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6.01.1 Introduction

Given the prevalence of sugars in nature, it is no surprise that a thorough understanding of carbohydrate
chemistry coupled with glycobiology is often essential to elucidating the details of complex biological processes
such as polysaccharide biosynthesis, the glycosylation of proteins in both prokaryotic and eukaryotic cells, and
glycoconjugate-induced immunological activity. This has enabled the extension of previously existing syn-
thetic strategies, as well as the development of novel methods, for the preparation of complicated carbohydrate-
based biomolecules. For example, many excellent organometallic transformations have found applicability in
glycoconjugate chemistry. Furthermore, the advance of physical organic chemistry has yielded a deeper
understanding of the mechanism of glycosylation reactions, consequently allowing several new glycosylation
approaches to be developed. These advances, coupled with those made in biology and biotechnology, have thus
further solidified the necessity of effectively interweaving chemistry and biology. It is here, where chemistry
and biology meet, that many more breakthroughs across various disciplines will undoubtedly be made.

6.01.2 Overview

The 20 additional chapters that comprise this volume provide a detailed look at carbohydrates and their uses
both in a laboratory setting and in nature, while also examining a variety of other important biomolecules and
associated processes. The first three chapters, contributed by Peng George Wang, Ashraf Brik, and Zhongwu
Guo, consider how carbohydrates can be utilized for synthetic purposes. Both enzymatic and chemical modes of
synthesis are discussed with regard to their use for complex carbohydrate, glycoprotein, and vaccine produc-
tion. Applications of mass spectrometry to analysis of glycans are then explored in the next two chapters as
authors Kay-Hooi Khoo and Jianjun Li discuss some of the more advanced technologies in the field.

Chapters 6.07-6.09 offer a look at the burgeoning field of chemical glycobiology. A broad look at this area is
first presented by Jennifer Kohler in Chapter 6.07 with topics ranging from chemoenzymatic approaches to
understanding glycan structure and function to the use of photocross-linkers for the covalent trapping of
interactions between glycans. The final two chapters of this section, written by Alan Elbein and Howard Hang,
take a more focused approach, considering how certain processes can be studied through the use of inhibitors
and probes.

The next section of this volume introduces how carbohydrates are utilized in a variety of biosynthetic
pathways. Specifically, author Miguel Valvano first considers O-antigen biosynthesis, a process that is essential
in the production of lipopolysaccharide. A discussion of the generation of glycoproteins in both mammalian and
bacterial systems follows in the next two chapters with contributions from Inka Brockhousen and Mario
Feldman. Subsequently, the structure and biosynthesis of the mycobacterial cell wall and glycosaminoglycans
are examined by Dean Crick and Jian Liu in Chapters 6.13 and 6.14, respectively. The reader is then offered a
section by Jack Preiss, which details the processes of bacterial and mammalian glycogen biosynthesis, while also
examining the production of starch in plants. Finally, Rajai Atalla’s contribution, Chapter 6.16, focuses upon
celluloses and their various roles in nature.

In the closing chapters of this volume, a variety of other important biomolecules and related processes are
highlighted. Specifically, Norman Lewis and Daneel Ferreira describe lignins and proanthocyanidins in
Chapters 6.17 and 6.18, specifically looking at the chemistry and biology of these highly aromatic molecules.
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The final three chapters then direct attention to the areas of DNA and RNA with Darrell Davis first illustrating
the importance and utility of nucleoside analogs. Chapter 6.20, written by George Garcia, subsequently
examines how RNA is modified enzymatically and the corresponding consequences thereof before the
structures and roles of riboswitches in regulatory processes are presented by Tina Henkin in Chapter 6.21.

As 1s quite apparent, the topics that appear within this volume vary quite extensively. However, whether it is
a discussion of the transfer of an oligosaccharyl moiety to a serine residue in O-glycosylation or the regulation
of transcription termination through a riboswitch, it is hoped that the reader will not only come away with an
appreciation for all of the biomolecules discussed, but more importantly recognize the diversity of processes
that these small molecules and associated polymers can perform and/or regulate.
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Research in the Wang laboratory is predominately focused on four areas of glycoscience.
Glycochemistry: Work is centered on the generation of uncommon sugar libraries as well as
the synthesis of key intermediates in carbohydrate-based biological processes, which are
essential for their study. Glycobiology: Biochemical characterization of carbohydrate-active
enzymes and investigations of the biological functions of carbohydrates in human diseases,
immunity, and general microbiology are performed. Glycotechnology: Biosynthetic path-
ways are engineered for the synthesis of glycopharmaceuticals, polysaccharides for vaccine
development, and biomedically important human glycoproteins. Glycoanalysis: Analysis of
carbohydrate composition, sequence, structure, and their interaction with proteins through
MS, NMR, QCM, and other analytical methods is conducted.
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6.02.1 Introduction

Recently, oligosaccharides and glycoconjugates have emerged as a new and challenging research area at the
interface of biology and chemistry. Carbohydrates, which constitute one of the most abundant types of
biomolecules, play a very broad set of roles in biological science, especially in physiological and pathological
processes, molecular recognition, signal transduction, cell communication, cell differentiation, and develop-
"% In fact, carbohydrate complexes have been widely used as potential pharmaceuticals for the
prevention of infection, the neutralization of toxins, and the immunotherapy of cancer. Therefore, further
growth in research on the biological functions of the varied glycan structures will, undoubtedly, be closely tied
to the availability of bioactive carbohydrates.”™”

Complex saccharides are highly diverse in structure and biological functions. They are essential for many

mental events.

fields of research, for example, biochemical studies in glycobiology, as potential drugs directed to enzymes or
receptors involved in their function and metabolism, and as advanced materials due to their biocompatibility,
structure-forming capacity, and environmentally benign properties.'””"> The development of efficient syn-
thetic methodologies for their preparation has therefore been in high demand. Methods for both chemical and
enzymatic syntheses have experienced notable advances in the last few years with the aim of producing either
polysaccharides resembling the natural products or novel polysaccharide mimics for biomedical applications
and biomaterials development.

Although chemical tools have been proven indispensable for studies in glycobiology,'® most oligosaccharides
and glycoconjugates and their derivatives are very difficult and costly to generate by chemical synthetic
approaches, due to severe limitations in complex carbohydrates syntheses. Similar to proteins and DNA, glycans
too consist of limited types of building blocks, monosaccharides. However, oligomers come in a far greater
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diversity of structures because of varying glycosidic linkage patterns, stereochemistry, and branching. In
addition, unlike DNA and peptide syntheses, which are commonly performed on solid phase using commercial
instruments, comparable methodologies for oligosaccharides are still in their infancy.'”'® Given that all
oligosaccharide synthetic protocols are plagued with the often tedious protection and deprotection steps, one-
pot enzymatic systems with high regio- and stereoselectivities are clearly attractive alternatives.'” ™ Tt is no
wonder that Hurtley er 41>’ predicted as early as in 2001 in Science that what has rescued the chemistry and
biology of carbohydrates, the Cinderella from the shadows, is no fairy godmother but a plethora of new synthetic
and analytic methods. Over the years, enzymatic approaches have been gaining popularity for the synthesis of
oligosaccharides and glycoconjugates, and it is becoming increasingly feasible to produce complex carbohydrates
on a large scale, following enzymatic biosynthetic pathways. The biosynthesis of naturally occurring oligo- and
polysaccharides is a complex process that involves the formation of glycosidic bonds between their constituent
monosaccharide units and side chain modifications to produce specific functional group derivatives.

Among the numerous enzymes associated with carbohydrate processing in cells, the enzymes used in
enzymatic synthesis belong to three categories: glycosidases, glycosynthases, and glycosyltransferases (Table 1).

Glycosidases are enzymes that hydrolyze oligosaccharides and polysaccharides 7 vivo. Under appropriate condi-
tions, however, the activated intermediates can be intercepted by other sugars to form new glycosidic bonds. They can
form glycosidic linkages under 7 vitro conditions in which a carbohydrate hydroxyl moiety acts as a more efficient
nucleophile than water itself. They have been of tremendous benefit in the enzymatic synthesis of oligosaccharides
due to their availability, stability, organic solvent compatibility, and low cost.”**® Nevertheless, traditional glycosi-
dase-catalyzed transglycosylations still suffer from low yields and poor unpredictable regioselectivities.

Glycosynthases, a class of glycosidase mutants, have been developed to enhance the enzymatic activity
toward the synthesis of oligosaccharides, through mutation of a single catalytic carboxylate nucleophile to a
neutral amino acid residue (Ala or Ser). Conversion of one of the free carboxylates to a methyl group provides
an active site that retains the correct steric environment for the formation of a reactive glycosyl donor but lacks
a key catalytic group for cleavage. The resulting enzymes have no hydrolytic activity, but increased activity
toward the synthesis of oligosaccharides, using glycosylfluorides as activated donors.”’*° The efficiency of
glycosidases is emphasized by the fact that some can accept unnatural substrates, displaying modifications of the
sugar moiety and/or a variety of aglycone groups.

