors under
appropriate stoichiometry with Zn(OAc),, [or AI(OAc); or GdCl; for lower genera-
tion] in hot methanol afforded the self-assembled complexes 394 and 395 in 75-82%
yields, containing either 6 or 18 peripheral mannopyranosylated residues (Fig. 39).
After assessing the interesting optical properties of the complexes, specific protein
interactions with ConA as a model lectin were investigated in preliminary
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FIG. 39. Self-assembled mannodendrons.?”®

turbidimetry assays. Initial results indicated that metallic second-generation glyco-
dendrimer 395 induced strong binding because of the large and dense glycocluster at
the surface, and was a highly efficient lectin sensor. This approach to lanthanide-
glycodendrimers [for instance with Gd(III)] might thus provide tunable fluorescent or
MRI reagents for imaging.

The same research group extended their studies, proposing a systematic investiga-
tion of the core activities for different carbohydrate densities during biosensing
processes.?’® Three new mannosylated dendrimers with a Ru(bipy)s core unit were
synthesized, and the influence of the number and size of dendritic branches on the rate
of electron and energy transfer, as well as the lectin-biosensing abilities (Scheme 41),
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SCHEME 41. Mannosylated glycodendrimers on a bipyridine core for ruthenium complexation.>”®

were investigated. Mannose-capped dendrimers 398, 399, and 400 were prepared
using glycosylated bipyridine precursors by treatment with RuCl; or cis-Ru-
(bipy),Cl,. A first-generation dendron (396) was prepared in modest yield (25%)
via the previous strategy, by removal of the N-Boc protecting group of 392 and
subsequent peptide coupling with 2,2'-bipyridine-4,4'-dicarboxylic acyl chloride
(369). A second-generation dendron, containing nine saccharidic units (not shown),
was synthesized in 69% yield by the introduction of an amine derived from 392 and
coupling to 391. Following N-Boc deprotection (TFA) and subsequent peptide
coupling with bipyridine derivative 369 gave 397 in 13% yield over two steps.

Boiling the first- and second-generation glycodendrons 396 and 397 in ethanol in
the presence of cis-Ru(bipy),Cl, or RuCl; followed by O-deacetylation under
Zemplén conditions yielded dendritic complexes 398-400 (Scheme 42) containing
6 or 18 peripheral mannopyranosides, respectively.
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SCHEME 42. Preparation of photoinducible electron-transfer Ru(Il)-complexes.>”®

The rate of electron transfer within the complexes was investigated by photoin-
duced electron transfer (PET) between photoexcited Ru(Il)-templates and a suitable
quencher (N, N'-4,4’-bis(benzyl-3-boronic acid)bipyridinium dibromide, BBV) hav-
ing high affinity for sugar. As expected, all compounds exhibited different extents of
quenching, depending on the degree of peripheral carbohydrate density that effi-
ciently insulated the core properties. The rate of energy transfer induced by photoex-
citation of the complexes was also evaluated by quantification of molecular oxygen in
the singlet state trapped by a quencher (TEMPO). The rate of appearance of the
generated stable species (TEMPO) decreased from 398 to 400, thus supporting the
notion that dense carbohydrate insulation of the Ru(Il) template presents a shield that
stopped effective energy transfer to dissolved oxygen. In addition, the selectivity and
sensitivity of these processes have been studied by use of complexes as lectin
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biosensors. ConA and Galanthus nivilis agglutinin (GNA), both tetramers that contain
one and three mannose-binding sites per subunit, respectively, were selected for these
investigations. The concept was based on the reconstitution of the fluorescent signal
when preliminary complexes between the BBV quencher and mannosylated-com-
plexes were disrupted in favor of the tight interactions that take place between
glycodendrimers and lectins. A spontaneous gain in fluoresecence was observed
with the addition of 75 nM of ConA to the initial mixture of hexavalent complex
and BBV. In contrast, more modest gains in fluorescence were obtained for dendri-
mers containing 18 mannosides under the same conditions, but a steady and linear
increment continued at higher concentrations of ConA. Similar experiments with the
higher valency lectin GNA induced the same tendency. Based on these results,
detection limits for each Ru-complex were evaluated and compared, indicating that
hexavalent glycoconjugate 398 was the most sensitive; whereas a higher detection
limit was determined for 399 and 400 which exhibited a broader limited range of
linear response. In conclusion, although complex 398 represented the best compro-
mise between encapsulation and efficient quenching properties for sensitive lectin
sensing, glycodendrimers 399 and 400 were also suitable sensitive biomarkers to
study lectin—carbohydrate interactions, owing to their high quantum yield and
excellent lectin-affinity through their high carbohydrate density.

2. Self-Assembly of Glycodendrons in Solution

In the early 2000s, Thoma et al. presented an alternative concept for the polyvalent
presentation of ligands, based on the supramolecular chemistry of rather small
molecules that fulfill single-molecule entity criteria.?®° They described the noncova-
lent and dynamic self-assembly of original and functionalized dendrons capped with
carbohydrate ligands in aqueous solution, generating polyvalent glyconanoparticles.
Dendritic scaffolds were prepared by a convergent ‘‘outside-in’’ approach.?8! This
iterative methodology was based on a single building block (403) obtained by the
coupling of methyl 3,5-diaminobenzoate and 4-(fert-Boc-aminomethyl)benzoic acid.
Selective cleavage of the methyl ester group to give 404, and subsequent removal of
the N-Boc group liberated 405, comprising the G(1) dendrimer generation with two
amine end groups. Its coupling with 404, followed by orthogonal methyl ester
cleavage furnished 408, a G(2) dendrimer generation containing four terminal anchor-
age functions. The third-generation dendrimer, with eight end groups, was obtained
by treatment of 408 with 404. The same procedure was repetitively applied to
yield dendrimers with up to 64 end groups, corresponding to the sixth generation.
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The peripheral amines of the glycodendrons of each generation were isolated as TFA
salts and further transformed by introduction of chloroacetamide groups, using a large
excess of chloroacetic anhydride in DMF, leading to complete conversion.
Subsequent introduction of thiolated oligosaccharides such as 401 (Galili antigen)
and 402 (Lac-SH) onto the dendritic cores was realized in the final step of the
synthetic sequence in the presence of DBU, to afford water-soluble glycodendrimers
406, 409, 410a, and 410b (not shown; sixth generation) presenting a controlled
number of peripheral oligosaccharidic residues based on the generation (Scheme 43).
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Aggregation of all glycodendrimers in water was observed by 'H NMR and
quantified by using multiangle light scattering (MALS). Measurements indicated
the formation of small aggregates of 50 kDa for the first generation (406) whereas
the tetravalent analogue 409 formed large particles of 7000 kDa, corresponding to the
aggregation of more than 1500 individual molecules per particle. Surprisingly, the
particle weight obtained with higher generation dendrimers decreased with increasing
mass of the individual molecule. Furthermore, the third-generation glycodendrimers
410, containing eight (RS- or R!S-) residues, exhibited similar size and weight,
indicating that particle structure depended primarily on the dendritic core architec-
ture, and less on the size and the nature of the carbohydrate group. The synthesis of
several dendritic cores containing more branched aliphatic components in their
structures, such as cyclohexyl rings, linear alkyl chains, or methylated amides demon-
strated that only highly aromatic architectures induced aggregation as a result of
n-stacking, hydrophobic interactions, and rigidity.?®' The authors assumed that intra-
molecular n-stacking led to preorganization, allowing efficient core—core contacts.
An optimal core—core interaction was recorded for the second generation, whereas the
lowest generation dendrimer was too small and the largest ones were too shielded by
the dense carbohydrates. In addition, both the shape and the size of these homogenous
nanoparticles (within a factor of 2) was investigated by AFM, indicating a disk-like
morphology, having average diameters decreasing with increasing mass of the
individual molecule, thus resembling their tendency in solution.

The biological activity of these noncovalent multivalent ligands was investigated
via the inhibition of decavalent IgMs directed against the «Gal (Galili) xenoantigen.
To assess the compounds as polyvalent IgM ligands, the authors employed two
in vitro assays in which the inhibition of both the anti-aGal IgM binding to the
xenoantigen and the aGal-mediated lysis of pig erythrocytes were measured. In
agreement with previous results, monomeric «Gal was inactive at 100 uM in both
assays. Whereas no activity was observed for the divalent conjugate, the second- and
third-generation dendrimers 409 and 410 were highly potent in both assays (0.025,
0.035 uM and 0.010, 0.010 uM, respectively). The fourth-generation analogue,
containing 16 peripheral aGal residues, also showed high potency in the binding
assay (0.019 uM) but was significantly less potent in the hemolysis assay (0.18 uM).
Generally, potency decreased drastically for the larger dendrimers which did not
induce aggregation. The avidity thus correlated with the size of the aggregates, but
not with the size of the individual particles. Preliminary in vitro results highlighted the
involvment of polyvalent aggregates in antibody binding, without nonspecific inter-
actions of the dendrimer backbone. The most potent compound (410) bearing eight
trisaccharidic epitopes, was selected for in vivo profiling in cynomolgus monkeys.
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Within 5 min after injection, the anti-oGal IgMs detected by ELISA were diminished
to 20% of the initial value determined prior to the administration, and remained at low
levels for more than 4 h. Most importantly, anti-oGal antibody-mediated hemolytic
activity was completely eliminated.

Even though examples remain rather scarce, the preparation of multivalent struc-
tures via supramolecular chemistry involving the self-organization of ligands around
a coordinating core has afforded glycoconjugates in which the valency, the size, and
the structures can be efficiently tailored with the nature of the coordinating metal and
the chemical composition of the ligand. In most instances, the stable complexes
generated constitute promising organizations with enhanced biological properties as
compared to the corresponding monomeric ligand. Moreover, this noncovalent,
dynamic, and reversible self-assembly process can, ideally, allow the utilization of
the polyvalent receptor (lectin) as a template to optimize its own polyvalent inhibitor
with the organization of carbohydrate moieties to fit perfectly into the recognition
sites. This adaptability has also been emphasized by the significant improvement of
biological activities as compared to those of individual species that has been observed
for homogenous noncovalent glycoparticles that self-assembled in aqueous media via
a similar dynamic equilibrium process.

In the light of promising applications offered by these supramolecular glycoconju-
gate structures, notably for the intrinsic optical and electrochemical properties of
metal complexes, this underexploited research area is undoubtedly in its infancy and
holds promise for such systems as biomarkers or sensitive biosensors.

V. GLYCODENDRONS AND GLYCODENDRIMERS

1. Introduction

a. Definition and History.— A dendrimer is a synthetic highly branched mono-
disperse and polyfunctional macromolecule, constituted by repetitive units (so-called
‘‘generations’’) that are chemically bound to each other by an arborescent process
282.283 Thus, as opposed to traditional polymers,
which often have poorly defined molecular structures that are clearly an important

around a multifunctional central core.

drawback for medical application in terms of product characteristics, dendrimers are
structurally well defined and can be synthesized from a fully controlled iterative
approach. Although differences exist in terms of rigidity and compaction, dendrimers
are often compared to ‘‘artificial proteins’’ with their semiglobular or globular
structures, mostly with a high density of peripheral functionalities and a small
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molecular ‘‘volume.’ 284285

It is now accepted that dendritic polymers are the fourth
major class of polymeric architecture, consisting of three subsets that are based on the
degree of structural control, namely: (a) random hyperbranched polymers, (b) den-
drigraft polymers, and (c) dendrimers. The concept of repetitive and controlled
synthetic growth with branching was first reported by Vogtle, who achieved the
construction of a low molecular weight ‘‘cascade’’ polyamine.?®® However, it was
not until 1985 that the groups of Newkome?8’ 288 independently
described a divergent macromolecular synthesis, giving birth to the first well-char-
acterized true dendrimers, named ‘‘arborols’’ and ‘‘PAMAM’’ [poly(amidoamine)]

dendrimers, respectively. Their strategy thus efficiently avoided problems of low

and Tomalia

yields, purity, or purification encountered by Vogtle in his cascade synthesis. In
their chapter, Tomalia et al. paved the way to dendritic structures: their definition
and construction, and introducing for the first time the term ‘‘dendrimer,”” which
arises from the Greek dendron meaning ‘‘tree’’ or ‘‘branch,”” and meros meaning
“‘part.”” Their original and efficient methodology still constitutes the preferred com-
mercial route to the trademarked Starburst® dendrimer family, with molecular
weights ranging from several hundred to over 1 million Daltons (namely, generations
1-13). Until the mid-1990s, the synthetic challenge of such aesthetic structures
stimulated numerous research groups to investigate intensively a range of synthetic
strategies. These efforts gave rise to original dendritic structures emerging from two
main synthetic strategies used to construct perfectly branched dendrimers: the diver-
gent and the convergent approach. Over time, an accelerated version of the conver-
gent strategy has been developed in order to increase its throughput and efficiency by
using clever adaptations of cores or dendrons.

Initial efforts gave rise to well-characterized dendritic macromolecules, but appli-
cations remained limited because of the lack of specific functionalities. An exponen-
tial increase of publication volume observed for about 15 years testified the growing
interest for dendrimers and has led to versatile and powerful iterative methodologies
for systematically and expeditiously accessing complex dendritic structures. The
perfect control of tridimensional parameters (size, shape, geometry) and the covalent
introduction of functionalities in the core, the branches, or the high number extremi-
ties, or by physical encapsulation in the microenvironment created by cavities confer
such desired properties as solubility, and hydrophilic/hydrophobic balance. Thus,
creativity has allowed these structures to become integrated with nearly all contem-
porary scientific disciplines.

Undoubtedly, biology and nanomedecine, more particularly biomedical and thera-
peutic applications, are the domains that have generated the highest infatuation for
these architectures. However, the complexity of mechanisms involved in biological
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processes presents an important challenge for efficient structure design. In fact,
historically, problems concerning toxicity, hydrosolubility, degradability, targeting
specificity, pharmacokinetic, and biodistribution profiles for this kind of applications
have been recurrent when using monomeric systems. Application of polymeric
systems has been exploited advantageously to enhance hydrosolubility, biocompati-
bility, lack of toxicity, immunogenicity in order to improve drug stability, and
selectivity toward malignant tissues. This enhancement of therapeutic properties
observed with the use of ‘‘prodrugs’” has been explained by the physical properties
of these polymeric structures, presenting high hydrodynamic volumes that facilitate
blood persistence and accumulation in tumoral tissues in particular.This phenomenon,
called the ““EPR effect’’ (i.e., enhanced permeation retention), may be roughly
explained by physiological and biochemical differences observed between tumoral
and healthy tissues. In fact, tumor tissues present specific vascularization with a
defective lymphatic drainage system that allows macromolecules (with molecular
weight > 20 kDa) permeability, retention, and accumulation.?® However, a high
polydispersity index and low drugs loading are often responsible for critical lack of
reproducibility and efficiency.

Dendrimers, combining several of the advantages described for polymers, along
with monodispersity and a high density of functionalities with a small molecular
volume, have been exploited for about 15 years to surpass the problems usually
encountered. Thus, their particularly unique structures and properties have motivated
their use in numerous applications as drug or gene delivery devices in anticancer
therapy, and as antibacterial, antiviral, or antitumoral agents. The use of dendrimers in
biological systems, and also systematic studies of the most common dendritic scaf-
folds to determinate their biocompatibility, such as in vitro and in vivo cytotoxicity,
their biostability or immunogenicity have been extensively reviewed.??>?°! One
typical example concerns the use of dendrimers as ‘‘glycocarriers’’ for the control
of multimeric presentation of biologically relevant carbohydrate moieties that are
useful for targeting modified tissue in malignant diseases for diagnostic and thera-
peutic purposes. In such molecules, termed ‘‘glycodendrimers,’’ the saccharide por-
tions are conjugated according to the principles of dendritic growth or are ligated to
preexisting highly functionalized and repetitive dendritic scaffolds having varied
molecular weights and structures. Since they first appeared in the literature in
1993,%2 glycodendrimers and related glycodendrons, with their spheroidal or den-
dritic wedge structures, have been initially designed as bioisosteres of cell-surface
multiantennary glycans that stimulated wide interests within the scientific commu-
nity.?*>2°% As with conventional dendritic structures, glycodendrimers can be
obtained as dendrons, spherical or as globular architectures, or ‘‘hybrid dendronized
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polymers’’ according to divergent, convergent, or accelerated approaches. All of
these original synthetic clusters were constructed in such a way that their valencies,
shapes, and carbohydrate contents could be varied at will with a controlled integration
of dendritic building blocks. Hence, recent progresses in synthesis of dendritic
structure can allow easier optimization, to afford tailored glycoconjugates with
biologically adapted and optimized properties.

b. Glycodendrimer Syntheses.— Historically, the divergent strategy was used to
prepare the first dendritic structures. Dendrimers are built iteratively out from a central
core, layer by layer, requiring activation/addition steps to afford the desired dendritic
structures: the focal and multifunctional molecules are systematically expanded out-
ward using various chemical linkages. The first-generation dendrimer is simply formed
by attaching branching units to the core molecules. To form the second-generation
dendrimer, the peripheral functional groups then react with a complementary chemical
function presented on the branched building blocks. To avoid hyperbranched polymer-
ization, this step has to be carefully controlled by using protected (or inert) groups on
the building blocks. Activation (deprotection or chemical transformation) of the newly
attached surface groups leads to the second-generation dendrimer. The generation
growth quickly allows exponential multiplication of active terminal functions, and the
process is repeated until the required degree of branching is obtained. For glycoden-
drimers, the sugars are then appended at the periphery of the molecules. Although this
approach is conceptually straightforward, synthetic problems are sometimes encoun-
tered, involving the use of very large excess of reagent (or monomer) in each synthetic
step to ensure complete functionalization and the necessity of efficient coupling in
regard to the exponentially increasing number of functions. To accentuate the difficulty,
and although monomers are generally easy to remove, separation of the required
dendrimer from the structurally flawed by-products usually remains challenging,
because of their mass, size, and general properties that are very close to the perfect
dendrimer. For the sake of simplicity and diminished cost, the inner scaffold portion of
the glycodendrimer can be either synthesized by a one-pot procedure using hyper-
branched polymer methodologies, or purchased directly. Indeed, several dendrimers
having various surface functionalities and building blocks are commercially available:
polyamidoamine dendrimers (PAMAM, Starburst®, Dendritic Nanotechnologies),
polypropyleneimine (PPI, Astramol®, DSM Fine Chemicals), polyglycerol dendrimers,
and hyperbranched dendritic polymers (Boltorn®), are most commonly used as multi-
branched dendritic core or glycodendron precursors, and most of them are known to be
nontoxic and nonimmunogenic.
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An alternative and more efficacious convergent strategy was reported in 1990 by
Hawker and Fréchet,?*® using the symmetrical nature of these structures, in order to
overcome some of the synthetic and purification problems associated with the diver-
gent methodology. It involves the preliminary synthesis of peripheral branched den-
dritic arms, named ‘‘dendrons’’ or ‘‘glycodendrons,’”’ from the
concept can be described by envisaging the attachment of X terminal units containing
one reactive group to one polyfunctional monomer possessing orthogonally protected
functionalities, resulting in the first-generation dendron. Transformation of the unique
focal site, followed by treatment with !/y equivalent of the protected monomer or a
polyfunctional central core affords the next higher generation dendron or a dendrimer.
The advantages of the convergent strategy lie with the diminished number of reactions
carried out in each step. Moreover, purification of the desired dendrimer becomes less
problematic than in the divergent case, fewer by-products are generated and they are
structurally very different from the perfect target dendrimer. However, the fact that the
focal functionalities of the wedge may be sterically inaccessible from within the
infrastructure (depending on the generation) causes difficulties toward subsequent
linkage to the core, thus resulting in slower and less efficient reactions as the genera-
tion grows. Nevertheless, it is now well established that a large number of surface
glycan moieties impede accessibility of the carbohydrate by carbohydrate-binding
receptors. Considering these synthetic advantages, this methodology has been used
successfully for access to dissymmetric dendritic structures.>%°