Glycosyltransferases are enzymes that can transfer sugar moiety to a defined acceptor, so as to construct a
specific glycosidic linkage. This ‘one enzyme-one linkage’ concept makes glycosyltransferases useful and
important in the construction of glycosidic linkages in complex saccharide synthesis.”' * Glycosyltransferases
can be further divided into two groups: the transferases of the Leloir pathway and those of non-Leloir pathways.
The Leloir transferases are responsible for the synthesis of most glycoconjugates in cells, especially in
mammalian systems,”**® and are the focus of this chapter.

Table 1 Enzymatic formation of glycosidic bonds

Donor + Acceptor E™™S Products

Enzymes Glycosyl donor Advantage Disadvantage
Glycosidase Nitrophenyl glycoside Easy to perform Low yield
Low cost Low regioselectivity
Glycosynthase Glycosylfluoride High yield Hard to obtain enzyme
Difficult to predict results
Leloir glycosyl- Sugar nucleotide High yield High cost
transferase High regio- and
stereoselectivities
Essential for important
sequences
Non-Leloir Sugar phosphate or High yield Not useful for important sugar
glycosyltransferase glycoside High regio- and sequences

stereoselectivities
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Scheme 1 Enzymatic glycosylation and regeneration of sugar nucleotide.

Leloir glycosyltransferase-catalyzed syntheses start with the conversion of monosaccharides into activated
sugar nucleotides (donors), which then donate the sugars to various acceptors through the action of specific
glycosyltransferases (Scheme 1).

Glycosyltransferases are able to construct highly regiospecific and stereoselective glycosidic linkages.
Although they are generally specific to substrates, minor modifications on donor and acceptor structures can
be tolerated.””*® Many efforts have been geared toward the genetic engineering and recombinant sources of
glycosyltransferases.’” ™ Most glycosyltransferases can be expressed at high levels in mammalian systems.
However, this expression procedure is too tedious and expensive to be applied in practical transferase
production. Efforts have been made in expressing mammalian enzymes in insects, plants, yeast, and bacterial
cells, but high-level expression remains difficult. Fortunately, glycosyltransferases from bacterial sources can be
easily cloned and expressed in Escherichia coli, in large quantities.** They also have a broader range of substrates
when compared with mammalian glycosyltransferases. Furthermore, some bacterial transferases were found to
produce mammalian-like oligosaccharide structures, which makes these enzymes quite promising in the
synthesis of biologically important oligosaccharides.”” " The recent expansion in genomic sequencing has
allowed for many glycosyltransferases to be characterized and expressed in recombinant form.

The second obstacle to enzymatic carbohydrate synthesis is the sugar nucleotides. Although all the common
sugar nucleotides are now commercially available, these materials are prohibitvely expensive. Since a sugar
nucleotide only serves as an intermediate in the enzyme-catalyzed glycosylation, the most efficient synthetic
approach is to regenerate it /7 sizu. In addition, the low concentration of sugar nucleotide regenerated can avoid its
inhibitory effect on the glycosyltransferase and increase the synthetic efficiency. The idea of 7 situ regeneration of
sugar nucleotides was first demonstrated in 1982 by Wong and Whitesides in their work on uridine 5'-diphospho-
a-D-galactopyranose (UDP-Gal) regeneration (Scheme 2).** Since then, this revolutionary concept has been
adopted in other regeneration systems and further developed in glycoconjugate syntheses.*’
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Scheme 2 Whitesides and Wong’s sugar nucleotide regeneration cycle.
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6.02.2 Glycosidases
6.02.2.1 Three Mechanisms of Glycosidases

Glycosidases are degrading enzymes that catalyze the hydrolysis of glycosidic bonds # vive,”® but their normal
hydrolytic reaction can be reversed under appropriate conditions. Therefore, glycosidases have been exten-
sively studied as biocatalysts for oligo- and polysaccharide biosynthesis. They are stable enzymes and easy to
produce, and a large number of enzymes from different organisms with different specificities are available. In
addition, the glycosyl donors required are inexpensive compounds and easy to obtain in the gram scale.
Through X-ray crystallographic analysis and site-directed mutagenesis, three reaction mechanisms have
been found to exist for all glycosidases. The first is the inverting mechanism, which generally involves the
nucleophilic attack of water at the anomeric center concomitant with the acid-catalyzed departure of the
leaving group. This reaction occurs via a single-displacement mechanism wherein one carboxylic acid acts as a
general base and the other as a general acid (Scheme 3(a)).”” The second is the retaining mechanism, which
occurs via a double-displacement mechanism wherein one carboxylic acid acts as a general acid—base and the
other as a nucleophile. All reactions proceed in two ordered steps. In the first step, the carboxyl oxygen at the
anomeric center, acting as nucleophile, attacks the substrate, resulting in the formation of a transient covalent
glycosyl-enzyme intermediate. The other carboxyl group concomitantly facilitates departure of the aglycone
leaving group by providing a general acid. In the second step, the residue acting as a general acid in the first step
now acts as a general base, promoting the attack of water at the anomeric center, cleaving the intermediate to
yield the hemiacetal product with retained stereochemistry (Scheme 3(b)). When used for synthetic applica-
tons, glycosidases often display only moderate regioselectivity and conversion yields. Nevertheless, they are
generally considered to be useful because they are readily available and catalytically versatile.”®*" The
efficiency of glycosidases is emphasized by the fact that some can accept unnatural substrates, displaying
modifications of the sugar moiety and/or a variety of aglycone groups.”** The third mechanism is also a
retaining 1n stereochemistry, which involves assistance from the neighboring 2-acetamido group of the
substrate. So, this reaction is often named as a substrate-assisted mechanism (Scheme 3(c)).%’

All of the three mentioned mechanisms involve oxocarbenium ion-like transition states and a pair of
carboxylic acids at the active site; however, they differ in several aspects. The inverting mechanism is a one-
step reaction that results in the formation of a product with inverted stereochemistry at the anomeric center.
The other two alternatives are retaining in stereochemistry at the anomeric center and differ from each other
primarily in the nature of the intermediate; in the second mechanism, this species is a covalent enzyme adduct,
whereas in the third case it is believed to be a bicyclic oxazoline or oxazolinium ion.%®

6.02.2.2 Glycosidases in Carbohydrate Synthesis

Carbohydrates play important structural and functional roles in numerous physiological processes, including
various disease states.” Most biologically important glycoconjugates (oligosaccharides, glycoproteins, and gly-
colipids) and their derivatives are difficult to obtain in large quantities, whether from natural or synthetic
sources. The use of glycosidases for carbohydrate synthesis is currently being pursued by several research
groups. The enzymatic action of retaining glycosidases is based on the formation of a glycosyl ester of enzyme,
which quickly reacts with a nucleophile present in the reaction mixture to form the products. If the nucleophile
is a water molecule, then the hydrolysis reaction takes place. Transglycosylation product formation is observed if
other nucleophiles are present in the reaction mixture. The formation of self-transglycosylation products usually
occurs when the glycon moiety of the enzyme glycosyl ester is transferred to another molecule of the substrate
itself. Under appropriate conditions, however, the activated intermediates can be intercepted by other sugars to
form new glycosidic bonds (Scheme 4).”® Reverse hydrolysis (equilibrium-controlled synthesis) and transgly-
cosylation (kinetically controlled process) are two mechanisms used in glycosidase-catalyzed synthesis of
complex saccharides. Equilibrium-controlled synthesis offers only modest yields of oligosaccharide products,
while kinetically controlled synthesis, which requires a retaining glycosidase, provides better yields (10-40%).

Compared with glycotransferases, glycosidases have many advantages in carbohydrate synthesis. Due to the
high specificity, glycosyltransferases are incapable of synthesizing analogues of the naturally occurring complex
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saccharides, which would be useful tools for the exploration of oligosaccharide functions. Alternatively,
carbohydrate synthesis by glycosidases is especially useful where a glycosyltransferase is not available or
difficult to obtain. Glycosidases also have the advantage of not requiring expensive sugar nucleotides as the
sugar donor. They can generate glycosidic bonds using relatively simple glycosyl donors and readily available
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Scheme 4 Catalytic mechanisms of retaining glycosidases.

robust enzymes. Therefore, they offer the opportunity to synthesize oligosaccharides inexpensively. In addi-
tion, glycosidases are abundant and can often be used directly without purification. Moreover, they also have
many advantages in the enzymatic synthesis of oligosaccharides due to their availability, stability, organic
solvent compatibility, and low cost.””***’

Traditional glycosidase-catalyzed transglycosylation reactions still suffer from low yields and poor regios-
electivities. So, it is not generally economical for large-scale carbohydrate synthesis. A variety of strategies have
been employed in the glycoside syntheses, including either thermodynamic-controlled (increasing substrate
concentrations, decreasing product concentrations by absorption, elevating reaction temperatures, adding
water-miscible organic cosolvents) or kinetic-controlled (using activated glycosyl donors and exogenous
nucleophiles) protocols, and several large-scale glycosidic bond-forming reactions have been reported in the
past years.(’gf72

Some of the novel strategies are depicted in Scheme 5. Glycosidase-catalyzed synthesis of disaccharides, for
example, can be coupled iz situ with a glycosyltransferase reaction to improve the overall yield
(Scheme 5(a)).”* Another interesting way to improve the yield and facilitate product isolation of glycosi-
dase-catalyzed glycosidation reactions has been demonstrated in the galactosidase-catalyzed synthesis of
N-acetyllactosamine, one of the intermediates in the synthesis of SLe".”* The key was the use of 6-oxo
p-nitrophenyl galactose, prepared by enzymatic oxidation of the corresponding galactose derivative with
galactose oxidase, as the glycosyl donor. The 6-oxo derivatives are less prone to be hydrolyzed and result in
improved yields of the 6’-oxo disaccharide. Reduction of the aldehyde with sodium boronhydride afforded the
desired product and also facilitated isolation due to the formation of a boron complex (Scheme 5(b)). Chitinase,
which normally works to hydrolyze the polymer chitin, has been used to synthesize artificial chitin in
quantitative yield.”* The key to this polymerization reaction is the use of a transition state analogue substrate
and performing the reaction at a high pH where the enzyme can activate the substrate but cannot hydrolyze the
products (Scheme 5(c)).

a-1-Arabinofuranosidase of bacterial origin (AbfD3), a versatile glycosidase of carbohydrate-acting enzymes,
has been successfully employed for the synthesis of novel alkyl-glycosides’” and furanose-containing disacchar-
ides.””” Evidences proved that AbfD3 can catalyze the self-condensation of both p-nitrophenyl a-L-
arabinofuranoside and p-nitrophenyl 3-p-galactofuranoside. Similarly, mixed disaccharides could be obtained
when these p-nitrophenyl furanosides serve as donors and [3-D-xylosides serve as acceptors. Depending on the
donor/acceptor ratio, the reactions occurred with variable degrees of regioselectivity toward both (1 — 2) and
(1 — 3) linkages, which reflects the glycosidic linkage specificity of AbfD3 operating in hydrolytic mode.”
Nugier-Chauvin and coworkers’” have investigated the specificity of an a-L-arabinofuranosidase using C2- and
C5-modified a-L-arabinofuranosides. They attempted to manipulate the regioselectivity of AbfD3-catalyzed
glycosylation reactions by synthesizing a series of unnatural donors that display structural modifications at their
C2 or C5 position. Three donors, p-nitrophenyl 5-deoxy-5-fluoro-c-L-arabinofuranoside (1), p-nitrophenyl
5-deoxy-a-L-arabinofuranoside (2), and p-nitrophenyl 2-deoxy-a-L-arabinofuranoside (3), were synthesized
(Scheme 6). Subsequently, these glycosides were tested to determine if these deoxygenated analogues could be
recognized as substrates by AbfD3 in enzyme-catalyzed reactions. To test the suitability of modified arabino-
furanosyl donors for AbfD3-catalyzed synthesis, compounds 1-3 were incubated with AbfD3. The results
clearly demonstrated that, besides cleavage, the AbfD3 furanosidase is able to catalyze transglycosylation
reactions with C5-modified p-nitrophenyl arabinofuranosides and confirmed that AbfD3 possesses the ability
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to synthesize both a-(1 — 2)- and a-(1 — 3)-linked regioisomeric disaccharides from the C5 deoxygenated
substrate 2 (Scheme 7). However, when the 2-deoxy analogue 3 was incubated with AbfD3 under the same
conditions, HPTLC analysis failed to reveal any reaction products. Moreover, the free sugar could not be
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detected with a general acidic reagent, confirming that AbfD3 is not active toward this analogue. The
preparation of three original arabinofuranosyl donors helps to demonstrate that the presence of OH-5 is not
required for AbfD3 substrate recognition. On the other hand, these results also underline the importance of
OH-2 for substrate recognition of a-L-arabinofuranosidase (AbfD3).

Cellulose and chitin are linear polysaccharides of D-glucose (Glc) or N-acetyl-p-glucosamine (GlcNAc) con-
nected through a 5-(4) glycosidic linkage. The structural difference between chitin and cellulose is the C2 substituent
of a pyranoside unit: an acetamido group on the chitin molecule and a hydroxy group on the cellulose molecule. It was
reported that the C2 acetamido groups provide various bioactivities for chitin. A synthetic blend polymer based on
these two natural polysaccharides showed good mechanical properties as material for wound healing and for
improving the quality of soil and water. Kobayashi ez a/*" have investigated the enzymatic polymerization to a
novel cellulose—chitin hybrid polysaccharide, having a glucose-N-acetylglucosamine repeating unit. A sugar oxazo-
line monomer of Gle--(1 — 4)GlcNAc (4) was designed as a transition-state analogue substrate (T'SAS) monomer
for chitinase catalysis. Monomer 4 was recognized by chitinase from Bacillus sp., giving rise to a cellulose—chitin
hybrid polysaccharide (5) via ring-opening polyaddition with perfect regio- and stereochemistry (Scheme 8).

The molecular weight (Mn) of 5 corresponds to 22 saccharide units. With the enzyme catalysis, two kinds of
reactions are possible, that is, enzymatic polymerization of 4 to provide the corresponding polymer 5 and
hydrolysis of 4 enzymatically and nonenzymatically to afford hydrolysate 6 via the oxazoline ring opening
(Scheme 9). Monomer 4 bearing an oxazoline structure is an activated, high-energy form of GIcNAg; therefore,
it hydrolyzes gradually in aqueous media without enzyme. The mechanism of chitinase-catalyzed
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Scheme 8 Enzymatic polymerizations to a cellulose—chitin hybrid polysaccharide.
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polymerization has been proposed (Scheme 10). In the reaction, monomer 4, which already has an oxazoline
moiety, is recognized and protonated at the donor site of the enzyme to form the corresponding oxazolinium
ion (stage a). The anomeric carbon of the oxazolinium is attacked from the -side by the C4 hydroxy group of
Glc in another monomer or in the growing chain end placed at the acceptor site, resulting in the formation of a
B(1 — 4)-glycosidic linkage (stage b). Repetition of this glycosylation is a ring-opening polyaddition, providing
a cellulose—chitin hybrid polysaccharide. Such an oxazoline-type monomer was named a TSAS monomer.”*
Recently, a novel hybrid glycosaminoglycan (GAG)®' consisting of chondroitin sulfate and dermatan sulfate
(ChS/DS hybrid) was found i vive. Because of its unique bioactivities, particularly in the development of the
central nervous system, this kind of hybrid glycosaminoglycan has attracted much attention.*” Kobayashi er 2/’
investigated the enzymatic polymerization to hybrid glycosaminoglycans. They reported a facile synthesis of
hybrid GAGs, particularly HA—Ch (9a) and HA—Ch-4-sulfate (Ch4S) hybrids (9b) by HAase-catalyzed copoly-
merizations of different sugar oxazoline monomers (7, 8a, and 8b) (Scheme 11)** As mentioned above, the
monomers were designed according to the concept of a TSAS monomer. The reaction presented here is one
example of copolymerization, in which the monomers producing the polymers with different main-chain structures
have been enzymatically copolymerized. According to this method, the hybrid with the sulfate group was
efficiently produced, which is difficult to generate via a biosynthetic synthase system. Their study is the first
step leading to the tailor-made synthesis of hybrid GAGs with ordered sequences, which will be a potent tool in
pharmaceutical uses, and open a new door to easy access to intramolecular polysaccharide hybridization.
B-N-Acetylhexosaminidase (NAHase) is a good tool-enzyme in the enzymatic synthesis of unusual complex
saccharides. This enzymatic method is attractive because NAHases are generally inexpensive and readily available,
and some of them can catalyze the transfer of GlcNAc or GalNAc to glycoside acceptors under controlled
conditions.”” Recently, Zeng e al*® developed a useful method for the synthesis of sulfated disaccharides by using
NAHase from Aspergillus oryzae. In their report, they carried out the enzyme-catalyzed synthesis of p-nitrophenyl
sulfated disaccharides with 3-D-(6-sulfo)-GlcNAc units by using the transglycosylation of NAHase. When 10 and
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Scheme 12 Synthesis of sulfated disaccharides by 3-N-acetylhexosaminidase.

a-D-GlcNAc-OC¢H4NO,-p were used as substrates, as shown in Scheme 12, the HPLC chromatogram showed
that a new peak as a transfer product was formed during the incubation. The transfer product 11 was isolated from
the reaction mixture in 94% yield (based on the donor glycoside). In a similar manner, 12 was synthesized from 10
and a-p-Glc-OCsH4NO,-p as substrates.