Cumbersome purifications and synthetic disadvantages observed with both iterative
approaches have motivated investigations toward accelerated synthetic methodologies.
To improve synthesis efficacy and limit synthetic steps, while preserving monodisper-
sity and functionalization versatility, new strategies have been successfully addressed.
These include the development of larger building blocks involved in ‘ ‘multigeneration’’
coupling, as largely described by Fréchet e al. In this way, high molecular weight
dendrimers and dendrons have been synthesized using highly polyfunctional dendritic
cores (‘‘hypercores’’),?°! and high-generation dendrons for subsequent coupling reac-
tion (‘‘hypermonomers’’),>*> which can also be obtained by an orthogonal protected
functions approach (‘‘double exponential growth strategies’’).>* An elegant application
has been described>** based on this design to allow for more rapid dendritic construction,
starting with small glycoclusters, which are attached to branching units to form glyco-
sylated hypermonomers and then finally to a suitable central part. More recently, another
clever strategy based on ‘orthogonal monomer systems’” has been designed.3%>3% The
judicious use of functionalized building blocks that are coupled together without need of
protection/deprotection steps has allowed rapid and easy access to homogeneous and
heterogeneous dendrimers.

outside-in.”” This
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2. Glycodendrons

The convergent alternative for the synthesis of glycodendrimers is attractive, since
early synthesized glyco-coated molecular wedges present readily available and inter-
esting multivalent candidates for biological investigations. Obviously, by analogy to
classical synthesis of globular structures, their growth can emanate from the con-
trolled succession of suitable functionalized building blocks provided by standard
AB, or ABj systems.

a. AB, Systems.— Aromatic AB, dendritic building blocks have been widely used
to construct glycodendrons possessing interesting biological activities. One of their
first applications was to prevent tissue infection by the pentameric bacterial toxin
from V. cholerae. The approach for preventing binding of CT-GM; consisted in
considering the terminal galactose residue (Fig. 9) as the anchoring fragment, to
which various pharmacophores could be attached to provide optimized small-mole-
cule antagonists against CT. This strategy was based on the fact that this galactose
residue bound very specifically at a buried pocket of the receptor-binding site.
However, the rest of the binding site is very shallow and lacks well-defined hydro-
phobic pockets that can be exploited using traditional structure-based drug design to
arrive at potent inhibitors. Initial studies were made by screening commercially
available galactose derivatives. Using ELISA, it resulted that m-nitrophenyl o-D-
galactopyranoside (MNPG) was the best inhibitor identified, with an ICsy of 720
uM, corresponding to a 100-fold better affinity for CT than that of the ‘‘lead”
galactoside.>"’ In addition, a small library of antagonists showing up to 14-fold
improvement as compared to the best MNPG candidate was designed. The library
consisted of 3,5-disubstituted phenyl galactosides (as o/ anomeric mixtures), in
which a hydrophobic ring-system was linked via a short, flexible aliphatic linker
through an amide linkage at the remaining meta position of the MNPG core.308

Further improvements were obtained by using a simplified strategy based on the
use of relatively simple lactose derivatives (Fig. 40).3°° The potent monovalent
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inhibitor (411) for CT was developed and had a Kp of 248 uM from a direct
fluorescence-binding assay. This rather low value was attributed to the presence of
the thiourea moiety, and the aryl group that seemed to contribute to the 70-fold
binding enhancement as compared to unsubstituted lactose (Kp = 18 mM). An
improvement in binding affinity was further observed by the same group with a
new lactose 2-aminothiazoline conjugate (412), formed by a cyclization of the
thiourea sulfur atom onto a triple bond and containing a more rigid spacer between
310 Fluorescence studies revealed one order of magnitude
enhancement in its affinity (Kp = 23 uM) for the CTB subunit, as compared with that
of thiourea derivative.

In order to improve their respective inhibitory potencies against CT, the optimized
monovalent inhibitors just described were linked to various AB, building blocks, thus

the sugar and the aryl group.

adding the concept of multivalency. Therefore, an improvement in receptor-binding
activity was expected with the use of the glycodendron approach, taking advantage of
the symmetrical arrangement of five identical binding sites on the toxin B pentamer,
as mentioned in earlier sections. This context allowed the synthesis of generation 1, 2,
and 3 of lactosylated dendrons based on a 3,5-bis(2-aminoethoxy)benzoic acid
repeating unit and containing 2 (413), 4 (415), and 8 peripheral lactoside residues
(417), respectively, bound to the dendritic scaffold via thiourea linkages (Fig. 41).3%°
Binding affinities with the CT subunit were determined by fluorescence assay (FRET)
and ranged from 18 mM for lactose to 33 uM for the octavalent glycodendron 417.
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This value corresponded to an eightfold enhancement as compared to corresponding
monovalent lactoside derivative under the same conditions. However, an increase in
the branching of the dendron (namely valency) provided only a modest increase in the
potency of the ligand, corresponding to a rather constant relative potency per lactose,
regardless of the number of peripheral epitopes.

To further advance the effectiveness of such glycodendrimers, the same group
incorporated two modifications to the system.’'! The first alteration implicated
glycodendrons having a slightly modified scaffold, outfitted with elongated arms,
and peripheral attachment of the GM; mimics proposed earlier by Bernardi et al.'?
using the modified GM; analogue 108 (Fig. 9). Unlike GM,, the modified 108
derivative was obtained on a gram scale and the synthetic sequence was adapted to
achieve differentiation of the carboxyl group in the cyclohexanediol moiety to allow
further functionalization. Using the SPR inhibition assay, the products showed good
inhibition, with ICsq of 13 uM for the divalent 414 and 0.5 uM for the tetravalent 416,
corresponding to a 440-fold improvement over its monovalent counterpart. The
octavalent analog 418 was the most potent compound, as determined using an
ELISA assay.

In ongoing efforts, highly effective CT inhibitors were obtained by using similar
architectures with a combination of several critical factors in their design: the use of
authentic or modified GM; oligosaccharide sequences as the optimal monovalent
ligand (419-421), bound to multivalent dendritic scaffolds presenting elongated
spacer arms of optimal length (Fig. 42).3!2

Compound 419 and its galacto-modified analogue 421, each bearing an azido
group, can be conjugated to polyalkynic dendritic scaffold by ‘‘click chemistry.”
To evaluate the potency of the inhibitors 419 and 421 and their corresponding di-,
tetra-, and octavalent derivatives, an ELISA assay was used which indicated unprec-
edented affinities and potencies, notably for octavalent 422, which exhibited a very

Gal-lv

OH oH

OH

o oH
oH OH
HO o, HO.
OH ° o
AcHN
AcHN o
OH o
QO HO 0NN
®o0c,_° S7° o
OH
o
HO

o ,oH oH
O HO 0NN
®ooc._° — o g
oH
o)

7 41 = OH
Ho—/ackn” O 9 X=CH,CH,N, HO~/ pchiN 421 X=CH,CHN,

420 X=CH=CH,

FIG. 42. GM, and agalacto-GM, ligands.>'?



SYNTHESIS OF MULTIVALENT NEOGLYCOCONJUGATES 293

low IC5q (around 50 pM), meaning that each GM;o0s moiety bound 47,500-fold more
strongly than the corresponding monovalent 419. Di- and tetravalent GM,0s systems
had ICs, values roughly 4-5 orders of magnitude lower than the octamer. In the
agalacto dendrimer series related to 421, the octavalent 423 was a weaker inhibitor
than its tetravalent counterpart, having an ICsy of 0.1 uM.

Further studies concerning the activity of glycodendrons containing two or four
peripheral GM;os against the E. coli heat-labile toxin (LTBh) B-pentamer have been
similarly described (Fig. 43).313
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Analytical ultracentrifugation and DLS have been used to demonstrate that the
multivalent inhibitors induced protein aggregation and the formation of space-filling
networks. This aggregation process appeared to take place when using ligands that did
not match the valency of the protein receptor. Interestingly, the valency of the
inhibitor had a dramatic effect on the mechanism of aggregation, influencing both
the kinetics of aggregation and the stability of intermediate protein complexes. In
addition, structural studies employing AFM have revealed that a divalent inhibitor
induced head-to-head dimerization of the protein toxin, which either prevented the
LTBh pentamer from sitting flat on the surface, or gave rise to a protein bilayer.
Considering that tetravalent structures were shown to be more potent inhibitors than
pentavalent analogues of similar size, the development of a strategy based on the use
of mismatched valencies may provide more relevant multivalent therapeutics against
pentameric bacterial toxins, thus adding to the arsenal of multivalent strategies.

To avoid the tedious preparation of GM; derivatives, the direct and efficient
preparation of dendritic inhibitors based on a simple galactoside was also proposed
by the same group.?'# Hence, a simple f8-p-galactopyranoside bearing a poly(ethylene
glycol) unit, crudely mimicking the other sugar rings of GM;o0s and ending with a
lipophilic part having a terminal azido function, was attached to keep this factor the
same as in the systems just mentioned. The compounds of highest valency (424) and
the corresponding tetravalent system showed ICsqs in the same range as the GM;os
derivative 422. The multivalency effect, as expressed by the relative potency per
sugar, still increased from di- to tetra-valent (923 vs. 2400), while remaining basically
the same for the octavalent analogue (2500). Although results obtained with dendri-
mers coated with a sole galactoside residue were less spectacular than those observed
with the agalacto-GMos derivatives, they again constituted an important step toward
potent ligands against CT of low cost and ready availability.

Parallel investigations by the same group described the construction of new and
rigidified multivalent structures bearing up to four lactose-2-aminothiazoline units at
the periphery.3!> The synthesis of the dendritic scaffold started with aromatic diiodide
425, which was treated with Boc-protected propargylamine under modified Sonoga-
shira coupling conditions, to yield the branching unit 426, fully orthogonally pro-
tected as the key building block (Scheme 44). Part of this material was exposed to a
CH,Cl1,-TFA mixture to afford quantitatively the N-deprotected compound 427. The
other part was smoothly hydrolyzed with Tesser’s base to lead to carboxylic acid
derivative 428. The two fragments were then coupled under standard peptide condi-
tions and subsequently treated with TFA to yield the tetraamino compound 428.

Coupling di- (427) and tetraamines (429) to the lactosyl ff-isothiocyanate (430) in
the presence of /Pr,NEt and subsequent acid treatments to facilitate formation of the
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aminothiazole afforded the glycoclusters in moderate yields of 65% and 33%, respec-
tively (Fig. 44). Standard deacetylation under Zemplén conditions yielded di- (431)
and tetra-valent dendrons (432).

The deprotected lactosides were evaluated as inhibitors against lectin binding in a
solid-phase inhibition assay with immobilized ASF on the surface of microtiter plate
wells, mimicking cell-surface presentation, while mammalian galectins-1, -3, and -5
were in solution. Strong multivalency effects and selectivity were observed for the
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tetravalent lactoside in the inhibition of galectin-3 binding, even better than for ASF,
with an ICsy of 70 nM, corresponding to a 4300-fold enhancement compared to
lactose (thus a factor of 1071 in the relative potency of each lactose unit). On the
other hand, although rigidified glycodendrons generally generated more interesting
results than the corresponding analogues 415 and 417, no marked multivalency
effects in the inherent binding affinities to galectin-3 were observed by fluorescence
spectroscopy with all components in solution.

A biotinylated glycopeptide dendron, based on a dendritic L-lysine scaffold and
bearing four T-antigen tumor markers [f-Gal-(1—3)-aGalNAc, T-Ag 433] (Fig. 45),
was first proposed by Baek and Roy in 2001.3'® The doubly associative binding
interactions between the heterobifunctional biosensor 433 and the coating streptavi-
din, together with mouse T-Ag monoclonal antibody, were demonstrating using
conventional solid-phase double sandwich ELISA. Hence, the virtue of the T-Ag
glycodendrimer used as coating agent was a very effective anchoring motif of high
avidity (nanomolar coating), and constituted an efficient cell-surface model.

Using analogous aromatic AB, building blocks, a modular approach leading to
glycoconjugates with multiple copies of Gb3 analogues that can induce differentia-
tion between structurally homologous Shiga 1 (Stx1) and Shiga 2 (Stx2) toxins from
complex samples has been developed.?'” To this end, divalent systems bearing Gb3
(Fig. 17) analogues, or those of a neutralizing polysaccharide corresponding to
serogroup O117 (0117 LPS, 434), have been constructed (Fig. 46). Interestingly,
O117 LPS resembles Gb3, but there are significant structural differences since Gb3
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has a terminal o-(1—4)-digalactoside moiety, whereas the neutralizing polysaccha-
ride has a modified terminal digalactose moiety possessing a bulky N-acetyl group at
each 2-position. In contrast to Gb3, which binds to both Stx1 and Stx2, 0117 LPS was
not able to bind Stx1 or to neutralize its effect on Vero cells, suggesting that the N-
acetyl group sufficiently modifies the binding specificity toward Stx1. Tailored
biantennary glycoconjugates (435-437) consisting of three structural components
including peripheral carbohydrate-recognition components, flexible aliphatic spacers,
and a biotinylated dimer have been synthesized with varied N-acetylation patterns.
Biotin was used because it afforded ready access to multivalency as one streptavidin
tetramer binds to four biotin molecules, and it can be conjugated to commercial
streptavidin matrices for toxin capture. Molecules were designed such that the biotin
and, hence, streptavidin were attached to the opposite end of the rigid scaffold to
minimize interference by biotin in the binding event.

Binding of Stx1, Stx2, and Stx2c, a variant found in human clinical samples, was
assessed by ELISA analysis. Results indicated that Stx2 bound to the di- and mono-N-
acetyl-substituted galactosamine 435 and 437, respectively, whereas Stx1 failed to
bind to either compound. More precisely, 437 appeared to be a better substrate for
Stx2 than 435. In contrast and surprisingly, 436, constructed with the Gb3 analogue,
bound exclusively to Stx1, probably due to the biantennary architecture with a short
spacer that constrained binding to Stx2. Finally, the authors proved the ability of 436
to capture Stx1 in clinical applications, without any interference from a complex
sample, indicating the feasibility of highly selective and sensitive synthetic glyco-
conjugate-based detection reagents for Stx by introducing simple manipulations in the
structure of known saccharide receptors.
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Using the same versatile modular synthetic strategy, the same group developed
biotinylated bi- (438) and tetra-antennary (439) mannosylated glycoconjugates to
capture and detect E. coli cells, and compared the relative capturing ability of these
molecules to commercial polyclonal antibodies (Fig. 47).3'8 Instead of aliphatic
spacers, tetraethylene glycol linkers were used to diminish nonspecific binding and
to impart flexibility for a better fit in the active sites.

Biotinylated glycoconjugates or antibodies were grafted on commercial streptavi-
din-coated magnetic beads and the resulting material was used to capture, isolate, and
quantify bacterial recovery by using a luminescence assay. In this context, ‘‘glyco-
magnetic’’ beads completely covered with glycans were incubated with two isogenic
strains of E. coli, ORN178 and ORN208. The ORN178 E. coli bears numerous
fimbrial adhesins (FimH) possessing binding preferences to ¢-mannosides. The sec-
ond strain is a mutant lacking pilus expression. In initial experiments, strain ORN178
mediated the aggregation of beads coated with mannose-bearing divalent compound
438 within minutes of addition to the beads, whereas strain ORN208 did not. Bacterial
aggregation has been shown to be dependent on multivalency, and these results
suggested that a single bacterium could bind to multiple beads. Moreover, at higher
concentrations of E. coli, the tetravalent conjugate 439 was responsible for an increase
in capture effectiveness. The authors further compared their competence relative to
standard antibody-coated beads for the capture of bacteria. The results indicated that
the glycoconjugate-coated magnetic beads outperformed traditional antibody-coated
magnetic beads in sensivity and selectivity when compared under identical experi-
mental conditions. In addition, these systems could capture E. coli from environmen-
tal samples of stagnant water, with the possibility for targeting specific pathogenic
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bacteria modulating the nature of the carbohydrate recognition component. These
experiments thus clearly revealed the power of glycans in biosensing, and demon-
strated that these stable and inexpensive glycomagnetic beads could be used for
capture and isolation of pathogens from other complex matrices.

In 2000, Saladapure and Lindhorst reported the synthesis of glycopeptide dendrons
in which the peptide coupling of orthogonally protected AB,-type carbohydrate units
formed the basis for an iterative sequence leading to the various generations of
glycodendrons in either a divergent or convergent manner.>'® The synthetic strategy
was based on the use of efficient peptide chemistry in the linking step, avoiding
sophisticated glycosylation techniques for each coupling step, and allowing possible
adaptation to solid-phase chemistry (Scheme 45). The key AB,-type glucoside build-
ing block 440 was used for the preparation of multigeneration glycopeptide dendrons
from its orthogonal deprotection, to yield complementary building blocks 441 and
442. Hence, mildly alkaline hydrolysis of the methyl ester groups led to dicarboxylic
acid 441, whereas removal of the N-Boc protecting group with a TFA—dimethyl
sulfide mixture afforded amino-functionalized glucoside 442. HATU-mediated
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peptide coupling, together with DIPEA gave protected first-generation glycodendron
443 in 79% yield. Using the N-Boc-deprotection and peptide-coupling reaction
sequence, the synthesis of higher generations of glycopeptide dendrons was carried
out convergently. Hence, 443 was converted into its amine derivative 444, whose
coupling with 441 led to protected G(2) glycopeptide dendron 445 in 60% yield. The
same convergent strategy was applied for the construction of the third-generation
glycodendron 447 containing eight peripheral glucoside units, via peptide coupling
between 446 dendron and 441. Although no biological investigation was proposed by
the authors, the stability of O-deacetylated G(1) glycodendron against f-glycosidases
from almonds was evaluated and no degradation was observed over several hours.
Four years later, Nelson and Stoddart designed di- and tetra-valent lactosylated
dendrons according to a convergent pathway and under mild and chemoselective
conditions (Scheme 46).32° The strategy was based on the photochemical addition of
hepta-O-acetyl-1-thio-f-lactose (448) onto bisallyl trisaccharide 449 to form divalent
adduct 450. Two nearly quantitative deprotection steps consisting in standard
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Zemplén O-deacetylation followed by cleavage of the acetal protecting groups with
aqueous TFA afforded G(0) dendron 451, whose reducing end was reductively
aminated with bismethylamino trisaccharide 452 using cyanoborohydride in 1:1
MeOH-H,O to furnish the G(1) dendron 435 in 48% yield.