When substrates 10 and 13 were incubated with NAHase, three transfer products were formed
(Scheme 13). These results indicated that the efficiency of the transglycosylation was strongly dependent on
the molar ratio of the acceptor to donor. With a molar ratio 1:6, the amount of 14 was about six times that with a
molar ratio 1:1. It was also proposed that the enzyme preferentially mediated the formation of by-products (15
and 16) in the first stage of the enzyme-mediated transfer. Therefore, the source of the sulfate group becomes
the donor or the acceptor depending on the easiness of 3-D-(6-sulfo)-GlcNAc transfer, indicating that the
direction of the transfer can be controlled at reducing or nonreducing terminal.

6.02.2.3 Conclusion

A rule of thumb in classical complex saccharide synthesis is that the addition of each monosaccharide unit
requires on an average seven steps. Although there have been striking improvements in synthetic methods in
recent years, the synthesis of a trisaccharide, for example, can still take 10 or more steps.”” The application of
glycosidases to the synthesis of complex hetero-oligosaccharides represents a considerable saving in time and
materials, and hence in overall cost.
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Scheme 13 Synthesis of disaccharides 14, 15, and 16 by 3-N-acetylhexosaminidase.

The need for efficient synthesis of complex saccharides has stimulated major advances in glycosidase
research. The more classical approach of substrate engineering aptly complements the construction of
‘superactive’ mutant glycosidases by means of rational design, or through directed evolution strategies
using ingenious screening methods, such as a yeast three-hybrid system. The portfolio of genetically
engineered glycosidases has expanded with novel activities, and the original glycosynthase concept was
broadened to include mutants exercising other catalytic mechanisms. Particular carbohydrate structures
that are in high demand can be produced by selective modification of sugar structures using specific
glycosidases. The future multdisciplinary research on the interface of biochemistry, synthetic chemistry,
and modeling will hopefully result in engineering new glycosidases for industrial uses and in overcoming
more glycosidase-induced pathologies, which will be spurred by intensive structural and mechanistic
studies on selected enzymes of interest.

6.02.3 Glycosynthases
6.02.3.1 Mechanisms of Glycosynthases

Based on the knowledge of structure—function relationships and the mechanisms of glycosidase-catalyzed
reactions, modern mutagenesis technology has played an important role in enhancing the enzymatic activity
toward the synthesis of saccharides.*® Glycosynthases, a class of glycosidase mutants, have their catalytic
nucleophile substituted by a nonnucleophilic residue and are able to catalyze the transglycosylation of glycosyl
fluoride donors with opposite anomeric configuration compared to the normal substrate of the wild-type
enzyme. As shown in Scheme 14(a), mutation of the catalytic nucleophile disables the enzyme as a hydrolase
because no glycosyl-enzyme intermediate can be formed. However, an activated glycosyl donor with an
anomeric configuration opposed to that of the donor substrate in the wild-type reaction (i.e., an a-glycosyl
fluoride for a 3-glycosidase) mimics the glycosyl-enzyme intermediate and is therefore able to react with an
acceptor. The cavity created in the active site by mutation of the carboxylate residue acting as nucleophile
in the wild-type enzyme by a smaller residue allows binding of the glycosyl fluoride with the opposite anomeric
configuration. As with the wild-type enzyme, transglycosylation 1is kinetically favored, but the



|=. . ) -

Scheme 14 Catalytic mechanisms of glycosynthases. (a) Mechanism of glycosynthases (E358A mutant). (b) Mechanism of glycosynthases (E358S mutant).
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transglycosylation reaction is now irreversible because of the lack of the catalytic nucleophile; the product is no
longer hydrolyzed and accumulates to give high transglycosylation yields. This approach represents an
important improvement compared to kinetically controlled transglycosylation by wild-type enzymes.

Withers and coworkers™ described the first glycosynthase by changing the glutamate residue at position
358 of a B-glucosidase from Agrobacterium sp. (Abg) to an alanine. With that mutant, 31,4-glucosides up to
pentasaccharides have been obtained in gram scale using c-glucosyl fluoride as donor substrates. The same
concept has been adopted for other glycosidases. An E134A mutant of a 1,3-1,4-3-glucanase from B.
licheniformis, obtained by Malet and Planas,” was able to catalyze the regio- and stereospecific glycosylation
of diverse glucosides with a-laminaribiosyl fluoride affording 90% yields without any hydrolysis of the
products.

Driguez and coworkers”' showed that an E197A mutant of a retaining cellulase endoglucanase T (Cel7B)
from the fungus Humicola insolens was highly efficient for the synthesis of 51,4-linkage for complex saccharides.

Nevertheless, the reactions catalyzed by the alanine mutants are relatively slow; thus, large quantities of
glycosynthases and /or extended incubation times are required. To enhance the reaction rates, an E358S mutant
was developed (Scheme 14(b)). The new glycosynthase was superior to the original E358A mutant with a
dramatic 24-fold increase in the rate constant. Thus, it resulted in improved yields (>80%), reduced reaction
tmes, and an enhanced synthetic repertoire in the synthesis of galactosides and glucosides. For example,
p-nitrophenyl 8-N-acetyllactosamine (PNP-LacNAc), a valuable precursor to various cell-surface antigens, was
obtained from a weak acceptor p-nitrophenyl 3-N-acetylglucosamine (PNP-GlcNAc) with this new mutant.”
The rationale for the improved catalytic activity is that the serine hydroxyl in the new mutant stabilizes the
anomeric fluorine of the a-glycosyl fluoride donor through a hydrogen bond in the glycosylation transition state.

1

6.02.3.2 Glycosynthases in Carbohydrate Synthesis

Directed mutagenesis of the catalytic nucleophile (E338) of the Thermus thermophilus-retaining Tt-3-Gly
glycosidase afforded the E338A, E338S, and E338G mutants, which were unable to catalyze the hydrolysis of
their transglycosylation products.”” These mutants were also inactive in the hydrolysis of the a-p-glycopyr-
anosyl fluorides used as donors, enabling the regiospecific glycosylation of galactosyl- and glucosyl-8-(1 — 3)-
glycosides in high yields. Complex saccharides with (1 — 3)-3-glycosidic linkages were obtained when sub-
stituted or unsubstituted «-laminaribiosyl fluoride donors were condensed with saccharide [-p-
hexopyranoside acceptors using a (1 — 3)-3-p-glycosynthase from barley.”*"’

A new class of glycosynthases,”® Ta-3-GlyE386G from Thermosphaera aggregans and Ss-3-GlyE387G from
Sulfolobus solfataricus, were applied to synthesize 4-methylumbelliferyl disaccharides and for the galactosylation
of a- and [(-xylosides of 4-penten-1-ol. The results showed that these two glycosynthases had the ability to
construct glycosylated products in the presence of low excesses of acceptors at pH below neutrality. Recently,
another new method for the reactivation of Ss-3-GlyE387G and two novel mutated [(-glycosidases from
T. aggregans (Ta-B-Gly) and Pyrococcus furiosus (CelB) was reported.”” At pH 3.0 and low concentrations of
sodium formate buffer, the three glycosynthases showed &, values that were similar to those of the wild-type
enzymes and 17-fold higher than those observed under the usual reactivation conditions. Moreover, at acidic
pH, the three reactivated mutants showed wide substrate specificity and improved efficiency in the synthetic
glycosylation reactions. The data reported suggested that the reactivation conditions modified the ionization
state of the catalytic acid/base carboxylic acid in the active site of these enzymes. The glycosynthases produced
2NP-oligosaccharides from 2-nitrophenyl-Gle. Kinetic analyses of the H. insolens Cel7B E197A and E197S
glycosynthases showed that the E197S mutant is considerably more active than the corresponding alanine
mutant due to a 40-fold increase in k... *

Currently, glycosynthases have become available for the construction of §-(1 — 3)-, $-(1 —4)-, and
B-(1 — 6)-linked complex saccharides. The natural substrate structure of the original glycoside hydrolase
decides the kind of donor sugar. The acceptor is often an aryl glycoside that exhibits good binding property in
both the +1 and 4-2 subsites of the original glycoside hydrolases and glycosynthases. Fortunately, glycosynthases
are capable of constructing unpredictable linkages for which they were not designed before. Watts and cow-
orkers”” explored the use of 6-O-aryl ethers or esters as acceptors, whose alternative acceptor substrate-binding
orientation might present an alternative hydroxyl group for functionalization by the glycosyl donor, compared
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Scheme 15 Enzymatic synthesis of oligosaccharides.

with the respective aryl glycosides. Glycosynthase (Abg E358S)-mediated glycosylations between an
a-D-galactopyranosyl fluoride donor and 6-0-benzyl-, 6-0-benzoyl-, or 6-O-(4-nitrobenzyl)-p-glucopyranose
acceptors were carried out to build (1 — 2)-3- and (1 — 3)-8-D-glycosylated disaccharide products rather than
the characteristic §-(1 — 4)-linkage when aryl $-p-glucopyranoside was used as an acceptor. Afterward, the
glycosynthase AbgGlu358Ser was used to construct the trisaccharide and tetrasaccharide derivatives of the
cellulose inhibitor methyl-3-acarviosin. Interestingly, both the trisaccharide and the tetrasaccharide proved to be
more effective inhibitors of various cellulases than the parent disaccharide (Scheme 15).

The catalytic activity of the glycosynthase mutated from Bacillus licheniformi (1 — 3,1 — 4)-3-p-glucanase to
catalyze self-condensation of sugar donors was tested for polymerization of a-laminaribiosyl fluoride to afford a
novel linear glucan with a repeating unit of 4-3-Glc—3-3-Glc.'” The product consisted of a mixture of
oligosaccharides, the most abundant having a degree of polymerization (DP) of 12, as shown in Scheme 16.

Regiospecifically, the endoglycosynthase is capable of constructing 8-(1 — 4)-glycosidic bond with a-gly-
cosyl fluoride donors and oligosaccharide acceptors containing glucose or xylose on the nonreducing end.
Yields are 70-90% with aryl monosaccharide and cellobioside acceptors, but only 25-55% with laminaribio-
sides, due to competitive inhibition of the 3-(1 — 3)-linked saccharide acceptor for the donor subsites of the
enzyme.'”' Directed mutagenesis of a glycosynthase from Agrobacterium sp. has been developed to increase both
its catalytic activity (up to 40-fold) and its donor substrate tolerance (e.g, a-Gal-F, a-Man-F, a-Xyl-F).'"?

Kobayashi er a/* have also investigated other modes of enzymatic polymerization to produce a novel
cellulose—chitin hybrid polysaccharide. A sugar fluoride monomer of GIcNAcH(1 — 4)Glc (17) was designed as
a TSAS monomer for polymerization catalyzed by cellulase from T7ichoderma viride. In the polymerization,
monomer 17 was recognized by cellulase from 7. viride, leading to a cellulose—chitin hybrid polysaccharide 18
with perfect regioselectivity and stereochemistry (Scheme 17).

OH OH  Eq34a OH og N oH
Howg O  (1-3,1-4)-3-D-glucanase Hﬂo 0 H8 o) o H%%OH
H
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Scheme 16 Structure of a novel linear glucan.
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Scheme 18 Two kinds of reactions that are possible during enzymatic reaction of monomer 17.

Monomer 17 is a high-energy substrate monomer activated at the anomeric carbon by a fluorine atom,
which acts as a good leaving group, giving rise to a corresponding oxocarbenium intermediate.'”’ T'wo kinds of
reactions are possible during enzymatic reaction: enzymatic polycondensation of 17 to polymer 18 and
hydrolysis of 17 to 19 (Scheme 18).

Cellulase from 7. viride belonging to the glycoside hydrolase family 5 normally catalyzes cleavage of the
(1 — 4)-O-glucoside linkage in cellulose. The reaction mechanism of cellulase has also been proposed
(Scheme 19). In the polymerization, first, monomer 17 is placed at the donor site of the enzyme through
recognition by cellulase. The high-energy substrate is then nucleophilically attacked by the carboxylate (catalytic
nucleophile) from the a-side (stage a), resulting in the formation of a glycosyl enzyme intermediate (or transition
state) (stage b). The anomeric carbon of the intermediate is attacked nucleophilically from the 3-side by the 4-OH
group of GIcNAc in the growing chain end or in another monomer molecule placed at the acceptor site (stage b),
resulting in the formation of a 3(1 — 4)-glycosidic linkage (stage c). Surprisingly, this type of enzymes could easily
recognize the monomer despite their high substrate-specific character. Recent investigations revealed that the C2
substitutions of substrates located at —2 and +1 subsites seem to be not important for the cellulase catalysis.

The nonnucleophilic mutant E383A [-glucosidase from Strepromyces sp. has proven to be an efficient
glycosynthase enzyme, catalyzing the condensation of a-glucosyl and a-galactosyl fluoride donors to a variety
of acceptors. Faijes er al'"* investigated the relationship between the regioselectivity of the new glycosidic
linkage and the acceptor substrate structure. Glycosynthase catalytic activity of the E383A mutant 3-glucosi-
dase from Swrepromyces sp. was assayed by a reaction between a-glucosyl fluoride and p-nitrophenyl glycoside,
which produced a disaccharide. As shown in Table 2, their results underline that the regioselectivity of the new
glycosidic linkage depends unexpectedly on the acceptor substrate. With aryl monosaccharide acceptors,
B(1 — 3)-linked disaccharides are obtained in good yields, thus expanding the synthetic products available
with the exo-glycosynthases. With xylopyranosyl acceptors, regioselectivity is poorer and results in the
formation of a mixture of 3(1 — 3)- and (1 — 4)-linked products. The regioselectivity of glycosidic bond
formation is switched from ((1 — 3) with monosaccharide acceptors to (1 —4) with disaccharides. This
suggests that enzyme—ligand interactions in subsite +2 have a decisive effect on the orientation of the acceptor.

Withers'”” has reported a glycosynthase, derived from a retaining xylanase, that synthesizes a range of xylo-
oligosaccharides. The catalytic domain of the retaining endo-1,4-3-xylanase from Cellulomonas fimi (CFXcd)
was successfully converted to the corresponding glycosynthase using site-directed mutagenesis, bearing Gly or
Ser at the catalytic nucleophile position (Glu235). The glycosynthase catalytic activity of the purified CFXcd
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Scheme 19 Reaction mechanism of cellulase from Trichoderma viride. (a) Formation of a glycosyl enzyme. (b) Nucleophilic
attack of the intermediate from the -face. (c) Formation of a 5(1 — 4)-glycosidic linkage.

mutants CFXcd-E235G was directly tested with aX2F as a donor and PNPX2 (xylobioside) as an acceptor. The
mutant enzyme (CFXcd-E235G) was found to catalyze the transfer of a xylobiosyl moiety from a-xylobiosyl
fluoride to either p-nitrophenyl 3-xylobioside or benzylthio 3-xylobioside to afford oligosaccharides ranging in
length from tetra- to dodecasaccharides. TLC analysis of the reaction between aX2F and PNPX2 catalyzed by
CFXcd-E235G revealed that reaction had terminated yielding a range of oligosaccharides from PNP (-p-
xylotetraoside (PNPX4) up to PNP (-p-xylododecaoside (PNPX12), corresponding to five additions of X2
(Table 3). This expansion of the glycosynthase repertoire allows the regio- and stereoselective synthesis of
B(1 — 4)-linked xylo-oligosaccharides in high yields. Their methodology provides a convenient process for the
production of linear xylo-oligosaccharides of defined length.

Humicola insolens mutant Cel7B E197A was regarded as a powerful endoglycosynthase for the synthesis of
artificial cellulose and its derivatives.”"”'"*'"” Cottaz and coworkers showed that H209 and A211 are the main
residues located around the position 2 of a 3-pD-glucosaminyl unit positioned in +1 subsite.'”® Encouraged by
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Table 2 Glycosynthase reactions of E383A (3-glucosidase using a-glucosyl fluoride donor and different
acceptors

Acceptor Disaccharide product (% yield)  Reactivity (%)

HO
SAYE
-(1— 3) (96 100
~ \Q -1 —3) (96)
NO,
HO OH
(0]
(0]
HO 31— 3) (100) 39
HO
NO,

HO 0
Ho/m/o
HO
NO,

-(1—3) (54) 0.6
1

HO

HO
HO 0
HO
o\©\ 3-(1—3) (53) 1
NO

2

HO
HO 0

Hmo Nr
AcHN
NO

2

HO HO
HO . 0 AN \©\ 3-(1— 4) (80) 21
H NO,

Nr, no reaction.

this result, they prepared and characterized three mutants of H. insolens Cel7B E197A glycosynthase: Cel7B
E197A H209A, Cel7B E197A H209G, and Cel7B E197A H209A A211T.'"" These H. insolens Cel7B glycoside
hydrolase mutants were evaluated for the coupling of lactosyl fluoride donor on 0-allyl N'-acetyl-2"-azido-3-
chitobioside acceptor. Their results showed that double mutants Cel7B E197A H209A and Cel7B E197A
H209G preferentially had the abilities to catalyze the formation of a 3-(1 —4) linkage between the two
disaccharides, while single mutant Cel7B E197A and triple mutant Cel7B E197A H209A A211T produced
predominantly the 8-(1 — 3)-linked tetrasaccharide. From these structure analyses shown in Scheme 20, it can
be assumed that H209A or H209G mutation probably created a pocket in the +1 subsite such that the 2-azido-
glucosyl residue can be appropriately positioned to form a $-(1 — 4) bond with the lactosyl donor. In contrast,
for the triple mutant Cel7B E197A H209A A211°T, the +1 subsite has been remodeled in such a manner that the
0-allyl N'-acetyl-2"-azido-3-chitobioside acceptor can bind in a single mode to catalyze exclusively the
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Table 3 Yields of glycosylation products catalyzed by CFXcd-E235G