In 2007, Heidecke and Lindhorst detailed an original approach toward glycoden-
dron synthesis using a 3,6-diallylated precursor serving as an AB, system, and in
which a hydroboration—oxidation sequence or radical addition of mercaptoethanol as
an activating step, and subsequent glycosylation with branched or unbranched sugar
trichloroacetimidates constituted key steps toward dendritic growth (Fig. 48).3?!
A collection of six new hyperbranched mannosylated glycodendrons (454—459) was
thereby prepared, and tested using ELISA for their potential as inhibitors of type-1
fimbriae-mediated bacterial adhesion of E. coli to yeast mannan polysaccharide from
Saccharomyces cerevisiae.

The branched oligomannosides differed with regard to both their carbohydrate
content and to their spacer characteristics. Binding data to E. coli indicated that all
these glycodendrons performed better than the monovalent MexMan, exceeding its
inhibitory potency by one or two orders of magnitude. The small conjugate 454,
consisting of three «-D-mannosyl moieties, presented the weakest inhibition (ICsq of

FIG. 48. Mannosylated dendrons built on an AB,-mannoside scaffold.*!
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5.9 mmol). Its extended analogue 457, in which two «-D-mannoside units were
tethered on thiahexyl spacers, performed unexpectedly well. For instance, it showed
average inhibitory potency (89 uM) exceeding that of the larger glycodendron 455
(ICsp of 0.14 mmol) in which the carbohydrate moieties were spacered by propyl
units. Thus, with regard to the influence of the spacer characteristics, it was concluded
that conformationally flexible glycodendrons containing four peripheral mannosyl
units and the longer thiahexyl spacers (such as 456 and 458, ICs, of 31 and 55 umol,
respectively) showed increased inhibitory potencies relative to their counterparts
bearing propyl spacers (such as 455, the shorter analogue of 456). Furthermore,
oxidation of the sulfide groups of 458, providing sulfone 459, had a pronounced
negative effect on its inhibitory potency, indicating that the lipophilic properties of the
spacers might also promote the affinity of a given glycoconjugate, as previously
concluded.

Finally, a polyether AB, system, initially developed by Jayaraman et al.3?? have
been used for the synthesis of di- and tetravalent clusters decorated with -p-galacto-
side moieties (Scheme 47).323 In addition, the convergent construction allowed the
preparation of more complex systems consisting of ‘‘mixed’’ glycodendrons carrying
both galactoside and mannoside moieties as biologically important ligands. This
strategy involved a sequence of repetitive simple or double Williamson etherifications
with methallyl dichloride (461), followed by generation of alcohols 463 and 464 via
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subsequent ozonolysis—reduction or by hydroboration—oxidation of the double bond
with 9-BBN transformations. To this end, double etherification of 461 with 1,2:3,4-di-
O-isopropylidene-D-galactopyranose (460) under basic conditions afforded the sym-
metrical alkene 462 bearing two galactos-6-yl residues in 95% yield. Ozonolysis
followed by reductive work-up with sodium borohydride proceeded quantitatively
to yield the corresponding alcohol 463. Next-generation glycodendron 465, contain-
ing four peripheral galactose units was then obtained in excellent yield by Williamson
etherification with 461. Application of the hydroboration—oxidation sequence with
9-BBN, leading to 464 together with the same subsequent etherification afforded the
more flexible analogue 466. Deprotection of both glycodendrons in TFA-water
proceeded in good yields within 15 min.

Toward better mimetics of highly complex natural oligosaccharides, the authors
also embarked on the synthesis of ‘‘mixed’’ glycodendrons bearing carbohydrate
moieties of different kinds, employing two different routes. The first one involved the
bisgalactose-substituted alcohol 463 with an equimolar amount of 461 to allow the
synthesis of chloride 467 in 67% yield. Subsequent etherification with bismannose-
modified alcohol 468 furnished 469 which after acidic deprotection provided an
example of a mixed-type polyether glycodendron. The second way was based on
the preliminary desymmetrization of 461 with one of the saccharides, followed by
attachment of the other one on the remaining reactive function. Generation of the
alcohol group from the double bond and subsequent Williamson etherification on 461
afforded, after TFA—water deprotection, the second ‘‘mixed’’ glycodendron 470.

c. AB; Systems.—Among the most widely used AB3 dendritic building blocks,
derivatives of the aliphatic TRIS and of the aromatic 3.4,5-trihydroxybenzoic acid
(gallic acid) provide systems of choice for constructing dense glycodendrons accord-
ing to an iterative and orthogonal synthetic strategy. Since the pioneering work of
Newkome and coworkers in the early 1980s describing the synthesis of ‘‘arborols,”’
the widespread use of TRIS and its derivatives has afforded highly functionalized
structures.?87-32* TRIS thus offers synthetic advantages in terms of symmetry for
ensuring an accelerated dendritic growth: the amine can serve as an anchoring
function and the hydroxyl groups can allow efficient Tris-functionalization.

For instance, TRIS-based glycodendrons have recently been designed by the group
of Wong, based on an efficient synthesis of structures displaying multivalent oligo-
mannosides in high density, notably to mimic the glycans on HIV-1 gpl20
(Fig. 49).3%> Their interaction with the antibody 2G12 and DC-SIGN lectin has
been characterized by a glycan microarray binding assay. An ABj type dendritic
skeleton 473 (functionalized TRIS) was chosen as a precursor for constructing
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FIG. 49. Oligomannoside-ending azides used in ‘‘click-chemistry’’ toward HIV-1 gp120 mimetics
recognized by human antibody 2G12 and DC-SIGN.***

densely packed glycodendrons that were achieved in a few generations. The versatile
ligation was ensured by the use of catalyzed alkyne—azide 1,3-dipolar cycloaddition
reaction (CuAAC) to conjugate the sterically demanding azido oligomannosides 471
and 472, designated as Man, and Many, respectively, to the polypropargylated
dendrons (Scheme 48). A convergent approach was also designed to facilitate the
homogeneity of the dendritic scaffolds, using an iterative sequence based on N-Boc
removal and subsequent EDC-HOBt-mediated peptide coupling on tricarboxylic acid
derivative 473, to afford polypropargylated compounds 475-477 for the first, second,
and third generations, respectively.

Interesting results from biological studies indicated that G(2)-Mang 479 appeared
to be an effective mimic of the HIV-1 gp120 surface glycan, suitable for conjugation
to a carrier protein as a vaccine candidate. Furthermore, evaluation of inhibition of
DC-SIGN with 479 was studied via gp120/Fc-DC-SIGN ELISA tests. Excellent
inhibition activity in the nanomolar range was demonstrated, in contrast to the
millimolar range from the reference mannoside. In these experiments, no inhibition
was observed for the corresponding nonglycosylated alkynyl dendron 477 (up to 0.1
mM), indicating that the multivalent oligomannose residues were responsible for DC-
SIGN binding. The inhibition of glycodendrons interacting with antibody 2G12 and
DC-SIGN indicated that these dendritic architectures, especially for G(2)-Mang
glycodendron 479, had the potential for use in the development of both carbohydrate
vaccine candidates and as antiviral agents.
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SCHEME 48. Propargylated dendrons using a modified TRIS scaffold.**®

As with TRIS, the commercially available gallic acid 480 constitutes an ideal
candidate as branching unit for rapid dendritic growth. It allows dendron and den-
drimer scaffolding to reach 3” surface groups at the nth generation. Thus, gallic acid
and its derivatives can afford highly functionalized glycosylated structures, taking
advantage of its geometry for orthogonal transformation. It was initially used by Roy
et al. for the construction of hyperbranched dendritic lactosides presenting up to nine
peripheral saccharide residues (Scheme 49).32° The convergent strategy described
relied on the synthesis of a thiolated lactoside derivative 482, to be added to a
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SCHEME 49. First gallic acid-based glycodendrons synthesized by Roy er al.**

preformed gallic acid derivative containing G(0) or G(1) dendrons (481) capped with
functionalized tetra(ethylene)glycol, to afford such glycodendrons as 483. The hydro-
philic spacer was chosen to ensure advantageous water solubility of the resulting
dendrimer and to counteract the hydrophobic effect of the aromatic gallic acid.

Two years later, the same group described the synthesis of hyperbranched glyco-
dendrimers containing sialic acid residues, according to a similar strategy involving
gallic acid derivatives and oligo(ethylene)glycol as dendritic backbones.*?’ The
foregoing conditions were used to conjugate a-thiosialosides onto an N-chloroacety-
lated dendritic precursor (481 for instance) by nucleophilic substitution, affording the
anticipated sialodendrimers in high yields. Interestingly, turbidimetric analysis con-
firmed the strong potential of G(1) sialodendrimers having nine readily accessible
sialic acid residues to efficiently bind, cross-link, and precipitate two different lectins:
the wheat-germ agglutinin WGA and the lectin from the slug Limax flavus (LFA).

Similar structures were later employed to create original dendronized polymers 485
and 486, based on a chitosan backbone and using such sialodendrons as 484 (Fig. 50).3%8
Chitosan itself is nontoxic, biodegradable, and has widespread biological activities, but
major intrinsic drawbacks such as low solubility in both organic solvents and water have
hampered its development as a bioactive polymer. Thus, the synthesis of water-soluble
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FIG. 50. Polysialic acid dendronized chitosan.’?®

dendronized chitosan—sialic acid hybrids was successfully achieved, using gallic acid as
focal point and tri(ethylene)glycol as hydrophilic spacer arm, in order to investigate
their potential to inhibit viral pathogens, including the flu virus.

Sialodendrons bearing a focal aldehyde end-group (484, for a trivalent dendron)
were synthesized by a reiterative amide-bond strategy, based on the use of polyamine-
ending trivalent or nonavalent dendritic scaffolds having gallic acid as the branching
unit and capped with an acetal as a precursor for the aldehyde function. Sialic acid
p-phenylisothiocyanate (PITC) derivative 487 was conjugated via thiourea linkages,
followed by hydrolysis of the resulting aldehyde acetal with TFA to provide aldehyde
484. The same procedures were followed efficiently to access the next generation of
dendrimers. Finally, the focal aldehyde sialodendrons were grafted convergently onto
the chitosan polysaccharide backbone by reductive amination in good yields, with the
degrees of substitution indicated in Fig. 50. The water solubility of these original
hybrids was further enhanced when unmodified amino groups of the chitosan
backbone were succinylated with an excess of succinic anhydride.

An improved strategy using microwave-assisted synthesis, involving a gallic acid
core and copper-catalyzed [3+42] cycloaddition (CuAAc), afforded a series of glyco-
dendrons.’?® The straightforward synthesis of this series of glycodendrons was
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FIG. 51. Azides and propargylated dendrons for the rapid assembly of glycodendrimers.**

achieved in high yields, starting from azido sugar derivatives (488—496) and their
subsequent Cu(I)-catalyzed cycloaddition with acetylene-bearing dendrimers 497 and
498 (Fig. 51). This strategy allowed the rapid preparation of triazole glycodendrimers
up to the nonavalent level and the successfull use of unprotected carbohydrates. The
direct introduction of unprotected carbohydrates provides an interesting approach,
avoiding tedious final deprotection steps and allowing, for steric reasons, more
efficient couplings.

An additional example provided by Fernandez-Megia et al. describes a quick,
efficient, and reliable multivalent conjugation of unprotected alkyne-derived carbo-
hydrates to three generations of azido-terminated gallic acid-triethylene glycol den-
drons (Fig. 52).330 In this work, azide-terminated dendrons were favored over those
incorporating terminal alkynes because of the potential bias of the latter to Cu(Il)-
catalyzed intradendritic oxidative coupling. Under aqueous conditions and employing
typical ‘‘click chemistry,”” glycodendrimers containing up to 27 [G(3)] unprotected
fucose (499a), mannose (499b), and lactose (499c¢) residues were efficiently isolated
in high yields, after practical purification of the reaction mixture by ultrafiltration.

Further investigations by the same group led to the synthesis of three generations of
a new family of block copolymers PEG-(R)-saccharide 500a, 500b, and 500c
with very good to excellent yields.>3! Interestingly, an NMR relaxation study of the
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FIG. 52. Gallic acid-based glycodendrimers prepared using *‘click chemistry.”*33%-33!

azido-terminated PEG-dendritic block copolymer precursors revealed a radial
decrease of density from the core to the periphery, becoming more intense on
increasing the generation of the dendritic block. Furthermore, the resulting PEGylated
and mannosylated glycodendrimers demonstrated an increased capacity to aggregate
lectins with increasing generation.

3. Glycodendrimers
a. Glycopeptide Dendrimers.—As stated earlier, the first glycopeptide dendri-

mers were described in the literature in 1993.2°2 They were built using divergent
solid-phase peptide Fmoc-chemistry and L-lysine as a repeating amino acid on a
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Wang resin. The initial sugar attached was sialic acid, which was introduced to confer
strong inhibitory properties against flu virus hemagglutinin, a lectin-like protein
recognizing «-sialosides on respiratory mucins. This early hyperbranched L-lysine
scaffold was elongated with N-chloroacetylglycylglycine and efficiently coupled to a
peracetylated «-thiosialoside. Using dendrons bearing eight surface «-thiosialosides,
Roy et al.?3? demonstrated that each saccharide moiety was a 1000-fold better, on a
per saccharide basis, than the corresponding monomer, while being stable to viral
neuraminidase. These interesting architectures were, however, not as potent as sialo-
polymers since they could not properly cover the entire surfaces of the spherical
virions, a property well exploited by random-coiled polymers.?3*:
argued that dendronized polymers had improved potencies in this respect (see follow-
ing PAMAM section).?*> When the same poly-L-lysine scaffold was utilized with
mannoside residues bearing an optimized arylated aglycon, the resulting 8- and 16-
mer glycodendrons showed 100,000-fold increased inhibitory potency against fimbri-
ated E. coli K12 on a per mannoside basis.>3° The structure of the 8-mer mannosylated
dendrimer (501) is illustrated in Fig. 53. The octameric aminophenyl ¢-D-mannopyr-
anoside had an ICsq of 2.8 nM (22.4 nM/Man). It was found that a competitive binding
assay measuring the binding of !'?I-labeled, highly mannosylated neoglycoprotein
(BSA) to type-1 fimbriated E. coli (K12) strain in suspension gave much lower ICs,
values than the equivalent values obtained by hemagglutination or in assays that
involved microplate immobilization. Two key features strongly influencing the affin-
ity to E. coli adhesin were: (1) the presence of an «-oriented aglycone bearing a
hydrophobic group, and (2) the presence of multiple mannoside residues that can span
a distance of 20 nm or longer. The two best inhibitors were a highly mannosylated
neoglycoprotein with the longest linking arm between a mannose and protein amino
group, and the 16-mer mannosylated dendrimer (fourth generation), with an ICs of
0.9 nM (14.4 nM/Man).

First described and patented by Denkewalter et al. in the late 1970s,*3” dendronized
lysine is one of the most widely used core structures in dendrimer3® and glycoden-
drimer synthesis. An excellent series of reviews by the group of Jezek on the synthesis
and biological applications of lysine-based glycodendrimers has been pub-
lished.?3-342 Such glycosylated lysine dendrimers have been prepared both on solid
supports3+3-343 346-348 Reaction of the peripheral amino groups with a
variety of electrophiles carrying pendant sugar residues (such as isothiocyanates,
carboxylic acid, and reducing sugars) have lead to glycodendrimer thioureas, amides,
and amines, respectively. Sugars bearing activated ester groups have also been
coupled to dendritic lysines to provide galactoside- and N-acetylglucosamine-capped
glycoclusters,3'%349 including the important Thomsen Friedenreich (TF) disaccharide

334 Tt was later

and in solution.
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FIG. 53. Mannosylated dendron based on a poly-L-lysine scaffold. This construct leads to subnanomolar
inhibitory potency against uropathogenic E. coli.**®

antigen [f-D-Gal(1—3)-a-D-GalNAc] known as a breast cancer marker and against
which monoclonal antibodies were raised (see, for instance, Fig. 45).33%-35! The
corresponding TF-bearing glycodendrimers bound to the antibodies, and were
shown to be adsorbed strongly onto the surface of microtiter plates. The analogous
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B-D-GlcNAc glycodendrimer was also further elaborated as the LewisX tetrasacchar-
ide antigens 502, using multiple chemoenzymatic processes (Fig. 54).3%2

Analogous mannosylated architectures have also been proposed. MBP acting as
receptors can mediate uptake and internalization of both soluble and particulate
glycoconjugates, and as such they take part in innate immunity.>>3-3>* The broad
pattern-recognition displayed by mannose receptors, together with their implication in
adaptive immunity, has stimulated considerable efforts toward the selective delivery
of enzymes, 355 357-359 360-363 and antigens?®*-300
to cells expressing them, for therapeutic and vaccine strategies. Another important

336 drugs, oligonucleotides or genes,
mannose receptor is a membrane-associated protein restricted on sinusoidal liver
cells, peripheral and bone marrow macrophages, and dendritic cells. It also recognizes
and internalizes mannosylated glycoconjugates from pathological microorganisms,
tumor and yeast cells, such glycoproteins as type-I procollagen, tissue-type plasmin-
ogen activator, or various lysosomal enzymes. As such, this mannose receptor con-
tributes to the nonimmune host-defense system. In addition, the macrophage receptor
is implicated in major histocompatability complex-mediated antigen (MHC) presen-
tation by dendritic cells (DC-SIGN) (Dendritic Cell-Specific ICAM-3 grabbing non-
integrin) (ICAM-3 = intercellular adhesion molecule). DC-SIGN also belongs to the
family of C-type lectins able to bind high-mannose glycoproteins of HIV-gp120,
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Ebola-gp 1, or Dengue-gp E. DC-SIGN is also known to oligomerize, and it is
therefore particularly important to understand the intrinsic binding and multivalent
binding requirements of this lectin.

In this context, Biessen et al. conceived oligomeric linear L-lysine mannosides
bearing the same arylated aglycone just described for 501.% Its associated p-iso-
thiocyanatophenyl o-D-mannopyranoside was coupled to the poly-L-lysine backbone
through an isothiourea linkage. The structure of the 6-mer 503 is illustrated in Fig. 55.
The affinity of these mannoclusters toward the mannose receptor increased steadily
from 18-23 mM (dimer) to 0.5-2.6 nM (6-mer). As a consequence of its high affinity,
503 is a promising targeting device for cell-specific genes and delivery of drugs to
liver endothelial cells or macrophages in bone marrow, lungs, spleen, and atheroscle-
rotic plaques.

Another investigation targeting the mannose receptor expressed by the human
dendritic cell (DC-SIGN) has been presented by Grandjean et al. but adding carbohy-
drate mimicry to the multivalent concept.>*+3%% As with the strategy just described,
quinic and shikimic acid derivatives used as mannose bioisosteres have been linked to
dendritic L-lysine scaffolds to afford novel hyperbranched glycomimetics (Fig. 55).
Fluorescein-labeled pseudoglycodendrimers with valencies of two to eight were
tested by competitive-inhibition assays with mannan, which was evaluated by confo-
cal microscopy using mannose receptors expressed in transfected COS-1-cells. Cells
expressing mannose receptor-mediated uptake were assayed on monocyte-derived
human dendritic cells by cytofluorometric analysis. The synthetic clusters were
shown to be effective ligands against the dendritic cells, with an optimum affinity
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toward clusters having a valency of four (504). However, the glycomimetics as well as
the natural mannosides did not perform , although the results indicated that the
mannose receptor could accommodate structures that diverged significantly from
previously identified natural ligands and which could be further optimized using
QSAR.3%9-370 Additionally, monodisperse lysine dendrimers capped with 2-64
mono-, di-, and tri-a-D-mannopyranosyl residues did not induce dendritic cell
maturation.>*®

As stated, DC-SIGN is a key mannoside receptor for exogenous pathogens that is
used by viruses for entry into the lymph nodes. The inhibition of this process has thus
been sought as an interesting strategy for blocking viral adhesion. Consequently,
a series of mannosylated Boltorn® dendrimers was prepared (see later section) that
were rather efficient in this respect.

An interesting extension of this strategy was proposed using various fluorescent
probes: fluorescein, rhodamine, pyrene, and dansyl groups (505, Fig. 56). They were
incorporated onto mannosylated dendrons prepared entirely by SPPS (Fmoc-chemis-
try) and used for the imaging studies of mannose receptor-mediated entry into
dendritic cells by confocal fluorescence microscopy.’’! After pathogen capture,
internalization, and digestion, peptide fragments were expressed on MHC molecules.
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FIG. 56. Fluorescently labeled mannodendrimers for MHC capture and imaging.>”!
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A T cell-specific immune response was thereby initiated. This sequence of biological
events was exploited for vaccine design (see next). The heterobifunctional,
high-affinity multivalent ligand was assembled on nontoxic, nonimmunogenic poly-
L-lysine dendrimers to which the required number of mannosyl residues can be
attached simultaneously via a 4-hydroxybutanoic acid linker, a substance occurring
naturally in mammals. The synthesis of the model poly-L-lysine dendrons was
initially performed on a commercial Tentagel resin preloaded with Fmoc-Sieber
amide linker. The low loading level of the commercial resin (0.16 mmol/g) ensured
that sufficient space was allowed for the large fourth and fifth-generation dendrons to
be assembled without problems of steric hindrance. At the same time, the mild
cleavage conditions required for this type of resin did not cause significant acid-
promoted glycoside hydrolysis. The 4-(mannopyranosyloxy)butanoic acid was then
introduced by classical peptide-coupling reagents.

The established protocol was next applied toward the fluorescently labeled analo-
gues by introducing at the focal point a lysine residue possessing the acid-labile
4-methyltrityl (Mtt) protecting-group. The side chain of the focal ¢-amine, protected
by the Mtt group, was used for labeling, in conjunction with the considerably less
acid-labile commercial Rink amide linker for maximum versatility. Thus, the Rink
amide Tentagel resin was loaded with Fmoc-Lys(Mtt)-OH and the N-terminal Fmoc
group was removed by classical treatment with 20% piperidine in DMF. After the
reiterative insertion of bis-Fmoc lysine was terminated, the Mtt group was removed at
low TFA concentrations with minimal losses of the dendron, and the newly freed
amine was directly labeled onto the resin. Accordingly, treatment of the polymer-
supported G(4) dendron with 3% TFA in CH,Cl, led to complete removal of the Mtt
group within a short time. Lower concentrations of TFA were inefficient. The free
amine group of the glycodendrons was then treated with the appropriate fluorescent
probes to provide desired mannosylated glycodendrons such as 505 (Fig. 56).

Spherical and hemispherical glycodendrimers containing a polylysine scaffold
have been elaborated (Fig. 57).372-373 Third-generation polylysine dendrimer 506
was prepared as a TFA salt from tris(2-ethylamino)amine (8) as a trivalent core and
the stepwise condensation of diBoc-lysine, according to a published strategy. The N-
Boc-protecting group was removed using standard conditions (2 M TFA) to provide
the free polyamine. The polylysine dendrimer 506, having 24 terminal amino groups
on the surface, was then treated with the peracetylated cellobioside 507, using BOP-
mediated peptide coupling. Deprotection of the crude peracetylated glycodendrimer
was achieved (Zemplén conditions: NaOMe, MeOH, 3 h), and the free dendritic
glycopeptide 508 was obtained in 58% yield and fully characterized by 'H NMR
and MALDI-TOF MS. It was anticipated that, after random sulfation, the synthetic
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cellobiosyl glycopeptide dendrimer would show key biological activities such as
anti-HIV and blood anticoagulant activities.

Solid-phase combinatorial synthesis furnished a large (390,625-members) neogly-
copeptide dendrimer library ending with C-fucoside derivatives.’’* A tetravalent
dendrimer 509 (Fig. 58) showed the strongest binding affinity (ICsq of 0.6 uM)
against the P. aeruginosa PA-IIL lectin, a virulence factor in cystic fibrosis (CF)
patients. The optimized ligand combined multivalency with the presence of positive
guanidine charges in proximity to the carbohydrate residues, and which happen to be
better in comparison to a divalent analogue lacking the N-terminal lysine residues
(ICsp of 5.0 uM). An improved 15,625-membered peptide dendrimer library was
prepared analogously.?”> Dendrimer 510 («-Fuc-CH,CO-Lys-Pro-Leu),(Lys-Phe-
Lys-Ile),Lys-His-Ile-NH, was the most potent ligand against the model plant lectin
Ulex europaeus (UEA-I), with an ICsq of 11 M and the bacterial lectin PA-IIL from
P. aeruginosa (ICsq of 0.14 uM). Glycopeptide libraries have also been synthesized
with divalent carbohydrate structures to optimize multivalent carbohydrate-binding
protein interactions at subsite at the vicinity of the carbohydrate-recognition domain
(CRD).8!

As stated earlier, dendritic cells and macrophages are valuable antigen-presenting
cells (APCs). These cells express MBPs and, as such, they constitute important entry
mechanisms for vaccine targeting. Thus, instead of linking short peptide antigens to
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classical immunogenic protein carriers, such as keyhole limpet hemocyanin (KLH) or
tetanus toxoid and the like, a study was evaluated toward the possibility of using
mannoside-capped polylysine glycodendrimers (511) constructed at the N-terminal of
several immunogenic peptides (Fig. 59).>7¢ Peptide sequences from HIV-1 gp4l
protein (541-555 bearing the LLSGIV motif capable of inhibiting viral fusion, 553-
567),>”7 SARS-CoV S2 (1081-1105, 1144—1187), and influenza hemagglutinin HA2
(1-25) were built on a Rink amide resin. The lysine moieties were then introduced as a
G(3) lysine dendron followed by mannosylation, using 4-(mannopyranosyloxy)buta-
noic acid (512) at the terminal (€) amino groups of the lysyl-peptide dendrimer (513).
Preliminary data from the resulting vaccine candidate 511, containing the LLSGIV
motif, demonstrated that it could elicit a polyclonal antibody response in rabbit much
stronger than the KLH constructs. It was concluded that the mannosylated dendron
was stabilizing the peptide from proteolysis. N-Terminally mannosylated peptides
carrying one to six mannose residues were also shown by Koning and coworkers to
elicit an immune response, with efficiency up to 104-fold greater than peptide
antigens alone.?”®

The capture of antigenic determinants by APCs that will ultimately appear in
MHC:s for T helper cell stimulation depends on several factors. If APCs are repre-
sented by B cells, multivalency becomes an issue, because both the recognition and
the binding events are triggered by cell-surface immunoglobulins. A classical exam-
ple of successful applications in this regard is presented by the high immunogenicity
of bacterial capsular polysaccharides (CPS) which, on their own, can elicit protective
antibodies.3’?-380 However, the resulting antibodies are usually limited to low-affinity
IgMs, and the immune responses lack memory effects because of the absence of T
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FIG. 59. Entirely synthetic anti-HIV vaccine candidate capable of APCs uptake.?’®"”
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cell-dependent antigens normally associated to peptides. CPS are thus said to be T
independent antigens. Alternatively, if the B cell antigens are not multivalent, such as
those found in small peptides or oligosaccharides, they will greatly benefit from being
mounted on dendritic scaffolds. Moreover, the key T cell epitopes, needed in the
context of MHC complexes, can be typically short 15-mer peptides and yet, be too
small for efficient uptake by APCs. Consequently, the design of dendritic glycocon-
jugates bearing multiples copies of both oligosaccharides (B cell epitopes) and short
peptides (T cell epitopes) has been proposed as entirely synthetic vaccine candidates
(514) (Fig. 60).

A few elegant applications of this principle have been recently proposed for
triggering neutralizing antibodies against the V-3 loop glycoprotein of gp120 from
HIV-1 isolates that recognize and bind to the high mannose oligosaccharide epitope
ManyGlcNAc, 183 (Fig. 24) that is present in numerous copies on gpl20. The
proposal was based on the observation that a swapped human antibody, named
2G12, was identified in a patient that successfully mounted a protective anti-HIV
immune response (Fig. 61).38!

Besides glycoclusters based on a central peptide, earlier presented in Section 11.4,
the group of Kunz was the first to fully demonstrate the feasibility and efficacy of
eliciting complete immune responses with memory effects, using carbohydrate cancer
antigens built on multiple antigen glycopeptide scaffolds.332-383 Thus, the immunoge-
nicity of synthetic multiple antigenic glycopeptides (MAGs) displaying four clustered
Tn-epitopes anchored to an oligomeric branched lysine core was examined (Fig. 62).
Conventional SPS of the peptidic structure was performed by Fmoc-methodology on
Wang resin. The dendritic immunogen 516, containing clusters of three consecutive
Tn-epitopes linked to the poliovirus T cell epitope KLFAVWKITYKDT, was tested
in mice as both a prophylactic and as a therapeutic cancer vaccine. As the analogous
MAG 5185, harboring only four monomeric Ty-antigens that have been shown to
increase the survival of tumor-bearing mice, added results indicated that 516 showed
high immunogenicity and good protection against the development of Tn-expressing
tumor cells.

382
B-Cell epitope T-Cell epitope T-Cell epitope B-Cell epitope
>Lys 514 Lys<
B-Cell epitope T-Cell epitope \ / T-Cell epitope B-Cell epitope
Lys

FIG. 60. Schematic representation of a fully synthetic carbohydrate-based vaccine.?”%*%
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FIG. 61. Crystal structure of the HIV-1 neutralizing human antibody 2G12 bound to the oligomannoside
ManoGlcNAc, present on the “‘silent’” face of the gp120 envelope glycoprotein (PDB 10P5).
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The N-linked pentasaccharide core Man3(GIcNAc), glycopeptide bearing the
extracellular MMP inducer sequence 517 (emmprin 34-58) has been successfully
linked to G(1) PAMAM aminodendrimer by thioester activation (Fig. 63). The
resulting octameric 30 kDa construct was obtained in low yield, but was purified by
preparative electrophoresis and fully characterized by MALDI-TOF mass spectrome-
try. The multivalent architecture was built to evaluate the requirement of emmprin
multimerization for inducing MMP expression.3%*

The numerous successes achieved in the solid-phase syntheses (SPS) of glycopep-
tides dendrimers, coupled to their ease of preparation and purification, has also
triggered chemists to apply the SPS nucleotide chemistry toward the synthesis of
phosphodiester-linked glycodendrimers. As mentioned earlier in the glycoclusters
section, the chemistry and geometry of phosphodiesters and triesters are obviously
appealing factors for their use as glycodendrimer scaffolds. The following strategy
was based on the synthesis of key phosphoramidite building blocks bearing either
N-chloroacetyl or alcohol end groups for further branching.3®> DEG spacers were
initially transformed into the mono tert-butyldiphenylsilyl derivative 518 which upon
treatment with N,N-diisopropylphosphoramidous dichloride (Cl,P-N-(iPr),, DIPEA,
CH,Cl,), provided the essential building block N,N-diisopropyldiphosphoramidite
(519) in 84% yield (Fig. 64). Alternatively, the mono n-chloroacetylated DEG
derivative 520, prepared from commercially available 2-(2-aminoethoxy)ethanol
(CICH,CO,H, EEDQ, 45 °C, 4 h, 82%) was similarly treated to provide phosphor-
amidite 521 (68%). Further couplings of 519 or 521 with alcohols 518 or 520 in the
presence of 1H-tetrazole gave the corresponding phosphotriesters 522 or 523 after
oxidation with #-butyl peroxide (70-71%). Coupling tris(N-chloroacetyl) derivative
524 (MeOH, Et;N) with the thiolated N-acetylgalactosaminide 525 afforded a first-
generation phosphoglycodendrimer (63%) having three o-D-GalNAc moieties (not

.
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FIG. 63. Man;GlcNAc, anchored to PAMAM-based matrix metalloproteinase (MMP) inducer sequence
(emmprin 34-58).3%4
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FIG. 64. An a-D-GalNAc phosphotriester dendron built using phosphoramidite chemistry (Kratzer and
Roy, unpublished data).*%3

shown). Thiol 525 was prepared from allyl N-acetyl-«-D-galactosaminide by reaction
with thioacetic acid (HSAc, MeOH, AIBN, reflux, 10 h, 77%) followed by Zemplén
S-deacetylation.

tert-Butyldiphenylsilyl-protected phosphotriester 522 was deprotected by fluoride
anion (BuyNF, THF, 78%) to give a triol 523, which was further branched with building
block 521 as before to provide a second-generation phosphotriester (57%) having six N-
chloroacetyl residues after oxidation of the phosphite. Nucleophilic displacement of the
hexavalent N-chloroacetylated precursor by 525 as before, provided hexavalent dendri-
mer 526 (52%). Further processing of the synthetic sequence, coupled with tethering
strategies with various spacers, gave access to a family of dendrimers having many
different valencies. All of the GalNAc-bearing phosphodendrimers thus produced were
tested as inhibitors of the plant lectin V. villosa binding to asialoglycophorin, a natural
ligand for hepatocytes receptors. The results indicated a 3—10-fold (hexamer) enhanced
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affinity over the monovalent ligand, thus supporting once again the glycoside cluster
effect. Interestingly, sugar 525 is part of a key determinant known as the TF-antigen
overlay expressed on breast cancer tissues and other melanoma cancers. Its structure
and higher oligosaccharide homologues have formed the basis for the dendritic
glycopeptides vaccines already described.

Additional examples of dendritic phosphodiesters have been highlighted by Dubber
and Fréchet with mannoside and galactoside oligonucleotide conjugates, using a DNA
synthesizer (Fig. 65).38¢ The SPS of multivalent glycoconjugates enables the custom
tailoring within hours of their valency and structural requirements toward the
biological targets, as opposed to more cumbersome traditional approaches. A tetra-
meric mannoside (530) was thus prepared from simple precursors 527-529, using
phosphoramidite chemistry. A glycodendron was built with a fluorescein probe and
another one with a thiolated oligonucleotide coded for the antisense inhibition of
inducible nitric oxide synthase. Once again, the constructs, prepared on a 1 pmol
scale, were satisfactorily characterized by standard 'H NMR and MALDI-TOF MS.

b. Commercial Dendritic Scaffolds.— (i) PAMAM Dendrimers. Several dendrimer
scaffolds having various surface functionalities and valencies, constructed from
diverse building blocks and according to both general synthetic strategies (Fig. 66,
see also Section V.1.b) are commercially available. Some of the most commonly used
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FIG. 66. Commercially available dendrimer scaffolds commonly used for glycodendrimer syntheses,
and general synthetic strategies for synthesis of glycodendrimers.
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ones are illustrated in Fig. 66. Among these readily available and widely used
dendritic scaffolds, poly(amidoamine) dendrimers (PAMAM, Dendritic Nano-
technologies) constitute candidates of choice that have been extensively exploited
by many groups of glycochemists, notably for the rapid synthesis of highly branched
glycodendrimers. Since the pioneering synthesis of poly(amidoamine) dendrimers
proposed by Tomalia et al. using a divergent growth procedure, these attractive
molecules have constituted an exciting new class of macromolecular and highly
branched architectures with well-defined size, shape, and geometry. They have
drawn much interest in several research areas.?3*2%8

Accordingly, PAMAM-based dendrimers, having built-in surface amine function-
alities, have been the first and most frequently used scaffolds for attachment of sugars.
The very first example of saccharide-substituted PAMAM dendrimers was proposed
by Okada and coworkers, who described the synthesis of ‘‘sugar balls’’ 532 via amide
bond formation, starting from sugar lactones (531).%7 Although this process is a
straightforward manipulation, it suffered from the disadvantage of sacrificing the
reducing sugars, which alternatively served as extended linkers (Scheme 50).

Several other strategies have been used to adequately functionalize PAMAM
dendrimers with carbohydrates, involving: (a) introduction of thiourea linkages
formed by treating amino dendrimers with isothiocyanated saccharide derivatives,
(b) direct amide linkages with sugar-bearing carboxylated or activated ester deriva-
tives, (c) reductive amination, or (d) incorporation of chloro- or bromo-acetamido
groups onto PAMAM dendrimers or saccaharides, to afford highly electrophilic
species that can for instance react with thio or amino derivatives. All of these
synthetic approaches are illustrated in the following section.