R=PNP R=BT

[3-D-Xyl-(1-4)-3-p-Xyl-(1-4)-] .- 3-D-Xyl-(1-4)-Xyl-3-R  Quantity (mg) Yield (%) Quantity (mg) Yield (%)

n=0 2.8 14 2.5 13
n=1 10.2 30 8.3 26
n=2 9.0 19 10.5 23
n=3 4.5 7 71 12
n=4 2.7 4 2.8 4
n=5 1.1 1 0.9 1
Total purification yields of aryl saccharides 75 79
Total percentages of transfer products 81 84
BT, benzylthio; PNP, 4-nitrophenyl.
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Scheme 20 Two kinds of products catalyzed by Humicola insolens mutant.

formation of the 3-(1 — 3) products. Their result constitutes the first modulation of the regioselectivity through
site-directed mutagenesis for an endoglycosynthase for enzyme-catalyzed complex saccharide synthesis.
Glycosynthases are mutants of glycosidases, which lack the nucleophilic active site carboxylic acid; how-
ever, thioglycoligases are variants of retaining glycosidases in which the acid—base catalyst has been mutated.
These mutants of retaining glycosidases have the ability to couple sufficiently reactive donors with nucleo-
philic thiosugar acceptor to produce a thioglycosidic linkage with retention of configuration.'"’ The highly
activated leaving group does not require protonation to facilitate formation of the covalent glycosyl enzyme
intermediate. Absence of the catalytic base greatly decelerates the rate of deglycosylation by the hydroxyl
moiety of an acceptor substrate. This is circumvented by the use of acceptors containing a thiol at the attacking
position where the nucleophilic thiol or thiolate can facilitate deglycosylation (i.e., selective thioglycoside
formation) in the absence of the acid—base catalyst. A logical extension of glycosynthases and thioglycoligases
are thioglycosynthases, that is, double mutant, retaining glycosidases that lack both the catalytic nucleophile
and the catalytic acid/base residues (Scheme 21). These can be used to efficiently catalyze thioglycoside

formation from a glycosyl fluoride donor and thiosugar acceptors.'"!

6.02.3.3 Conclusion

Glycosynthases are classified as mutated retaining glycosidases where the active site carboxylate nucleo-
phile has been replaced by a nonnucleophilic amino acid side chain (such as alanine). Synthesis of
oligosaccharides by the glycosynthase enzymes, which do not hydrolyze the products and use inexpensive
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Scheme 21 General mechanism for thioglycosynthases.

sugars, 1s an alternative to scale-up of oligosaccharide synthesis. Glycosynthases derived by mutation of
catalytic acid-base residue of retaining glycosidases are able to couple donors that are sufficiently reactive
in the absence of the acid catalyst with nucleophilic thiosugar acceptor to produce a thioglycosidic linkage
with retention of configuration.

Through the use of glycosynthase mutants, it is possible to access different mimetics of natural polysacchar-
ides and artificial polysaccharides with well-defined structures and morphologies. Compared to polymerization
by native glycosidases with activated donors as glycosyl fluorides or derivatives, the main advantage of the
glycosynthase strategy is the lack of product hydrolysis, higher polymer yields, and higher degrees of
polymerization. The impressive amount of glycosidases available clearly indicates that the potential biodiver-
sity of the glycosynthases is still largely unexplored and that potential applications of these enzymes will
increase in the near future. The glycosynthase approach is poised to be further investigated for its application to
the large-scale production of oligosaccharides. Results obtained to date suggest a promising future for these new
biocatalysts. Further directed evolution as well as discovery of new glycosidases with different specificities will
expand the scope of glycosynthases.

6.02.4 Glycosyltransferases
6.02.4.1 Sugar Nucleotide Biosynthetic Pathway

The structures of oligosaccharides and glycoconjugates can be quite complex; however, the number of
important saccharide sequences is limited, and they are made of monosaccharide building blocks. The common
monosaccharides are only nine: glucose (Glc), galactose (Gal), glucuronic acid (GlcA), N-acetylglucosamine
(GleNAc), xylose (Xyl), N-acetylgalactosamine (GalNAc), mannose (Man), fucose (Fuc), and sialic acid
(Neu5Ac). To construct the sugar chains, the monosaccharides have to be activated by attachment to nucleo-
side phosphates. The role of sugar nucleotides in complex saccharide synthesis was first discussed in 1950 by
the Nobel laureate L. F. Leloir. He showed that a nucleotide triphosphate such as UTP reacts with a glycosyl 1-
phosphate to form the high-energy donor that could participate in complex saccharide synthesis. After half a
century, the biosynthetic pathways of nine common sugar nucleotides (UDP-Glc, UDP-GIcNAc, UDP-Gal,
UDP-GalNAc, UDP-GlcA, UDP-Xyl, GDP-Man, CMP-Neu5Ac, and GDP-Fuc) are now well established.
They are also known as primary sugar nucleotides, for they are generated 7z vivo from sugar-1-phosphate.
Other sugar nucleotides are known as secondary sugar nucleotides because they are synthesized by modifica-
tion of primary sugar nucleotides. All of the biosynthetic pathways are not equally active in different types of
cells. However, these pathways have been conserved, to some extent, throughout evolution across both
prokaryotic and eukaryotic species. The general biosynthesis pathway provides the basic guidelines on how
to construct them iz vitro (Scheme 22)."'*'"?

Regardless of the sugar and its origin, all monosaccharides must be activated by a kinase (reaction 1 below),
or generated from a previously synthesized sugar nucleotide (reactions 2 and 3 below).

1. Sugar + ATP sugar-P + NTP sugar-NDP + PP;
2. Sugar (A)-NDP 4 sugar (B)-NDP
3. Sugar (A)-NDP + sugar (B)-1-P sugar (B) NDP -+ sugar (A)-1-P
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Scheme 22 The whole biosynthetic pathway of sugar nucleotides. ATP, adenosine triphosphate; Gal-1-P, galactose-1-
phosphate; UTP, uridine triphosphate; UDP, uridine diphosphate; NAD, nicotinamide adenine dinucleotide; Fru, fructose;
AcCoA, acetyl coenzyme-A; PEP, phosphoenolpyruvate; CTP, cytidine triphosphate; NADP, nicotinamide adenine
dinucleotide phosphate; GTP, guanosine triphosphate.

For Gle, GIcNAc, and Man, the routes to the corresponding sugar nucleotides are (1) sugar to sugar-6-P
by a kinase, (2) sugar-6-P to sugar-1-P by a mutase, and (3) sugar-1-P to NDP-sugar by a
pyrophosphorylase.

Till date, there are no C6 sugar kinases reported for Gal and GalNAc and Fuc. For fucose, the reason
is obvious that there is no 6-OH group. For Gal and GalNAc, the 6-OH is quite sterically hindered for
enzymatic phosphorylation due to the existence of the axial 4-OH group. Thus, these three mono-
saccharides are phosphorylated on the anomeric position, converting them directly to sugar-1-
phosphates. There are several enzymes that interconvert different sugar nucleotides, such as UDP-Gal
4'-epimerase (GalE), UDP-GalNAc 4'-epimerase (GalNAcE), UDP-Glc 4'-epimerase, UDP-GlcNAc 4'-
epimerase, and galactose-1-phosphate uridylyltransferase. It should be noted that UDP-GlcA universally
comes from the oxidation of UDP-Glc. These enzymes are highly useful in sugar nucleotide regenera-
tion systems, since they can be employed to convert one sugar nucleotide into another, or provide both
sugar nucleotides at the same time. The biosynthesis of CMP-NeuAc is different from the rest of the
common sugar nucleotides. CMP-NeuAc can be synthesized directly from Neu5Ac and CTP without a
sugar-1-phosphate intermediate. NeuS5Ac may come from two source pathways. The first pathway
involves three steps from ManNAc to Neu5Ac, and consumes one molecule of ATP and one molecule
of phosphoenolpyruvate (PEP). The second pathway produces Neu5Ac directly from ManNAc via an
aldolase-catalyzed condensation with pyruvate. Since sugar nucleotides serve only as cofactors in the
overall glycosylation reaction, the best way to minimize the donor expense would be to recycle them in
sity. Such systems for nine common sugar donors were broadly applied to reduce the cost of sugar
nucleotide donors and to prevent the inhibitory effects of nucleotides accumulated during the glycosyl-
transferase-catalyzed reactions.™
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6.02.4.2 Leloir Glycosyltransferases

6.02.4.2.1 Basic principle

In nature, glycosyltransferases are responsible for glycoside bond formation. They catalyze the transfer of a
monosaccharide from a sugar nucleotide donor (in Leloir glycosyltransferases) to an acceptor, acting proces-
sively in homopolysaccharide biosynthesis or in combination with other glycosyltransferases to produce
heteropolysaccharides. These enzymes can be further divided into two groups based on differences in the
substrate structures: the transferases of the Leloir pathway and those of non-Leloir pathways. The Leloir
pathway enzymes require sugar nucleotides as glycosylation donors, while non-Leloir glycosyltransferases,
which utilize sugar phosphates as glycosyl donors, have been applied synthetically in a much more limited
fashion and will not be covered further. The Leloir transferases are responsible for the synthesis of most
glycoconjugates in cells, especially in mammalian systems.*®