Thiourea Linkages. Attachment of saccharide units to the surface of PAMAM
through thiourea linkages offers one of the most efficient ways to develop multivalent
ligands quickly and efficiently for the study of protein—carbohydrate interactions.
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SCHEME 50. ‘‘Sugar-balls’’ obtained by direct ring-opening of sugar lactones by PAMAM-ending
polyamines.*®
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Historically, Lindhorst and Kieburg first published the simple and efficient coupling
of different low-generation polyamine scaffolds, including PAMAM, to f-p-gluco-,
o- and -p-manno-, f-D-galacto-, f-cellobio-, and fS-lacto-configured glycosyl isothio-
cyanates.*®® An improved version, using a hydrophobic aryl aglycone, later permitted
the syntheses of the first four generations of monodispersed neoglycoconjugates having
up to 32 mannoside units (534). p-Isothiocyanatophenyl «-D-mannopyranoside 53338
was used as key precursor (Scheme 51). The resulting glycodendrimers were evaluated
as ligands for the phytohemagglutinins from Con A and Pisum sativum (pea lectin),
using ELLA and turbidimetric analyses. The relative binding data indicated that
incorporation of terminal o-substituted mannoside residues furnished glycodendrimers
showing an up to 400-fold increase in binding capacities. Moreover, their ability to bind
and form insoluble carbohydrate—lectin complexes was also demonstrated by radial
double immunodiffusion and turbidimetric assays, and their capacity to precipitate
selectively their homologous protein receptors from crude lectin mixtures made them
convenient tools for the rapid and simple isolation of proteins.>*® The same procedure
was successfully adapted by the same group a few years later, allowing the introduction
of p-isothiocyanatophenyl -pD-lactoside onto PAMAM scaffolds to study their relative
binding behavior toward the family of galectins, the influence of the generation, and the
binding-site orientation of receptors.*!

In 1997, a similar but simplified procedure, involving aqueous solutions that and
avoiding protecting groups, for the synthesis, from methylthiourylene «-pD-mannopyr-
anoside or the aromatic derivative, of a G(2) PAMAM dendrimer containing up to six
peripheral mannosyl residues was proposed.3°>-3%3 Parallel investigations by Thomp-
son and Schengrund involved the synthesis of glycodendrimers from poly(propylene)-
imine and Starburst® (PAMAM) dendritic scaffolds, and provided potent inhibitors of
CT.3%* They contained four to eight peripheral oligo-GM1 [BGal-(1—3)-fGalNAc-
(1—4)-aNeu5Ac-(2—3)-Gal-(1—4)-fGlc-(1—1)Cer] group with ICsy of 14 nM
against CT, that were covalently attached to the central core via thiourea linkages,
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SCHEME 51. PAMAM-based mannosylated dendrimers incorporating the key aryl aglycone.*’
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using the PITC derivative of oligo-GM1. The ICsos values were determined for the
oligo-GM-PITC dendrimers, native GM;, and the oligosaccharide moiety of GM;
(oligo-GM,), and studies revealed that the glycodendrimers inhibited binding of the
CT to GM,-coated wells at molar concentrations 5- to 15-fold lower than native GM;
and more than 1000-fold lower than that of the free oligosaccharide.

G(2) and G(3) sialic acid-containing PAMAM glycoconjugates with p-isothiocya-
natophenyl a-sialoside (487) (Fig. 50) as precursor have also been described by Zanini
and Roy, and their lectin-binding properties evaluated.?*> Preliminary turbidimetric
studies with G(2) and G(3) a-thiosialodendrimers, presenting 16 and 32 peripheral
sugar units, respectively, demonstrated their ability to bind the slug lectin from LFA,
showing well-organized precipitation patterns. Furthermore, their relative efficiency
to inhibit the binding of HRPO-labeled LFA to human AGP (orosomucoid) was
determined by a competitive ELLA. Interestingly, an increase in multivalency
resulted in a steady increase of inhibitory potential, with ICs, values in the nanomolar
range (2.89 and 1.13 for G(2) and G(3), respectively) corresponding to an ~210-fold
jump in inhibitory potential over the monomeric analogue. Subsequently, Baker and
coworkers evaluated similar sialic acid-conjugated G(4) PAMAM structures as a
mean of preventing adhesion of three influenza A virus subtypes, and furnished one
of the first documentations of the function of dendrimer conjugates as antiinfective
agents in vivo.3”® HAI in vitro showed the glycodendrimers to inhibit some specific
influenza subtype strains at concentrations 32—170 times lower than those of sialic
acid monomers. The in vivo studies also demonstrated the ability of the glycoden-
drimers to protect against experimental infection by influenza A X-31 H3N2 virus
in mice.

In 2001, Woller and Cloninger described the largest glycodendrimer then built,
prepared on generation G(6)-PAMAM dendrimer and containing 256 mannoside
residues.’’ When compared to methyl o-D-mannoside taken as the monomeric
control, dendrimers G(1) and G(2) did not show any increase in activity toward the
phytohemagglutinin Con A, and the G(3) dendrimer bound roughly one order of
magnitude better than G(1), G(2), or methyl mannoside. This was suggestive of a
glycoside cluster-effect (enhanced local concentration). As with G(1) and G(2)
glycodendrimers, G(3) was too small for multivalent binding to occur (chelate effect).
Dendrimers G(4) to G(6) showed a two orders of magnitude increase in activity
against the tetrameric Con A, indicating that multivalent binding was occurring.
It is also possible that the change in shape from circular [G(1)- to G(3)-PAMAM]
to spherical [G(4) to G(6)] caused the observed binding enhancement.?*® Further
studies led the same group to the efficient incorporation of more complex saccharide
units such as «Man-(1—2)Man disaccharide 535, manifesting the fact that dimannose
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functionalized G(3) and G(4)-PAMAM dendrimers 536, having an average of 26 and
48 peripheral groups were very competent for the recruitment of cyanovirin-N
(CV-N), an HIV-inactivating protein that blocks virus-to-cell fusion through high
mannose-mediated interactions (Scheme 52).3%°

Finally, a subsequent investigation provided the first example of the use of glyco-
dendrimers as model systems for studying carbohydrate—carbohydrate interactions
(CCI).*° More particularly, lactosylated PAMAM dendrimers with various periph-
eral carbohydrate numbers, depending on the generation, were synthesized to exam-
ine the CCI of lactose with mixed Langmuir monolayers containing GM; and
dipalmitoyl phosphatidylcholine (DPPC). Thiourea ligation between glycosyl isothio-
cyanate derivatives and the aminated dendritic core, following standard protocols
afforded glycodendrimers containing appropriate amounts of lactose, which were
further capped with poly(ethylene)glycol chains or other carbohydrates. The results
corroborated the concept that lactosyl dendrimers were engaged in a CCI with GMj; in
a Langmuir monolayer. This CCI was dependent on both the carbohydrate density and
the density of glycolipid within the monolayer. Moreover, a specific CCI was
observed only in the presence of calcium ions and when at least one-fifth of the
monolayer was composed of GM;.

Amide linkages. Strategies based on the direct formation of amide bonds via
carboxylic acid or activated ester-containing saccharides and PAMAM dendrimers
have afforded sophisticated dendritic architectures having promising biological prop-
erties. For instance, using a similar approach to the one just described, Aoi et al.
described the synthesis of dendrimer-based star polymers (‘‘oligoglycopeptide sugar
balls’’) by the original macromolecular design of living polymerization.*°! The actual
dendritic oligoglycopeptides were thus synthesized by living oligomerization of
glyco-N-carboxy anhydrides (glyco-NCAs) with poly(amidoamine) (PAMAM) den-
drimer as a multifunctional macro initiator. This polymerization system was termed as
‘‘radial-growth polymerization (RGP),”’ since dendrimer-based living polymerizations

AcO OAc
-0
AcO OH

AcO Ho S
HO -
AcO— O 535 HO
o IR

AcO

HO— O
O~ ~_N=C=s HO 2
o HO
NN
N
<HZN 1) DMSO (85-99%) O™ W
n 2) 1M MeONa/MeOH S

35%

n=4-64
536

SCHEME 52. Mana1-2Man disaccharide attached to PAMAM via thiourea linkages.*”’
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offered highly ordered star-shaped macromolecules with a number of arms, which
should be different from conventional star polymers. The resulting sugar balls in this
study are dendritic nanocapsules surrounded radially by oligoglycopeptide chains.

Roy et al. described the systematic preparation and biological evaluation of gly-
coPAMAMSs containing up to 32 TF-antigen units [fGal-(1—3)-2GalNAc], known to
be a cancer-related epitope and as an important antigen for the detection and immu-
notherapy of carcinomas, particularly relevant in breast cancer patients,33!:#02:403
The synthetic sequence was based on the efficient acid functionalization of the allyled
TF-antigen derivative 537, accomplished using 3-mercaptopropanoic acid, to provide
acid 538 in 83% yield. GlycoPAMAMs 539, presenting up to 32 peripheral
TF-antigens, were prepared by direct amide bond formation between unprotected 538
and PAMAM, using the efficient TBTU coupling reagent (2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium tetrafluoroborate) and DIPEA as a base (Scheme 53).

The protein-binding properties of these glycodendrimers were evaluated using pea-
nut lectin from Arachis hypogaea and a mouse monoclonal IgG antibody. Based on
bulk conjugates, the glycoPAMAMs with the highest carbohydrate density exhibited
the strongest inhibitions, clearly indicating a cluster effect. All of these conjugates were
antigenetically active and their ICsq values of 5.0, 2.4, 1.4, and 0.6 nmol, respectively,
for G(0) to G(3) correspond to inhibitor abilities 460, 960, 1700, and 3800 times higher
than that of the monomer 537 toward antibody-coating antigen interactions.

Based on an identical approach, mannosylated PAMAM dendrimers were con-
structed in order to evaluate their relative inhibitory properties against the type-1
fimbriated uropathogenic E. coli.*** As an alternative to the synthetic strategy just
described, the authors chose 3-aminopropyl a-D-mannopyranoside (540) pretreated
with diglycolic anhydride. The resulting extended acid derivative 541 was then
coupled to peripheral PAMAM amino groups with typical peptide coupling reagents
such as BOP (benzotriazole-1-yloxy-tris(dimethylamino)phosphonium hexafluoro-
phosphate) or TBTU (Scheme 54).

The deprotected glycodendrimers 542 were tested using a newly developed ELISA-
based inhibition assay for their ability to inhibit the binding of recombinant type-1
fimbriated E. coli (FimH) to a monolayer of T24 cell lines derived from human
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SCHEME 53. Antigenic PAMAM-based TE-antigens linked by amide coupling.**>
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SCHEME 54. Amide-linked mannosylated PAMAM dendrimers.**

urinary bladder epithelium. The PAMAM mannodendrimers displayed potent affinity
toward the target FimH, with ICsq of 37 and 19 uM for G(1) and G(2), respectively,
although their relative potency per mannose was rather low.

The synthesis of mannose 6-phosphate-functionalized PAMAM dendrimers was
also investigated and studied for their ability to bind goat-liver mannose-6-phopshate
receptor (MPR 300).4%5 The preparation of these glycodendrimers was achieved by
the initial preparation of the amine-tethered Man-6-P derivative 544. Since the amino
function was present on the saccharide residue, the authors used preformed half-
generation G(0.5) to G(3.5) PAMAM dendrimers 543 exhibiting 4, 8, 16, and 32
carboxylic acid groups, respectively. The resulting dendritic conjugates 545 were
obtained by direct amide bond formation, using DIC-HOBt (1-hydroxybenzotriazole)
or EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide)-NHS (N-hydroxysuccini-
mide) as coupling reagents (Scheme 55).

Preliminary biological studies suggested that the newly synthesized Man-6-phos-
phate-containing dendrimers could act as adsorbents in related affinity chromatogra-
phy, with an interesting potential to bind the purified goat-liver mannose-6-phopshate
receptor (MPR 300) protein. Additional conjugation of various nonprotected glyco-
sides has been similarly described using p-nitrophenyl activated saccharide esters to
conjugate disaccharides or sialic acid components onto PAMAM scaffolds.*0°

Reductive Amination. Sashiwa et al. have used reductive amination to provide den-
dronized chitosan—sialic acid hybrids containing different spacers (Scheme 56).407-409
The sialic acid residues were successfully attached to each PAMAM dendrimer by
reductive N-alkylation with p-formylphenyl «-sialoside 546, using NaBH;CN in
MeOH, to furnish hybrid chitosans 547. However, since an excess of aldehyde must
be used for high incorporation of sialic acid, the procedure also gave rise to double
N-alkylation. The reaction thus gave complex sialic acid constituents, affording
undesired mixed structures. To circumvent these drawbacks, N-methylamino deriva-
tives (see Scheme 46) have been subsequently used for the reductive amination, and
sialodendrimers have been prepared to target the immunoglobulin exposed Siglecs.*!°

Nucleophilic Substitution via Incorporation of Haloacetamido Groups. In 1996,
Zanini and Roy described the design and synthesis of a novel family of symmetrical
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dendrimers presenting even valencies between 2 and 16 residues, based on a 3,3'-
iminobis(propylamine).*!! The synthetic approach was based on convergent assembly
of suitable multibranched dendrimers containing N-chloroacetylated end groups to
provide electrophilic species that could readily react with thiolated carbohydrate
derivatives. Many synthetic benefits emanated from this strategy. First, the method
was general, high-yielding, and readily amenable to such existing commercially
available amine-terminated dendrimers as PAMAM that could be similarly treated
with chloroacetic anhydride. Second, the synthesis of this dendritic family presented a
viable alternative to PAMAM dendrimers, avoiding the need for large excesses of the
reagents commonly used to ensure complete conversion. More importantly, these
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structures are not susceptible to base-catalyzed retro-Michael degradations, in
contrast to classical PAMAMSs, since the substituents are not f-carbonyl positioned.
The authors thus accomplished the efficient preparation of dendritic «-thiosialosides
551-553, starting from the AB,-type core 3,3'-iminobis(propylamine) (548), which
was subsequently transformed to afford various symmetrical N-chloroacetylated
dendrons, such as tetramer 549 (Scheme 57). A slight excess of thiosialoside 550
allowed the synthesis of glycodendrimers under mild conditions. They were depro-
tected to afford the dendritic architectures containing between four (551, Scheme 56)
and up to 16 sialoside residues (552, Fig. 67), respectively.

The same group conducted a systematic study of similar but tethered sialodendri-
mers with even valencies between 4 and 12 (553), based on the same AB, core 548,
and according to the same synthetic strategy.*'> The potential of these sialodendri-
mers to cross-link and precipitate LFA was confirmed by preliminary turbidimetric
analysis. When tested in enzyme-linked lectin inhibition assays using human AGP
(orosomucoid) as coating antigen, and HRPO-labeled LFA for detection, tetravalent
dendron 551 showed ICsq values of 11.8 nM, while 552 presented a higher value of
425 nM. On the other hand, these assays indicated that for the corresponding tethered
dendrimers, the inhibitory potency increased with a corresponding increase in
valency. The highest ICs, value was obtained for 553 (8.22 nM) and constituted a
182-fold increases in inhibitory potential over the monovalent 5-acetamido-5-deoxy-
D-glycero-o-D-galacto-2-nonulopyranosyl azide used as standard (ICso of 1500 nM).
The same group then extended this approach using solid-phase chemistry.*!3

Despite the demonstration that PAMAM dendrimers can exhibit up to 256 periph-
eral saccharide units, a general consensus highlights the fact that the most highly

co,
1 oAc coMe
DS N 7 k
N o
g ACHN SH
" AcO 550 AcHN ‘\_\

N N O v .
e 19 Et;N, DMSO, 25°C, 15h., 96%
oy \—/< n A,
HN 2) 1N NaOMe/MeOH:DMSO, 25°C, 8h. N
‘\—\ ) | ! HNM /\\<
NQ& 0.05N NaOH, 25°C, 8h., 58% HQ o N
JK Wt otBu
cl N/\A /\( ‘ACHN
//) 549 HO,C, 551

HN
HQ OH
(o]

cl
AcHN—Ho

SCHEME 57. a-Thiosialodendrons built on base stable AB, amine core.*!!



HO AcHN

N
OH HO O__COM COH COH

OH HO CO,H NH b NH
AcHN
co,
OH HO

NHAC
HO OH
ooH
S7NCoH
¥ HO ~NHAC
[
(o - OH
OH OH
QA s
M—r" ‘coH

553

FIG. 67. a-Thiosialodendrons (552) and dendrimers 553 built on AB, amine scaffolds.*!*

SHLVONINODODATOOHN INHTVALLTNW JO SISHHINAS

€ee



334 Y. M. CHABRE AND R. ROY

functionalized scaffolds are not always the ones with the highest protein-binding
activity. In fact, less-functionalized ligands may often present optimal potencies.
A plausible explanation for this phenomenon has been suggested and highlights the
fact that at high loading, the peripheral saccharide portions might become less
accessible to proteins because of an increase in steric hindrance. Another hypothesis
is based on the drawbacks of using large dendrimers bearing aromatic aglycones,
which can intramolecularly undergo m-stacking, thus further tightening the saccharide
units at the dendrimer surface. Furthermore, solubility problems are often encountered
with PAMAM dendrimers bearing more than 64 arylated mannoside moieties.

Straightforward solutions to this problem have been addressed in the following
publications describing the synthesis of sialoside dendrimers 554, where the glycans
are interspaced by TRIS residues used as ‘‘dummy’’ functionalities (Fig. 68).333

Aiming to validate these concepts, Wolfenden and Cloninger conducted the con-
trolled preparation of a series of heterobifunctionalized mannoside and hydroxyl-G(3)
to G(6)-PAMAM dendrimers 555 (Fig. 69).414415 A systematic study was addressed
of the effect of carbohydrate loading on the activity of the dendrimer for a lectin and
the influence of the conjugates’ size. The degree of functionalization of
mannose—hydroxyl groups via thiourea linkages was controlled by the stoichiometric
amount of isothiocyanate derivatives of comparable reactivity. MS data allowed
determination of the average number of mannose surface residues for each dendrimer
generation. Hemagglutination assays were performed by adding rabbit erythrocytes to
preincubated solutions of Con A and varying the concentrations of deprotected
dendrimers. Comparison of the fourth through sixth PAMAM generations with
different loading of surface mannose residues suggested that the binding efficiency
was the highest for all generations at 30% to 50% loading. The most interesting
observation was that the highest activity did not correlate with the maximum sugar
loading, but rather occurred at slightly closer packing of the sugars as the generation
increased, suggesting that unfavorable steric interactions precluded optimal binding at
high carbohydrate density.