Glycosyltransferases of the Leloir pathway are responsible for the synthesis of most cell-surface
glycoforms in mammalian systems.''* These enzymes transfer a given carbohydrate from the correspond-
ing sugar nucleotide donor substrate to a specific hydroxyl group of the acceptor sugar. These enzymes
exhibit very strict stereo- and regiospecificity. Moreover, they can transfer with either retention or
inversion of configuration at the anomeric carbon of the sugar residue. A large number of eukaryotic
glycosyltransferases have been cloned to date, and, in general, they exhibit exquisite linkage and
substrate specificity. It is remarkable that such a considerable number of mammalian enzymes have
converged on only nine general sugar nucleotides as glycosyl donor substrates. Glucosyl- and galacto-
syltransferases employ substrates activated with uridine diphosphate as the anomeric leaving group
(aUDP-Glc, a-UDP-GIcNAc, a-UDP-GIcUA, a-UDP-Gal, a-UDP-GalNAc), whereas fucosyl- and
mannosyltransferases utilize guanosine diphosphate (5-GDPFuc, a-GDP-Man). Sialyltransferases
are unique in that the glycosyl donor is activated by cytidine monophosphate (5-CMP-NeuAc).
Sialyltransferases are unique in the sense that the glycosyl donor is activated by cytidine monophosphate
(CMP-Neu5Ac). Preparative-scale syntheses of relevant sugar nucleotides have been developed pre-
viously, and most are now commercially available.'"”

As Leloir glycosyltransferases are highly regio- and stereospecific with respect to glycosidic linkage
formation and provide products in high yield, they are often the catalyst of choice for glycoconjugate
synthesis. However, glycosyltransferase-based syntheses suffer from two major drawbacks. First of all, the
nucleoside diphosphates generated during the reaction are potent glycosyltransferase inhibitors.
Furthermore, sugar nucleotide expense can become a burden if large-scale synthesis is required. The
feedback inhibition problem can be solved by the addition of a phosphatase into the reaction, which
results in breakdown of the NDP product.''® However, to circumvent sugar nucleotide expense and
avoid product inhibition simultaneously, multienzyme recycling systems have been developed. In this
case, NDP-sugars are required in only catalytic quantities, as they are generated in situ from inexpensive
starting materials. Moreover, the NDPs are recycled to NDP-sugars, thereby avoiding product inhibition
(Scheme 23).'"”

Glycosyltransferase availability is occasionally considered a third drawback. Although many glycosyltrans-
ferases can now be purchased from commercial sources (Table 4), an enzyme specific for every desired
glycosidic linkage is not available at the present time. In some instances, those that are not available
commercially can be isolated from tissue sources."'®'"”

6.02.4.2.2 Enzyme-based complex saccharide synthesis

Recent advances in the area of enzymatic oligosaccharide synthesis are emerging from the identification and
cloning of a large number of bacterial glycosyltransferases with many different donor, acceptor, and linkage
specificities.'”*”'** Most eukaryotic glycosyltransferases are not active within prokaryotic expression system
due to the absence of posttranslational modifications, including glycosylation. Bacterial glycosyltransferases, for
example, are normally not glycosylated proteins. It has been demonstrated that these enzymes are more easily
expressed as a soluble and active form in prokaryotic expression system such as E. co/i. In addition, bacterial
glycosyltransferases seem to have relatvely broader acceptor substrate specificities, thereby offering
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Table 4 Commercially available glycosyltransferases

Glycosyltransferase Supplier

(1,4-Galactosyltransferase Calbiochem, Fluka, Sigma, Glyko, Worthington
«a1,3-Galactosyltransferase Calbiochem

«a2,6-Sialyltransferase Calbiochem, Sigma

«2,3-Sialyltransferase Calbiochem

a1,3-Fucosyltransferase (lll, 1V, V, VI, VII)  Calbiochem

a1,2-Mannosyltransferase Calbiochem

tremendous advantages to mammalian enzymes in the chemoenzymatic synthesis of complex saccharides and
their analogues for the development of antiadhesion therapies for infectious diseases.”>'**

The availability of new glycosyltransferases has increased the demand for sugar nucleotides, which have
been a problem in the production of oligosaccharides and glycoconjugates. One way to overcome this hurdle is
to use a multiple enzymatic system with iz situ UDP-GalNAc regeneration, from inexpensive starting
materials. Since the pioneering work by Wong e al. on in vitro enzymatic synthesis of N-acetyllactosamine
with the regeneration of UDP-galactose, several glycosylation cycles with regeneration of sugar nucleotides
have been developed using either native or recombinant enzymes.*"'**"'#%

It has also been demonstrated that expensive substrates such as UDP-Gal can be readily prepared in situ by
enzymatic conversion of the relatively inexpensive sugar nucleotide uridine 5'-diphospho-a-p-glucopyranose
(UDP-Glc) using a UDP-Gal 4-epimerase enzyme. This system, coupled with an appropriate UDP-Gal
transferase, provides more economic access to enzymatically galactosylated compounds. In these multienzyme
systems, to increase enzyme efficiency and also avoid multiple fermentations for separate enzyme preparations,
fusion proteins'*~'** have been constructed that contain both the Gal-epimerase and Gal-transferase enzymes.
The use of these fused enzyme systems has increased in the recent years as their catalysis of sequential reactions
can have a kinetic advantage over the mixture of two separated enzymes since the product of the first enzyme
travels a shorter distance before being captured by the next enzyme in the sequence.

The 1solation of recombinant enzymes is generally a rather laborious operation. A rapidly emerging method
for the large-scale synthesis of complex carbohydrates is the use of metabolically engineered microorganisms.
For the production of complex oligosaccharides, Wang’s group has developed cell-free ‘superbeads’ technol-
ogy.'”*”"** This approach involves immobilization of all the enzymes along the biosynthetic pathway onto
beads. The beads are used as catalysts to produce larger oligosaccharides in a cell-free system. For example, in
order to make «-Gal trisaccharide, Wang and colleagues have immobilized all the necessary enzymes,
including GalK, GalT, GalUTP, PykF, and galactosyltransferase, for iz situ regeneration of donors onto
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Ni-containing agarose resins (beads). These agarose beads function as stable and versatile synthetic reagents,
which can be used and regenerated to synthesize a variety of oligosaccharides and glycoconjugates
(Scheme 24). This methodology of enzyme immobilization has all the advantages of solid-phase organic
synthesis, such as easy separation, increased stability, reusability, and improved kinetics. Larger oligosacchar-
ide synthesis involves more corresponding glycosyltransferases together with necessary sugar nucleotide
regenerating beads. Using this approach, it was possible to produce oligosaccharides containing more than
eight sugar units."*”