A follow-up investigation described the simultaneous anchoring of various sugars,
such as mannose, galactose, and glucose residues via thiourea linkages, in order to
quantify the effect that functionalization of dendrimers with monomers of varying
affinities would have on its multivalent activity with lectins (556).As mentioned in
earlier work, MALDI-TOF MS was used to determine the exact number of carbohy-
drate residues of each type on the resulting glycodendrimers. Both the change in MW
after each sequential addition and the change in molecular weight after deacetylation
were used for accurate measurement of the extent of functionalization. The associa-
tion of the corresponding deprotected dendrimers with Con A was studied by
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FIG. 68. Modified PAMAM scaffold bearing inter-spacing TRIS residues to promote better accessibility
to surface saccharides.>*®

precipitation and hemagglutination assays. As expected, increasing the number of
mannose residues, while decreasing the number of glucose residues, caused an
increase in the relative affinity toward Con A. As with the dendrimers bearing 50%
mannose: glucose loading, a linear relationship between Man:Glc loading and assay
activity was observed for compounds of generations 4-6. However, the relative
binding differences between mannosylated dendrimers and glucosylated dendrimers
varied from one generation to another.

Alternatively, the G(3)-mannosylated PAMAM had a fivefold higher relative
affinity toward Con A compared to the glucose-functionalized analogues. In sum-
mary, the reported results suggested that multivalency can be influenced in
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predictable and therefore tunable ways. Monovalent differences are amplified by
multivalent associations, and mixtures of low- and high-affinity ligands can be used
to attenuate multivalent binding activities.

Given their commercial accessibility, PAMAMSs have been the scaffold most
widely used in modern investigations. They have been modified with a large variety
of sugar derivatives and with varied sugar densities (Fig. 70). They have been used for
several important binding phenomena and represent the most deeply studied scaffold
for toxicity evaluations. In addition, scaffolded glycodendrimers were shown to be
nonimmunogenic, a key property if they are to be used as bacterial or viral
antiadhesins.

b. PPI Dendrimers.— A convenient reaction sequence for large-scale synthesis of
PPI dendrimers [poly(propyleneimine) or DAB-dendr-(NH,).] (Fig. 66) has been
described by Meijer’s group, who nicely adapted the original strategy proposed earlier
by Vogtle’s group (which suffered from cumbersome purifications).?8%416 By a
repetition of double Michael addition of acrylonitrile into primary amines, followed
by metal-catalyzed hydrogenation, the preparation of well-defined DAB-dendr-
(NH,)4 containing up to 64 primary amine surface groups was efficiently achieved.
As with PAMAM dendrimers, this family of commercial dendritic scaffolds has been
widely functionalized. Obviously, saccharide-based PPI dendrimers have also been
synthesized.

The first example of glycodendrimers using PPI scaffolds was proposed by Ashton
et al. who described their use for the rapid and facile construction of high molecular
weight G(1) to G(5) carbohydrate-coated dendrimers. A divergent approach was
followed and glycodendrimers containing, respectively, 4, 8, 16, 32, and 64
D-galactose and lactose peripheral groups, were efficiently synthesized.*!” The sac-
charide residues were attached to the aminated dendritic scaffold was by amide
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bonding through glycosides ending with the N-succinimidyl esters 557 and 558.
Highly globular glycodendrimers were obtained essentially quantitatively and were
deacetylated under Zemplén conditions [to give G(4)-PPI glycodendrimers 559 and
560] (Scheme 58).

In continuing efforts, the same authors constructed tris(galactoside)-modified DAB
dendrimers by the accelerated convergent strategy. In this particular approach, the
saccharides were connected first to a small TRIS branching derivative to form a
cluster which served as a building block, once suitably functionalized.*'” N-Succini-
midyl-activated ester 561 was then coupled onto G(1) and G(2)-PPI dendrimers with
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SCHEME 58. First poly(propyleneimine) glycodendrimers (PPI) coated with thioglycosides through
amide bond formation.*!”

4 and 8 primary end groups, respectively, to afford glycoconjugates 562 and 563
containing respectively, 12 and 24 peripheral galactosides (Scheme 59).

The same group modified the linker by using different numbers of carbon atoms
(1, 5, 10) to afford variations of the local saccharide concentrations at the dendrimer
surface.*'® This study was aimed to determine the influence of this linker parameter
on the glycodendrimer—protein interactions, the relationship between structure and
water solubility, and to investigate amphiphilic properties.

In 2004, additional poly(sulfogalactosylated) dendrimers based on DAB scaffolds
were investigated to study their antagonist properties against HIV-1 infection.*!”
First, to assess the interaction of HIV-1 gp120 with its reported alternative glycolipid
receptors, a series of glycodendrimers built from mimics of galactosyl ceramide
(GalCer 564) and its sulfated derivatives 565 were synthesized, analyzed by SPR as
ligands for rgp120 IIIB, and evaluated for their ability to inhibit HIV-1 infection on
CXCR4- and CCRS5-expressing indicator cells. The synthesis was based on direct
amine bond formation with carboxylated galactoside residues 567 or 568 and G(1) to
G(5) DAB-dendrimer (Scheme 60), and afforded compounds 569 and 571. Polysul-
fated dendrimers 570 were obtained by random sulfation of 568, and the average
number of sulfates was determinated by MALDI-TOF MS analysis. The in vitro
studies of their effectiveness at inhibiting infection of U373-MAGI-CCRS cells by
HIV-1 Ba-L indicated that the sulfated glycodendrimers were better inhibitors than
those of the nonsulfated compounds, but not as effective as the sulfated dextran
control 566.

Further investigations led the same group to increase the degree of sulfation on
galactosylated dendrimers, based on the hypothesis that glycosphingolipid SGalCer
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565 was the best ligand for both recombinant and virus-associated gp120.4?° There-
fore, the synthesis of G(5) DAB-dendrimer 570, containing up to 64 peripheral
galactoside groups and with an average of two sulfate groups per galactose residues
(versus about 0.5 for the first example) was performed. The ability of 570 to inhibit
infection of cultured indicator cells by HIV-1 was compared to that of dextran 566.
The results showed that 570 inhibited HIV-1 IIIB as well as dextran sulfate (a known
potent inhibitor of HIV-1 infectivity) with ECso values in the nanomolar range, and
both were comparable in their ability to inhibit HIV infection of both X4 and R5
indicator cells. Furthermore, cytotoxicity studies revealed that neither the glycoden-
drimer nor 566 were toxic to the cells at the highest concentration (3 mg/mL) tested.
Critical parameters such as the number and the position of sulfate groups (especially
at C-3), which may constitute a key structural component of an efficient inhibitor,
were clarified by this study.

An interesting application against HIV was developed, using G(5)-mannosylated
PPI dendrimers (MPPI) as carriers for the controlled and targeted delivery of
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antiretroviral nonnucleoside reverse-transcriptase inhibitors, such as lamivudine
(3TC) and efavirenz (EFV).*>!'*22 Numerous benefits over the standard treatment
based on the free drug or its PPI-encapsulated version, were demonstrated in vitro.
These nanocontainers ensured efficient entrapment of the bioactive drugs (~45%),
which allowed their prolonged release profile for up to 144 h (vs. 24 h with PPI).
The toxicity of these systems was generally found negligble. In cellular-uptake experi-
ments, MPPI interacted with the lectin receptors present on the surface of MT?2 cells or
monocytes/macrophages, leading to cellular uptake of drugs 12 times higher than that
of the free drugs. Furthermore, this phenomenon may be responsible for the significant,
but preliminary anti-HIV activity displayed by MPPIL. Despite these promising results,
further studies are needed to consider those encapsulated systems as potent carriers for
efficient control and targeting the delivery of anti-HIV drugs.

c. Hyperbranched Boltorn® Dendrimers.—Hyperbranched dendritic Boltorn®
polymers (Perstorp Speciality Chemicals) are also useful scaffolds, which have been
used for the multivalent presentation of various functional groups. Their selection is
based on the fact that second, third, and fourth generation polymers (H20, H30, and
H40, respectively) are commercially available at a low cost since they are prepared in
bulk quantities by polymerization. They are, however, polydisperse.*>3#>* Neverthe-
less, they can also be synthesized by a simple and iterative approach, using pentaer-
ythritol (572) as the central core and 2,2-bis(thydroxymethyl)propanoic anhydride
(bis-MPA anhydride, 573) (Scheme 61). Deprotection in acidic media furnished G
(1)-Boltorn® polymer (574) containing 8 peripheral hydroxyl functions, and the
sequence can be repeated for subsequent generations, leading, for instance to G(3)
BH30 (575).

H
o oH
573
HO\: OH omAp /k 1) 573 DMAP Hoic%;io o’ o o \éL/OH
: _owe
/—C ° ot
HO 2) H;SO,, MeOH 2) H,S0, “weon HO j) o% [} O%OH
o HO % o o 4 oH
572 O, o \ g
o o ° o
574 G(1) Bullom © /N
o, o /
ovsom @ ° HO}J< d o o} o
L o
o ‘n o o [¢]
577 o OH
© OH
n=160r32 o o
HO o1 00 O~° OH
)K/Ng Ko /7§§ © ;\‘ ;L\
HO'
OH) - 518 .—< k/N G O OH OH OH
n

575 G(3) Boltorn or BH30

SCHEME 61. Idealized Boltorn® hyperbranched polyols.



SYNTHESIS OF MULTIVALENT NEOGLYCOCONJUGATES 341

To mimic the natural organization of high-mannose structures notably present
in pathogens, mannosylated glycodendrimers obtained from these multivalent scaf-
folds have been synthesized. The commercial hyperbranched polymers of the second,
third, and fourth generations were first functionalized with succinic anhydride (576)
to furnish poly(acid) 577, which was then capped with 2-aminoethyl o-D-mannopyr-
anoside to give mannosylated dendrimers of various generations [580 for G(3)
(Fig. 71)]. Preliminary studies of these glycodendrimers, perfectly soluble under
physiological conditions and nontoxic against several cell lines, evaluated their
interactions with Lens culinaris lectin (LCA).*?>> Data obtained by STD NMR
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experiments and quantitative-precipitation assays demonstrated that glycodendrimers
on the Boltorn® platform effectively interact with such biological receptors as
plant and mammalian lectins.

The same group demonstrated that these mannodendrimers block the interaction
between DC-SIGN and Ebola virus envelope glycoprotein.*?® Interestingly, dendri-
mer 580, containing an average of 32 peripheral mannosides, was able to inhibit
selectively the DC-SIGN-mediated Ebola infection in an efficient dose-dependent
manner (ICsy of 337 nM), and showed no inhibitory effect in infection experiments
using DC-SIGN-negative cell lines. These results showed that 580 was a potent
inhibitor of Ebola infection mediated by DC-SIGN both in cis and trans (intra- and
inter-cellular) presumably via the same inhibition mechanisms involving the interac-
tion between the lectin and the viral envelope. In addition, a carbohydrate-dependent
inhibitory effect was confirmed and a multivalent effect of two orders of magnitude
demonstrated, since the monovalent manoside was able to inhibit this interaction at
only millimolar concentrations.

A related application used ‘‘click chemistry’’ for synthesis of azido-functionalized
Boltorn® dendrimer 579 (BH20) (Touaibia and Roy, unpublished data). Dendrimer
579 was obtained by treatment of hexadecahydroxylated BH20 (on average) with
azidoacetic anhydride (578). IR analysis demonstrated complete hydroxyl-group
transformation and introduction of azide function. The ‘‘clicked’’ hyperbranched
dendrimer 582 was obtained under typical reaction conditions (CuSO, and
sodium ascorbate) using nonprotected propargyl o-pD-mannoside 581 (Scheme 62).
The relative inhibitory potency of the mannosylated dendrimer for the inhibition of
agglutination of E. coli by yeast mannan was approximately 400 times higher than
that of the respective methyl mannoside (Benhamioud and Roy, unpublished data).

For most practical and biological applications of glycodendrimers, three functional
units are usually required: a targeting moiety, a biologically active agent, and a probe.
A general and facile strategy for functional-group introduction at defined positions on
dendrimers is best achieved when dendrimers are synthesized stepwise. From this
perspective, Sharpless, Hawker, and their group have provided an example of sophis-
ticated, multifunctional materials that can be constructed in a stepwise, yet facile
manner, using the efficient ‘‘click’” methodology, and with a fashion-controlled
strategy toward unsymmetrical glycodendrimers in which two distinct moieties (tar-
geting and detection probe) were placed at the chain ends.?>* Dendritic block copo-
lymers up to the fourth generation were coupled via the key step of Cu(I)-catalyzed
azide—alkyne cycloaddition to prepare rapidly these dual-purpose and multifunctional
materials without use of protecting groups. The orthogonal synthetic approach
was based on 2,2-bis(hydroxymethyl)propanoic acid (bis-MPA), which constitute
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SCHEME 62. *‘Clicked”” mannosylated Boltorn® H20 (Touaibia and Roy, unpublished data).

the main building block in synthesis of the commercial Boltorn® dendrimers.

The corresponding bis-MPA anhydride (573) provided access to alkyne ester 583 and
azide ester 584 by condensation with the appropriate alcohol (Scheme 63). Removal of
the protecting groups and subsequent condensation by ‘‘click chemistry’ allowed the
generation growth of the core and afforded the asymmetrical structure 585 having a diol
as the focal point. Two molecules of the functionalized coumarin-type fluorescent dye
586 were then introduced by esterification of the two free hydroxyl groups of 585 with
pent-4-ynoic anhydride 283, followed by the [342] cycloaddition. Acetal hydrolysis
and subsequent introduction of the 16 alkynes via esterification, followed by [34-2]
cycloaddition with an unprotected 2-azidoethyl o-D-mannopyranoside (285a) in
THF-H,O furnished the asymmetrical heterobifunctional dendrimer 587.

The performance of the resulting mannosylated dendrimer 587 was investigated in
a standard hemagglutination assay using the MBP Con A and rabbit red-blood cells.
When compared to the activity of a single mannose, 587 exhibited 240-fold greater
potency, corresponding to a relative activity of 15 per sugar moiety, thus demonstrat-
ing the synergistic benefit provided by the multivalent dendritic array of sugar groups.
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and detection probes.>>*

d. AB; and AB; Subunit-containing Glycodendrimers.— (i) Aromatic AB; Sys-
tems. As mentioned earlier, aromatic AB, building blocks constitute privileged
components for rapid design of highly branched glycodendrimers possessing
biological potential. As well as examples presented earlier, the approach has involved
the design and synthesis of G(1) and G(2) glycodendrimers containing building
blocks of 3,5-dihydroxybenzoic acid.*?” Homo- and heterobifunctional glycodendri-
mers ending with up to 16 fucoside and/or galactoside residues, installed via the
““click’” 1,3-dipolar cycloaddition, were synthesized via an ‘‘outside in strategy,”’
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from a diazide derivative 588 of methyl 3,5-dihydroxybenzoate (Fig. 72) and alkyne-
functionalized carbohydrates. The saccharides were selected based on the fact that the
bacterium P. aeruginosa (responsible for chronic lung colonization and the major
cause of morbidity and mortality in CF patients), expresses two lectins, PA-IL (LecA)
and PA-IIL (LecB) specific for p-galactose and L-fucose residues, respectively.
Polyazido dendritic scaffolds 589-593, containing up to 16 peripheral azido functions
were synthesized by successive formation of amide linkages between dendritic
subunits. The polyazides were then totally functionalized with L-fucoside units to
give 594-597 (Fig. 73) while the heterobifunctionalized dendrimer 598 bearing both
D-galactoside and L-fucoside residues was also prepared, providing binding access to
either PA-IL and PA-IIL, simultaneously. The sugar heterogeneity was incorporated
in order to increase the biological activities of the dendritic architecture and afford
potent new antiadhesin agents against P. aeruginosa.
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Turbidimetric assays indicated that glycodendrimers possessing a minimum of four
fucoside residues on the same side showed rapid cross-linking abilities with tetra-
meric P. aeruginosa PA-IIL lectin, by forming insoluble complexes. As expected,
heterodendrimer 598 containing 4 fucosides and 4 galactosides had the ability to
recognize both binding-site domains of PA-IL and PA-IIL.

(ii) AB3 Systems. One of the first examples of glycodendrimers based on AB;
building blocks was proposed by Stoddart et al. who designed dense multivalent
neoglycoconjugates in which the carbohydrates were located at the periphery of short
peptidic chains emanating from an aromatic central core and TRIS-containing branch-
ing system.??° The convergent approach was adopted, with preliminary construction
of dendrons based on initial glycosylation of the three hydroxylmethyl groups of
TRIS (1) with glucose (Scheme 64). The availability of the single free amino group in
1 following deprotection enabled further elaboration through formation of amide
bond. This could be accomplished directly with triacid 599 or, preferably, to avoid
steric problems through the intermediacy of the 3,3’-iminodipropanoic acid-derived
dendron 240. The glycine-derived glucosylated dendron 240 was thus connected with
trifunctional scaffold 599 to afford glycodendrimer 600 decorated with up to 18
peripheral glucosides in a single step.
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branching component.229
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The authors then prepared even larger dendritic derivatives employing two differ-
ent, yet closely related, convergent accelerated strategies.*** The resulting D-glyco-
pyranoside-containing glycodendrimers (602), bearing up to 36 saccharide residues,
were obtained in good yields by a so-called 12 x 3 reaction sequence, involving three
equivalents of dendritic wedge 601 (12-mer) and one equivalent of the trifunctional
core 599 (Scheme 65). This advanced strategy circumvented the problem of incom-
plete dendrimer formation arising from limited reactivity of the core and accessibility
impeded by the decreased interstitial space around it. High-generation glycodendri-
mers were thus obtained with very precise molecular sizes and shapes, and were
completly monodisperse, despite the densely packed surface groups.

Furthermore, to avoid the anticipated limitation upon the growth of this type of
dendrimer, common when saccharides contain protecting groups, Jayaraman and
Stoddart focused on synthesis of glycodendrimers wherein the saccharides were
totally unprotected during construction.*?8

e. Carbosilane Glycodendrimers.—In 1999, Matsuoka et al. synthesized the
trisaccharide moieties present in globotriaosylceramide by using carbosilane-based
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dendrimers.*?° As well as an efficient methodology for constructing multivalent
carbosilane scaffolds, the authors simultaneously developed a general synthetic
strategy for the attachment of the carbohydrate moieties, employing an efficient
SN2 substitution of an alkyl halide by the highly reactive thiolate anion. In addition
to typical advantages encountered for dendrimers, multivalent carbosilane architec-
tures offered (/) synthetic simplicity to extend the generation at will and thus provide
access to derivatives of definite molecular weight and number of terminal functions,
(i) the neutral nature of dendritic scaffolds having chemical and biochemical stabilty,
and (ii7) biological inertness. These dendrimers (603—606), displaying unique shapes
(fan-shape, ball-shape, and dumbbell-shape, respectively) were called ‘‘SUPER
TWIGs’’ and are presented in Fig. 74.

The same group studied these ‘*‘SUPER TWIGs’’ as therapeutic agents for treat-
ment of infections by Stx-producing E. coli O157:H7, and demonstrated their inhibi-
tion potential.*** SPR studies showed that dendrimers 604 and 606 presented very low
Kp values of 4.2 and 1.4 uM, respectively, for STL-I, while the value for 603 was 30
times higher. This indicated that ‘‘SUPER TWIGs’’ 604 and 606 bound directly with
high affinity to the STL-I B-subunit. In addition, six trisaccharides situated at an
appropriate distance (span of ~ 30 A from the central silicon core) in one molecule
allowed full embrace of the predicted Gbs-binding sites (CBPs 1 and 2 notably) and
were sufficient for high-affinity binding. Furthermore, in vivo inhibitory effects of the
“SUPER TWIGs’’ on the lethality of intravenously administred SLT-II in mice,
indicated that 604 was a better candidate than 606 for this specific application.
SLT-II was used in this study because it is more toxic than SLT-I both in vitro and
in vivo, and clinically more significant. The assays indicated that 606 completely
supressed the lethal effect of STL-II when administrated along with the toxin: 604-
treated mice survived more than 2 months without any pathological symptoms,
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FIG. 74. Carbosilane glycodendrimers prepared by Matsuoka et al.**
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whereas 100% of nontreated mice died within 5 days. The biological results suggested
that 604 suppressed the lethality of SLT-II by diminishing the deposition of SLT-II in
the brain and consequent fatal damage. Also, 604 protected mice from a challenge
with a fatal dose of E. coli O157:H7, even when administrated after establishment of
the infection. In the light of these results, a unique dual mechanism of action was
proposed to explain this spectacular efficiency: (i) 604 bound to SLTs with high
affinity and inhibited its Gbs-dependent incorporation into target cells; (ii) it induced
active uptake and subsequent degradation of SLTs by macrophages present in the
reticuloendothelium.

A few years later, the same group identified the optimal dendritic structure, namely
optimal valency and shape, required for SLTs neutralization.*3! They identified the
18-mer 605 as another potent SLTs neutralizer, functioning in vivo. Examination of
additional structural features allowed the identification of crucial structural para-
meters. A dumbbell-shaped structure in which two clusters of trisaccharides, sym-
metrically located through their hydrophobic core and having an optimal length of at
least 11 A was first required. This indicated that grouping of the trisaccharides was
more important than the number of trisaccharides. In the dumbbell shape, at least six
trisaccharides needed to be involved for in vivo activity, and terminal trisaccharides
with spacers had to be branched from the same terminal silicon atom to be clustered in
high density. These structural requirements were essential for the appropriate induc-
tion of macrophage-dependent incorporation and degradation of SLT-II, further
supporting the pivotal role for this mechanism in the in vivo SLTs-neutralizing
activity of ‘‘SUPER TWIGs’’ having optimal structure. Interestingly, the data
demonstrated the crucial implication of the CBP 3 present on the SLT-II B-subunit,
and showed that it was an essential and sufficient site for high-affinity binding of 605.
In addition, the core length was a major structural parameter for perfectly embracing
the three sites in a multiple way and, consequently, to provide an adequate hydropho-
bic volume for recognition by macrophages.

Considering the fact that galabiose is also known to bind SLTs with high affinity,
Matsuoka et al. considered that enhancement of the binding ability by the clustering
of galabiose would be advantageous as compared to clustering of globotriaose, both in
terms of synthetic accessibility, and from the viewpoint of practical use for SLTs
neutralization.

According to the synthetic strategy just described, a series of water-soluble carbosi-
lane dendrimers were made, bearing peripheral galabiose trimers interspaced by 29 A,
adjusted to the binding-site distances (Fig. 75).**2 The binding affinity to SLT-I
and SLT-II B subunits were determined by Scatchard plot analysis. Hexavalent
compound 610 showed Kp values of 1.3 and 1.6 uM for SLT-I and SLT-II,
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FIG. 75. Carbosilane glycodendrimers with pendant galabiose disaccharides.***

respectively, constituting one-tenth of the potency of the homologous 604. Tri-
and tetravalent analogues 607 and 608, respectively, also presented weaker affi-
nities (~60 and 10 uM, respectively, for both SLTs). On the other hand, further
evaluations with !?°I-labeled SLTs binding and cytotoxic assays showed that
multivalent 607—609 inhibited the binding of '*’I-labeled SLTs to vero cells,
and presented very weak inhibitory effects in the cytotoxic assay as compared to
the best dumbbell 604.

In summary, results of in vivo experiments showed the effectiveness of carbosilane
dendrimers having clustered P* carbohydrate moieties, and the complete neutraliza-
tion potency against STL-II was discovered when dumbbell-shaped dendrimers were
identified as potent candidate inibitors. Although the precise mechanism of action
remains to be elucidated, this type of inhibitor provided a new strategy for the
detoxification of SLTs present in circulation.

The same research group further reported synthesis of asialyl- (2—3)-lactosyl
moieties [aNeuSAc-(2—3)-fGal-(1—4)-fGlc-(1—] using a series of carbosilane
dendrimer scaffolds and the products had interesting biological activities against
various such human influenza virus strains as A/PR/8/34 (HIN1) and A/Aich/2/68
(H3N2). These dendrimers were thus uniformly functionalized with asialyl-(2—3)-
lactose residues, with different degrees of freedom of the sugar moities depending on
the spacer length and core shape, and thus being responsible for a variety of 3D
structures (Fig. 76). The inhibitory activity against the hemagglutination of influenza
viruses to erythrocytes suggested that dumbbell amide 610, having the longest
spacer-arms and most carbohydrate epitopes, possessed the highest activity of the
glycolibrary (ICsos < 10 uM for both HIN1 and H3N2 viruses).**

Following this initiative, other complex glycosylylated architectures have been
designed, finishing a series of large multigeneration glycodendrimers containing 27
[G(1), 615], 81 [G(2), 616], and 243 [G(3), 617] terminal-modified D-xylose branches
obtained by ‘‘click chemistry’’ from the corresponding polyalkynylated dendritic
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FIG. 76. Sialyloligosaccharide-capped carbosilane dendrimers successfully used as ligands against
various strains of influenza virus hemagglutinins.**

cores (612-614) and 2-azidoethyl 2,34-tri-O-acetyl-f-D-xylopyranoside (611)
(Fig. 77).43* Characterization by 'H- and '*C NMR, elemental analysis, and IR
spectroscopy confirmed their low polydispersity (1.04—1.05). The growth in size of
the dendrimer from G(1)-27 to G(3)-243 and also upon functionalization within each
generation, was shown by diffusion light scattering (DSL), DOSY NMR, and size
exclusion chromatography (SEC), all of which satisfactorilly agreed with the
expected size of the nanostructures.

f. Other Glycodendrimers.—Several other types of glycodendrimers have been
synthesized from a wide variety of multivalent scaffolds.*>> Three of the most
relevant exampes as described in the following sections.

Another interesting example illustrates the use of scyl/lo-inositol, the all-equatorial
stereoisomer of myo-inositol. It has also been added to the growing selection of
suitable scaffolds for synthesis of multivalent neoglycoconjugates.**® The N-Boc-
protected amino scyllo-inositol scaffold 618 constituted the key intermediate for
subsequent glycosylation, as well as for chain elongation and multiplication directed
toward the next dendrimeric generation (Scheme 66). Hence, conjugate 1,4-addition
between triamine 618 and excess methyl acrylate, followed by amidation of the
resulting esters with ethylenediamine afforded an amidoamine dendrimer under con-
ditions previously seen for the synthesis of PAMAM dendrimers. Reiteration of this
two-step sequence successfully doubled peripheral amino functionalities toward a
G(2)-dendrimer 620. Glycoconjugation of the dendrimers was then achieved by the
thiourea linkages discussed previously based on mannosyl isothiocyanate 619.

Another, architecture as yet exotic, has been proposed by Sakamoto and Miillen, who
designed original glycodendrimers based on shape-persistent polyphenylenes building
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SCHEME 66. Synthesis of scyllo-inositol repeating unit toward the construction of novel mannosylated
dendrimers.**

blocks (621 and 622, Fig. 78).*37 Both convergent and divergent routes were used to
allow for sugar installation on not only the dendrimer surface but also within the
hydrophobic internal scaffold, employing successive Schmidt glycosylation and the
Diels—Alder reaction. All of the described glycodendrimers exhibited good solubility in
weakly acidic aqueous solutions, and those possessing interior sugar moieties (remi-
nescent of an active center situated inside a hydrophobic pocket of natural enzymes)
were identified as interesting candidates for host—guest molecular recognition.

Finally, the group of Majoral prepared additional phosphorus-based glycodendri-
mers involving hydrazone groups, derived from D-xylose and containing up to 48
peripheral epitopes, in excellent yields and through very simple precipitation-based
purification processes (Fig. 79).43® Such multivalent derivatives were obtained via
substitution of the chloride atoms of terminal —P(S)Cl, groups with a triacetylated
phenolic derivative 623 of p-xylose under basic conditions [Cs,COj3 (4 eq./Cl atom)].
Consequently, G(1) to G(3) glycodendrimers, containing 12, 24, and 48 xyloside
residues, respectively, were readily purified through filtration and extraction steps,
and their uniformity was confirmed, notably by *'P NMR spectroscopy. Controlled
Zemplén O-deacetylation allowed full deprotection to furnish such valuable amphi-
philic glycodendrimers as 624 without decomposition.

VI. CONCLUSION

This chapter has highlighted different strategies leading to a vast range of neogly-
coconjugate architectures.*3#49 Since their discovery by Roy et al. in 1993, the field



FIG. 78. Polyphenylenes building blocks used by Sakamoto and Miillen for glucosamine dendrimers.**’
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of glycodendrimers has matured and expanded to unpredicted levels. The synthetic
strategies leading to these nanostructures have also witnessed considerable progress,
that including organometallic chemistry, chemoenzymatic build-up, silicon chemistry,
and self-assembly. Most of the initial challenges in complete substitution by the
carbohydrate, and structure determination, have been resolved. Undoubtedly, a funda-
mental contribution toward this goal has been the utilization of classical [1,3]-dipolar
cycloaddition, using the soft and efficient copper-catalyzed, coupling reaction of azide
to alkyne. This method, extensively used in this field, has proven extremely versatile.
An additional enhancement has been ‘‘accelerated convergent strategies,”’ offering
clear synthetic advantages and ease of purification. An important addition to the
arsenal of sophisticated glycodendrimer methodologies is the recognition that most
complex carbohydrate epitopes can be advantageously replaced by simpler
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saccharides, and most importantly by glycomimetics. In this way, by combining the
multivalent scaffolding of carbohydrate ligands, together with their replacement by
simpler but higher affinity mimetics, the research community has delivered very
potent antiadhesin candidates against viral and bacterial infections, including HIV
and Ebola viruses. Key to these discoveries and applications, glycodendrimers have
permitted a better understanding and appreciation of the very complex nature of
multivalent carbohydrate—protein interactions. The upcoming challenges must
address the issues of fine-tuned specificity faced by numerous families of carbohy-
drate-binding proteins having common and conserved CRDs, such as those identified
for instance in galectins and MBPs. Another challenge will be to determine the
toxicities of glycodendrimers to allow development of safe therapeutic agents.
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(PePOs), 240
peptide scaffolds
anti-HIV-1 gp120 conjugate vaccine,
230-231
azide-bearing aglycone, 232
cholera toxin B pentamer, 228, 230
cyclic scaffolds, 228-229, 232
glycans, 227-228
horse radish peroxidaseconjugated
antihuman IgG (HRP-IgG), 232
ManyGlcNAc,, high-mannose
oligosaccharide, 230
solid-phase synthesis (SPS), 228
submicromolar ICsq values, 228
tetrameric gp120 glycan epitope, 232
persulfurated glycoclusters
aggregating effect, Concanavalin A,
200-201
2-azidoethyl tetra-O-acetyl-o-
D-mannopyranoside, 198
Boc N-protection, 198

2-bromoacetamido-tris[(propargyloxy)-
methylJaminomethane, 198

Burkholderia cenocepacia, 198

18 o-D-mannopyranoside residues,
198-199

o-D-mannoside, 200

2-ethoxy-1-ethoxycarbonyl-1, 2-
dihydroquinoline (EEDQ), 200

o-glucose asterisk, 200

molecular asterisks, 200

O-deacetylation, 200

Zemplén conditions, 198, 200

phthalocyanine, 217
polyhedral oligosilsesquioxanes

(POSS), 240

porphyrin cores

amphiphilic character, 215

amphiphilic/lipophilic character,
clusters, 213

chlorophyll c,-
monogalactosyldiacylglyceride, 209

dimyristoyphosphatidylcholine (DMPC)
liposome membrane, 215-216

galacto- and mannosubstituted
tetraphenyl porphyrins, 212

glucosylated porphyrins, cationic
head-groups, 214-215

high photoactivity, a-galacto-manno
porphyrins, 213

mannosylated prophyrin clusters, 216

meso-arylporphyrin scaffold, 210

5,10,15-m-tri(p-phenol)-20-
phenylporphyrin, 212

neutral bisporphyrins, 214

O-glycosylated porphyrin dimers, 209

O-, S-, and N-glycoporphyrins,
210-211

partition coefficients, deprotected
bisporphyrin conjugates, 215

p-chloranil, 214

photodynamic therapy (PDT), 210-211

polydispersity, 216

sugar aldehyde condensation, 209-210

tolyporphin A, 209
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tri-and hexavalent glucosylated
porphyrins, 214
in vitro photocytotoxicity, K562
leukemia cell line, 215
Williamson etherification, 212
Y79 retinoblastoma cells, 212-213
potent antiadhesins, 238
1,4,8,11-tetraazacyclotetradecane, 236
trivalent f-p-galactoside, 217

Glycocodes, 170
Glycodendrimer

ABj; systems, 347-348
aromatic AB, systems, 344-347
carbosilane
D-xylose dendrimers, 352-353
pendant galabiose disaccharides,
350-351
Scatchard plot analysis, 350
sialyloligosaccharide-capped
dendrimers, 351-352
SLT-I and-II, 349-350
SUPER TWIGs, 349-350
glycopeptide dendrimers
antisense gene delivery, 323
asialoglycophorin, 322
capsular polysaccharides (CPS),
318-319
carbohydrate-based vaccine, schematic
representation, 319
carbohydrate-recognition domain
(CRD), 317
commercial Tentagel resin, 315
COS-1-cells, 313
dendritic cell-specific ICAM-3 grabbing
nonintegrin (DC-SIGN), 312-314
diethylene glycol (DEG) spacers, 321
emmprin 34-58, 321
fluorescently labeled
mannodendrimers, 314
2G12, protective anti-HIV immune
response, 319-320
4-hydroxybutanoic acid linker, 315
Lewis™ tetrasaccharide antigens,
chemoenzymatic process, 312

mannose-binding protein (MBP), 312
multiple antigenic glycopeptides
(MAGs), 319
N,N-diisopropyldiphosphoramidite,
321-322
novel hyperbranched glycomimetics,
L-lysine scaffolds, 313
optimized C-fucosylated glycopeptides,
317
poliovirus T cell epitopes, 319-320
poly-L-lysine scaffold, mannosylated
dendron, 310-311
sialic acid, 310
synthetic anti-HIV vaccine candidate, 318
Thomsen Friedenreich (TF) disaccharide
antigen [f-p-Gal(1—3)-0-D-
GalNAc], 310-311
tris(2-ethylamino)amine, 315-316
host—guest molecular recognition, 354
hyperbranched Boltorn® dendrimers
bifunctional glycodendrons synthesis,
343-344
click methodology, 342
Ebola infection inhibitor, 342
Lens culinaris lectin (LCA), 341
mannosylated dendrimers, 341
polyols, 340
propargyl o-D-mannoside, 342
succinic anhydride, 341
PAMAM dendrimers
amide linkages, 328-330
commercially available dendrimer
scaffolds, 323-324
nucleophilic substitution, haloacetamido
groups, 330-337
reductive amination, 330
thiourea linkages, 325-328
peripheral p-xylose residues, 354, 356
polyphenylenes building blocks,
glucosamine dendrimers, 354-355
poly(propyleneimine) [PPI] dendrimers
cell infectivity inhibitors, 338-339
convergent synthesis, 338-339
galactosyl ceramide, 338
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Glycodendrimer (cont.)

MPPI, 339-340

poly(sulfogalactosylated)
dendrimers, 338

thioglycosides coating, 337-338

polyether glycodendrons, methallyl
dichloride, 302

streptavidin, 297

Stx2c¢, 297

terminal galactose residue, anchoring

scyllo-inositol, 352, 354

syntheses, 288-289
Glycodendrons

AB, systems

fragment, 290
toxin B pentamer, 291
ABj; systems
arborols, 303

AB,-sugar scaffold, glycodendrimer
synthesis, 299

2- and 4-aminothiazole lactosides,
dendrons, 295

analytical ultracentrifugation and
dynamic light scattering (DLS), 294

9-BBN transformations, 303

binding affinities, CT subunit, 291

biotin end group, mannosylated
dendrons, 298

biotinylated dendritic T-antigen, 296

3,6-diallylated precursor, 301

3,5-diaminobenzoic acid
scaffolds, 294-295

glycomagnetic beads, 298

GM, and agalacto-GM; ligands, 292

GM; oligosaccharide ligand, lactoside
analogues, 290

head-to-head dimerization, protein
toxin, 294

mannosylated dendrons, AB,-mannoside
scaffold, 301

m-nitrophenyl o-D-galactopyranoside
(MNPG), 290

multivalency effects and selectivity,
tetravalent lactoside, 295-296

mutant lacking pilus expression, 298

octameric glycodendrons, GM;
analogues, 293

ORN178 and ORN208, 298

pentameric bacterial toxin, 290

peripheral lactoside residues, dendritic
scaffold, 291

photochemical construction, lactosylated
dendrons, 300

azides and propargylated dendrons,
glycodendrimers, 308

azido-terminated gallic acid-triethylene
glycol dendrons, 308-309

catalyzed alkyne—azide 1,3-dipolar
cycloaddition reaction, 304

copper-catalyzed [3+2]
cycloaddition, 307

gallic acid-based glycodendrons,
305-306

Man, and Mane, 304

oligomannoside-ending azides,
HIV-1 gp120 mimetics, 303-304

polysialic acid dendronized chitosan,
306-307

propargylated dendrons, modified TRIS
scaffold, 304-305

sialic acid p-phenylisothiocyanate
derivative, 307

sialodendrons, 307

tris(hydroxymethyl)aminomethane
(TRIS), 303, 305

self-assembly

dendritic scaffolds, outside-in
approach, 282

Galili antigen and Lac-SH, 283

aGal-mediated lysis, pig erythrocytes,
284

G(1) and G(2) dendrimer generation, 282

glycodendrimers scaffold, hydrophobic
repeating-units, 283

optimal core—core interaction, 284

Glycofullerenes

Buckminsterfullerene, 242
carbon, allotropic form, 241
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monovalent structures

Cgo preactivation, 244

Diels—Alder reaction, 245

DNA and protein-degradation
properties, 245

[60]fullerenoacetyl chloride, 244

glycofulleropyrrolidine
monocycloadducts, 1,3-dipolar
cycloaddition, 243

glycosylation, 245

selective degradation, HIV-protease, 245

spiro C-linked glycosyl-Cgq
derivatives, 243
multivalent structures
amphiphilic fullerenes, 247-248
azide-bearing mannosylated
dendrons, 249
azido oligo(ethylene glycol)-terminated
glycodendron, 249
bis(a-p-mannopyranosyl)fullerene, 248
bismannoside-Cgy adduct,
Bingel-Hirsch procedure, 248
Cgo malonates, Bingel’s procedure, 247
[3+2]-cycloaddition reaction,
glycosyl azide, 245
degree of functionalization, 247
fulleropentathiol, alkylation, 251
HelLa cells, 246
mono-and bismannosyl fullerenols,
activity, 246
nucleophilic cyclopropanation, 246
pentavalent fulleroglycoconjugates, 250
peptide-coupling reaction, 248
peripherally protected glucopyranoside
residues, 248
phototoxicity, 246
stable self-assembling structures, 246
thiolate—alkyl halide coupling
reaction, 250
twofold cluster-opened
diazabishomofullerene adduct, 249
water-soluble fullereno sugar, 250
X-type Langmuir—Blodgett films, 248
natural repulsion, water, 242

spherical topology, 242

Glycogen and deoxy sugars, complex

carbohydrates
chemical synthesis, 4
elucidation, glycosaminoglycan
structures, 4
enzymatic degradation of starch, 3

Glycomimetics, 172-173, 177-178, 206,

313-314, 357

Glyconanotubes

covalent interactions

amine-derivatized glyco wedges, SWNT
acids, 261-262

amine-ending glycodendrons, 262-263

2-aminoethyl glycopyranosides, 262

f-p-galactoside-modified SWNT, 260

p-D-galactosides, 264

carbohydrate-functionalized SWNTs, 263

carboxylic acid-functionalized SWNTs,
260-261

grafting from strategy, 264

morphology and arrangement,
glycodendrons, 263

MWNT, 264

MWNT-CO,H precursor, 264

surface defect oxidation, 260

noncovalent interactions

Ci5-0-MM-SWNTs, 255

confocal laser-scanning microscopic
(CSLM) observations, 257

Cu(I)-catalyzed azide—alkyne [1,3]-
dipolar cycloaddition (CuAAC)
methodology, 258

fluorescent dye Texas Red, 255

o-GalNAc-HPA-CNT—cell surfaces
complex, 255

glycodendrons, syntheses, 257

Helix pomatia agglutinin (HPA), 255

Man-SWNTs, 258

mucin mimic (MM), 254

N-acetyl-a-D-galactosamine
(«-GalNAc), 254

O-linked glycans, dense clusters, 254

photoluminescence signal, 257
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Glyconanotubes (cont.)
poly(p-N-acryloylamidophenyl)-
o-D-glucopyranoside, 257
pyrene-based glycodendrons, 258-259
schizophyllan, 256
surface heterogeneity, 255-256
SWNT, noncovalent functionalization,
253-254
unifornity and purity, amphiphilic
glycodendrimers, 258
water-soluble SPG-Lac—SWNTs
nanocomposites, 256
spaghetti network, 252
Glycosaminoglycans, 4-8, 13, 159
Glycosyltransferases (GTFs), 102, 105,
118, 121-122, 127
GM1 [pGall —3pGalNAcl—4(aNeu5Ac-
2—3)pGal(1—4)pGlcl—1Cer], 204

H
H-mordenites, 72
Hyaluronic acid structure, 5
Hydrolysis of methylated polysaccharides, 24
5-Hydroxymethylfurfural (HMF), 69, 71, 74

1
Inulosucrases (ISs) enzyme, 114-115
Invertebrate matrix glycoconjugates, 8—9
Isomaltulose (IM), 119-120

J
Jeanloz, R., 3-15

L

Lactosucrose, 126
Levansucrases (LSs) enzyme, 114-115
Lindberg, B., 23-27
Lipid intermediates, glycoprotein

biosynthesis, 10-11
Lipid-linked di-N-acetylchitobiose structure, 11
Lysosomal glycosidase deficiencies, 11-12
Lysosomal mannosidases, 11

M

Maltose hydrolysis, 69-70

Mammalian membrane glycolipids, 7

Mannosylated PPI dendrimers (MPPI),
339-340

Medium and large-pore zeolites

dehydration, 71-72
glycosylation
adsorption properties, 35
1,2-anhydro sugars, 38
aryl glycosides synthesis, 37-38
Fischer glycosidation, N-
acetylgalactosamine, 3637
Fischer glycosylation, p-glucose, 35
glycals, Ferrier rearrangement, 38-39
p-glycoside and diol formation,
38-39

H-beta zeolite, 35
long-chain alcohols, 38
long-chain glucosides, 35-36
1-O-acetyl sugars, 37

2,3-unsaturated a-glycosyl derivatives,

3940
oxidation, 74-75
sugar protection and deprotection
acetylation procedure, 5657
1,2:5,6-Di-O-isopropylidene-
o-D-glucofuranose, 58—59
isopropylidene acetals, 57
monoacetals, 58
pyranoid diacetals, 57-58
pyranose, 56-57
Methylated heteropolysaccharide, 5
Methylation analysis, 5, 24-25
Michaelis—Menten kinetics, 106
3-, 4-, and 6-Monomethyl ethers, 5
Montmorillonite clays
dehydration, 74
glycosylation

C-glycosyl aromatic compounds, 45
C-glycosylation methods, 44—45
Fischer glucosylation, butanol, 42-43
1-0-acetyl-2,3,6-trideoxyhexoses, 42
O-glycosidation of glycals, 44
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olivoses (2,6-dideoxy-p- and -L-arabino-

hexoses), 43
stereoselective synthesis, of 2-deoxy-2-
iodo-f-olivosides, 44
sugar protection and deprotection, 61-62
synthetic applications, 79-80
Mucins
affinities, SBA and VML, 145-146
binding and cross-link, cell-surface
mucins, 144
diagnosis, cancer, 143
gene products, 143
O-glycosylated linear glycoproteins, 142
oligosaccharide chains, 142
porcine submaxillary mucin (PSM),
143-144
Multivalency
definition and role
arterial and central nervous system
networks, 169
divalent entity, 168
fractal/dendritic architectures, 168
gecko’s foot, 169
particle, 168
polyvalent interactions, 168
protein—carbohydrate interactions
cross-linking glycocluster effects, 170
glycocluster/dendritic effect, 170
premature degradation protection, 169
weak association constants, 170
Multivalent glycoconjugates
artificial glycoforms, 172
binding affinities, 172
conjugation reactions, 173
glycomimetics, 172
ligand-binding specificity, lectins, 171
optimized multivalent glycodendrimers,
steps, 172
Multivalent lectin—mucin interactions
cross-linking interactions
bind and jump model, 156-157
entropy, 154-159
hill plot, negative cooperativity,
153-154

431

stoichiometric analysis, 153
face-to-face binding, 141-142
linear and nonavalent glycoprotein,
binding, 141-142
thermodynamics, soybean agglutinin
binding
Fd-PSM, 148-149
38/40-mer Tn-PSM, 148
81-mer Tn-PSM, 147-148
Tn-PSM, 146-147
thermodynamics, Vatairea macrocarpa
lectin (VML)binding
Fd-PSM, 150
81-mer Tn-PSM and 38/40-mer
Tn-PSM, 149
Tn-PSM, 149
Multiwalled carbon nanotube (MWNT),
252,264
Muramic acid, 7

N
Neoglycoconjugates, multivalent
accelerated convergent strategies, 356
arborols, 286
coordinating metals, self-assembly
2-aminoethyl 2-acetamido-3,4,6-tri-O-
acetyl-2-deoxy-o-D-
glucopyranoside, 275
asialoglycophorin A, 266
chelating metal cations and divalent
bipyridine scaffold,
glycodendrimers, 267
cluster effect, 276
concanavalin A (Con A) and galanthus
nivilis agglutinin (GNA), 282
p-D-galactopyranoside precursors, 272
a-D-GalNAc 2,2/-bipyridine oligomers,
copper(Il) salt, 276-277
divalent 3-D-galactopyranosides,
oligopyridine metal ligand
scaffolds, 272273
dynamic molecular recognition, 266
egg-yolk decasaccharide, 269
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Neoglycoconjugates, multivalent (cont.)

Fe(II)-bipyridyl complex, self-
assembled glycodendrimers, 266

ferrous O-and N-glycoclusters, 268

flexibility, 268

galactose—oligopyridine conjugates, 271

Glycine max, 267

glycosylated bi- or terpyridine
ligands, 272, 274

hemagglutinin, amino acid residues, 269

lectin affinity, spacers, 268

A-mer isomer, 266

mannosylated dendrons, 8-
hydroxyquinoline ligand, 277-278

mannosylated glycodendrimers,
bipyridine core, 279-280

metal-to-ligand charge transtfer (MLCT)
band, water, 268

monosubstituted terpyridine ligand,
glycoclusters, 270

[NH,4]Fe(S0O,),.6H,0, 270

Pd (0)-catalyzed Sonogashira coupling,
272

pentaflurophenyl group, 4’-position, 271

photoinducible electron-transfer Ru(II)-
complexes, 280-281

Re and *™Tc glycoclusters, 273-274

self-assembled mannodendrons,
278-279

2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO), 281

Tn-antigen (a-D-GalNAc) clusters,
275-276

Tn-dimers, 2,2’-bipyridine core, 275

tris-bipyridine ruthenium complex A[Pu
(a-Gle-3-bpy);]Cl,, 268-269

unsymmetrical Bipy-GalNAc,
trimerization, 266

azamacrocycle cyclam, 236, 238

branched aliphatic scaffolds, 177-190

calixarene core, 201-208

carbohydrate scaffolds, 217-227

cross-coupling reactions, 195-198

cucurbit[n]uril cavitand, 233-235

cyclophosphazene derivatives, 235-236

decamannoside, 236

E. coli heat-labile enterotoxin, 239

enzyme-linked lectin assay (ELLA), 240

fluorescein isothiocyanate (FITC)-
spermine derivative, 235

HepG2 hepatocellular carcinoma
cells, 235

hexa chlorocyclotriphosphazene
(P3N3Clg), 235

intermolecular cyclotrimerization,
191-195

intracellular translocation, 235

mannosylated cyclophosphazenes,
235,237

m-nitrophenyl «-D-galactoside
derivatives, 239

oligoantennary oligosaccharides, 174

pentaerythrityl phosphodiester
oligomers (PePOs), 240

peptide scaffolds, 227-233

persulfurated glycoclusters, 198-201

phthalocyanine, 217

polyhedral oligosilsesquioxanes
(POSS), 240

porphyrin cores, 208-217

potent antiadhesins, 238

1,4,8,11-tetraazacyclotetradecane, 236

trivalent f-p-galactoside, 217

glycodendrimer

ABj systems, 347-348
aromatic AB, systems, 344-347

dendrimer, definition, 285-286
enhanced permeation retention (EPR)

carbosilane, 348-353
glycopeptide dendrimers, 309-323

effect, 287 host—guest molecular recognition, 354
glycocarriers, 287 hyperbranched Boltorn® dendrimers,
glycoclusters 340-344

ol-acid glycoprotein (AGP), 240 PAMAM dendrimers, 323-336
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peripheral D-xylose residues, 354
polyphenylenes building blocks,
glucosamine dendrimers, 352,
354-355
PPI dendrimers, 336-340
scyllo-inositol, 352
syntheses, 288-289
glycodendrons
AB, systems, 290-303
ABj; systems, 303-309
dendritic scaffolds, outside-in
approach, 282
Galili antigen and Lac-SH, 283
aGal-mediated lysis, pig erythrocytes,
284
G(1) and G(2) dendrimer generation, 282
glycodendrimers scaffold, hydrophobic
repeating-units, 283
optimal core—core interaction, 284
polyvalent receptor (lectin), 285
glycofullerenes
Buckminsterfullerene, 242
carbon, allotropic form, 241
monovalent structures, 242-245
multivalent structures, 245-252
natural repulsion, water, 242
spherical topology, 242
glyconanotubes
covalent interactions, 258, 260-265
noncovalent interactions, 253-258
spaghetti network, 252
low molecular weight cascade
polyamine, 286
PAMAM [poly(amidoamine)], 286
prodrugs, 287
repetitive and controlled synthetic growth
concept, 286

(0]

Oligosaccharide synthesis

biological recognition processes, 102
commercial products
cyclodextrin (CD), 126-127
galacto-oligosaccharides, 125

gentio-oligosaccharides, 126
o-gluco-oligosaccharides, 125
GTF, 122
IM manufacture, 123-124
immobilized glycosyltransferases, 123
technical production, isomaltulose, 124
trehalose [o-D-glucosyl-(1—1)-
o-D-glucose], 126
enzymatic reactions, 102
fructansucrase (FS) enzymes
kinetics, 114
structure—function relationship,
114-116
glucansucrases
donor and acceptor-substrate
engineering, 111-114
kinetics, 105-108
structure and enzyme engineering,
108-111
glycosidases, glycosynthases,
thioglycosidases
disaccharides, 105
hydrolytic reaction, 103
thioglycoligation, 105
transglycosidation, 104
transglycosylation, 103
sucrose analogues
chemoenzymatic approach, 117
different products, substrates, 119-120
different routes, 117
fructose/glucopyranoside transfer, 118
kinetic parameters, 119
L-glucopyranosides, acceptors, 116
monosaccharides, transfer, 118
sequence analysis, 118
sucrose isomerase (SI)
active-site architecture, 121
immobilization, entrapment, 120
isomaltulose (IM), 119-120
Klebsiella enzymes, 120-121
thermostability, 121

Olivoses (2,6-dideoxy-p-and-L-arabino-

hexoses), 43

1,3-Oxazin-2-ones(thiones), 79—80
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P
Photofrin®, 210-211, 215
Protein-bound oligosaccharides, structural
analysis, 9-10
Pyran-1,3-oxazine-2-ones, 80
Pyran-1,3-oxazine-2-thiones, 80

R
Ruff oxidative degradation, 74

S
Silica gel
catalytic systems, 34
glycosylation

avermectin B1 analogue synthesis, 51
epoxide hydrolysis, 45
Ferrier reaction, Tri-O-acetyl-p-glucal,
47-48
glycone, anti-leishmanial triterpenoid
saponin, 54
Le® and Le* derivative, 49-50
methyl glycoside analogue, trisaccharide
fragment, 51
octyl polyglucoside, 55-56
on-column synthesis approach, 49-50
stereoselective synthesis, glucoside
terpenoids, 4647
synthesis, HC1O4—Si0,, 49-50
tetrasaccharide synthesis, 55
3,4,6-tri-O-acetyl-D-glucal
and-galactal, 49
trisaccharide synthesis, 52—55
hydrolysis/isomerization of saccharides
and glycosides, 70-71
sugar protection and deprotection
acetonation, H,SO,4-Si0,, 63, 66
acetylation, H,SO4—Si0,, 62-65
benzylidene acetal groups, 65, 67
terminal O-isopropylidene groups, 68
trityl ether groups, 67
synthetic applications
carbohydrate-derived oximes, 82
miharamycin analogues synthesis, 81
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nitroaldol reaction, methyl
nitroacetate, 82
Single-walled carbon nanotube (SWNT),
252,257, 262, 264
carbohydrate-functionalized SWNTSs, 263
carboxylic acid-functionalized SWNTs,
260-261
noncovalent functionalization, 253-254
oxidation of defect sites, 260
pyrene-based glycodendrons, 258-259
solubilization, 256
Small-pore zeolites
dehydration, 72-73
glycosylation, molecular sieves
acid/water scavengers, 41
activation procedure, 42
o-ribonucleosides synthesis, 42
a,o-and o/ f-selectivity, 40
stereoselectivity, 40
oxidation, 75-76
sugar protection and deprotection
acetylation, 59
deacetylation and debenzoylation, 60-61
mild benzhydrylation, 59—60
nucleosides inosine and guanosine,
59-60
Soybean agglutinin (SBA) binding
porcine submaxillary mucin (PSM), bind
and jump model
affinities, 150
diffusion-jump model, 150-152
aGalNAc residues, 152-153
Hill plots, 152
stoichiometric analysis, mucin, 153
thermodynamics
Fd-PSM, 148-149
38/40-mer Tn-PSM, 148
81-mer Tn-PSM, 147-148
Tn-PSM, 146-147
Sugar-derived a-keto amide, 75

T
Tetrasaccharide -GIcNAc- (1—4)-
p-MurNAc-(1—4)-MurNAc structure, 8
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Thioglycoside hydrolysis, 70-71

Tolyporphin A, 209

Transformation reaction, 24

1,3,5-Tris-(p-glycosyloxyphenylazo)-2,4,
6-trihydroxybenzene, 191

Tumor-cell glycoproteins, 12—13

A%
Vatairea macrocarpa lectin (VML)binding
PSM, bind and jump model
dissociation constants, 145, 152
final saturation density, 152
Tn-PSM, 150-152
thermodynamics
Fd-PSM, 150
81-mer Tn-PSM and 38/40-mer
Tn-PSM, 149
Tn-PSM, 149

X
Xylose dehydration, 72

V/

Zemplén’s glycosides synthesis, 23-24
Zeolites and other silicon-based promoters

anhydro sugars, 77

cellulose pyrolysis, 77

click chemistry, 7678

green chemistry, 30

heterogeneous catalysts, organic synthesis

Brgnsted and Lewis acidity, 32-34

chemical and thermal stability, 32
clay minerals, 33
Friedel-Crafts acylation and
alkylation, 32
high adsorption capacity, 32
isomerizations, 33
microporous crystalline materials, 31
synthetic transformations, 31
5-hydroxymethylfurfural synthesis, 71
medium and large-pore zeolites
dehydration, 71-72
glycosylation, 35—40
oxidation, 74-75
sugar protection and deprotection, 56—58
montmorillonite
dehydration, 74
glycosylation, 4245
other synthetic applications, 79-80
sugar protection and deprotection, 61-62
organic synthesis, 77-78
silica gel
glycosylation, 45-55
hydrolysis/isomerization of saccharides
and glycosides, 70-71
other synthetic applications, 80—82
sugar protection and
deprotection, 62—68
small-pore zeolites
dehydration, 72-73
glycosylation, 4042
oxidation, 75-76
sugar protection and deprotection, 58—61
triazole derivatives, 78
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