Also, the Wang’s ‘superbug’ approach can make use of engineered bacteria through fermentation to provide all
the necessary enzymes along the biosynthetic pathway, starting from monosaccharide through oligosaccharides.
The superbug production of oligosaccharides is a two-step procedure, distinct from the commonly employed
fermentative processes. The first step involves the growth of the recombinant E. coi NM522 cells and the
subsequent expression of the enzymes. In the second step, the cells are harvested from the culture media,
permeabilized, and employed as biocatalysts in the reaction. This two-step process avoids the possible inhibition
of cell growth by substrates and product and allows the use of high cell concentrations in the reaction (ie., high
catalyst concentrations) and facile manipulation of substrate concentrations. This approach relies on a single
microbial strain transformed with a single artificial gene cluster of all the biosynthetic genes and uses the
metabolism of the engineered bacteria to provide the necessary bioenergetics (ATP or PEP) to drive a glycosyla-
ton cycle. The advantage is that whole cells are used as biocatalysts in the reaction system without any laborious
enzyme purification. Only catalytic amount of ATP is needed for this whole cell synthesis. Obviously, this makes
the superbug production of oligosaccharide the most cost-effective method.'**™"** In fact, this biotechnology for
mass production of glycoconjugates has matured to such a level that it can provide a variety of products at a fraction
of current commercial prices. Currently, the superbug technology can produce oligosaccharides of less than four
sugar units efficiently (Scheme 25). Since they have incorporated the most common sugar nucleotide
biosynthetic cycles into the superbug, the construction of new superbug for new oligosaccharide simply involves
replacing/inserting the corresponding new glycosyltransferase gene(s) into the plasmid. Thus, the superbug can be
constructed to produce a variety of oligosaccharides, depending on the availability of the glycosyltransferases.
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It was reported that isoglobotrihexosylceramide (iGb3) can stimulate both human Va24 NKT cells and
mouse Va14 NKT cells, and it was suggested that 1Gb3 acted as an endogenous ligand for INKT cells. However,
current research is hampered by the rather limited access to 1Gb3. Purification of iGb3 from natural sources
requires unique biochemical and analytical apparatuses and typically furnishes milligram quantities of the
product in low yield.'"** Wang and colleagues explored efficient enzymatic syntheses of free trisaccharides.
Generally, enzymatic glycosylation is one of the most practical methods for oligosaccharide synthesis.”*"*’
Currently, the most effective approach to isoglobotrihexose and globotrihexose synthesis is the direct enzymatic
synthesis using UDP-Gal and lactose catalyzed by a single galactotransferase. However, the high cost of UDP-
Gal limits application of the synthesis on a large scale. Multiple-enzyme sugar nucleotide regeneration systems
have been extensively developed to avoid using costly stoichiometric amounts of sugar nucleotides.”” The
enzymatic syntheses of globotrihexose and isoglobotrihexose using superbead or superbug techniques were
reported by Wang and coworkers.'””"*® Tn these systems, UDP-Gal is generated through recycling of UTP by
multiple enzymes as follows: UDP-Gal reacts with lactose to produce trisaccharide and the by-product UDP.
Then, the UDP is recycled by the enzyme PykF to regenerate UTP. The UTP is further converted to UDP-Gal
catalyzed by the enzymes GalU and GalPUT (Scheme 26). Nowadays, UTP is commercially available in large
quantities at a low price. Therefore, the direct use of UTP in stoichiometric amounts can dramatically simplify
the multiple-enzyme UDP-Gal generation system. A simpler two-enzyme UDP-Gal generation system to
produce trisaccharides was developed (Scheme 26)."*” Briefly, glucosyl-1-phosphate reacts with UTP catalyzed
by GalU to yield UDP-Gle. UDP-Glc is converted to UDP-Gal by epimerase, GalE."*" A galactotransferase
transfers the galactose from UDP-Gal to lactose and produces trisaccharide. For globotrihexose synthesis, a
mixture of enzymes (GalE, GalU, and LgtC) was added to the solution of Glc-1-P, UTP, and lactose containing
0.01 mol 1" Tris-HCl and 0.01 mol 1~ MnCl,. The reaction mixture was stirred at room temperature for 2 days.
The removal of proteins followed by Sephadex G-15 gel column separation provided globotrihexose. They also
successively applied this system on solid phase to produce isoglobotrihexose. The His6-tagged enzymes Galk,
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Scheme 26 Efficient chemoenzymatic syntheses of iGb3 and Gb3.
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GalU, and a-1,3-GalT were immobilized onto a Ni*" resin column, and then a solution of Glu-1-P, UTP, and
lactose containing 0.01 mol 1" Tris=HCI and 0.01 mol 1~ MnCl, was circulated through the column driven by a
pump at room temperature. After the reaction was completed, the solution was pumped out for purification, and
the column was ready for the next batch of reaction.

Wang'*! has also reported the enzymatic synthesis of an important tumor-associated carbohydrate antigen,
Globo-H hexasaccharide. Starting with Lac-OBn as the initial acceptor, this approach employs three glycosyl-
transferases (LgtC, LgtD, and WbsJ) to synthesize the glycosidic linkages.

In this approach (Scheme 27), two other enzymes (GalE and WbgU) were employed in the glycosylation
reactions to convert inexpensive donor substrates, uridine 5'-diphosphoglucose (UDP-Glc) and uridine
5'-diphospho-N-acetylglucosamine (UDP-GlcNAc), to expensive donors, UDP-Gal and uridine 5’-dipho-
spho-N-acetyl-galactosamine (UDP-GalNAc), respectively. The whole synthetic route contains three
glycosyltransferases and two epimerases with an overall yield of 57%. In view of high stereo- and regioselec-
uvity under mild conditions without protecting group manipulation, this study paves a way for large-scale
enzymatic synthesis of the Globo-H antigen. The yield of each coupled reaction is excellent (Table 5).

Advances in the area of glycosyltransferase-catalyzed synthesis are emerging from the identification and
cloning of a large number of bacterial glycosyltransferases with various donor, acceptor, and linkage specifi-
cities. Glycosyltransferases from bacterial sources can be easily cloned and expressed in E. coli as soluble
recombinant proteins. They also have a broader range of acceptors in comparison with mammalian glycosyl-
transferases. For example, several reactions have been successfully achieved by Neose Technologies, Inc.
(Scheme 28)."* Using an al,4-galactosyltransferase from Neisseria gonorrhoeae, 5 g of globotriose (Gbs) was
synthesized from lactose and UDP-Gal. Tetrasaccharide Gby (1.5 ¢) was then synthesized with an overall yield
of 60% from UDP-GalNAc and Gb; using a recombinant 31,3-N-acetyl-p-galactosaminyl-transferase from
N. gonorrhoeae. Also starting from lactose, trisaccharide LNT-2 (GleNAcf1,3Galf1,4Glc) was obtained in a
yield of 250 g using a recombinant 31,3-N-acetyl-D-glucosaminyltransferase, and tetrasaccharide LNnT (300 g)
was then synthesized from LNT-2 catalyzed by (1,4-galactosyltransferase. Finally, pentasaccharide LSTp
(50 g) was generated from LNnT and NeuAca2,3Gal31,4Glc using the recombinant a2,3-transialidase.

In general, it is difficult to express mammalian glycosyltransferases in £. coli, but some examples have been
reported.'* Wang’s group used a truncated bovine a1,3-galactosyltransferase for the synthesis of a series of
a-Gal epitope derivatives for xenotransplantation. The enzyme was expressed successfully in E. co/i after the
deletion of the transmembrane domain.*’

In addition, protein fusion technology has been employed to improve the efficiency of carbohydrate
production. A hybrid bifunctional protein (fusion enzyme) has been constructed by Wakarchuk and colleagues
by fusing a sugar nucleotide-generating enzyme (CMP-sialic acid synthetase) upstream of a glycosyltransferase
(v2,3-sialyltransferase) with a nine amino acid linker. The complete polypeptide chain was constitutively
expressed in £. coli and subsequently used in the production of 3'-sialyllactose (77 g) (Scheme 29). Another
example of fused bifunctional proteins was the linking of bovine al,3-galactosyltransferase with UDP-Gal
4-epimerase. The fused proteins, with the epimerase at either the N or the C terminus, were expressed in E. col
and applied in the synthesis of medically important a-Gal derivatives in 100 mg scales."*'*

Thorson and colleagues have investigated a promiscuous variant of galactokinase (GalK) (by directed
mutagenesis) to generate novel sugar-1-phosphates.'** A promiscuous variant of 7mid-encoded a-p-glucopyr-
anosyl phosphate thymidylyltransferase (Ep) from Salmonella enterica L'T; has also been used to convert these
sugar-1-phosphates into their corresponding sugar nucleotides. Finally, they have utilized the glycosyltrans-
ferase (GtfE), which was able to catalyze the first glycosylation step of the vancomycin biosynthetic pathway, to
transfer over 30 of these uncommon sugar nucleotides onto the vancomycin aglycone scaffold to form the target
products."* In a further extension of this approach, a three-step chemoenzymatic strategy for diversifying the
glycone portion of vancomycin structures has been carried out using the Sa/monella nucleotidyltransferase (Ep)
to catalyze the conversion of 6-azido-6-deoxy glucose-1-phosphate into the sugar nucleotide.'** GtfE-cata-
lyzed glycosylation of the vancomycin aglycone then provides azido-labeled adduct, which could then be
further diversified using the chemoselective Cu(I)-mediated 1,3-dipolar cycloaddition reaction with a parallel
library of terminal alkynes to provide a range of triazole-linked derivatives, which were further evaluated for
antibacterial activity (Scheme 30). A comparative study of chemical and chemoenzymatic methods for the
glycosylation of vancomycin-like glycopeptides has been reported.'* In this approach, daunosamine sulfoxide
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Table 5 Yields of each enzyme-catalyzed
glycosylation step

Step  Enzyme(s) Product Yield (%)
1 GalE,LgtC Gb3-0Bn 90
2 LgtD-WbgU  Gb4-OBn 78
3 LgtD Gb5-0Bn 85
4 WhbsJ Globo-H-OBn 95

was used as the activated donor sugar for the chemical route, whereas enzymatic transfer reaction was carried
out using the vancomycin biosynthetic glycosyltransferase (GftD) in the presence of a fivefold excess of TDP-
(B-daunosamine in 70% yield. The enzymatic method was significantly shorter; however, the slow turnover rate
of the unnatural substrate demands large quantities of biocatalyst, which currently limits this route to small-
scale preparations (1-5 mg).

Thayer and Wong'*? reported a combined one-pot enzymatic glycosylation strategy for the synthesis of
vancomycin analogues containing different monosaccharides such as glucose and glucosamine (Scheme 31).
Starting from a-D-glucose-1-phosphate (Glc-1-P), thymidylyltransferase (Ep) condenses Glc-1-P with uridine
5'-triphosphate (UTP) to form UDP-Glc and inorganic pyrophosphate (PP;). Since the equilibrium of this
reaction lies toward Glc-1-P and UTP, the desired UDP-Glc is sequestered by hydrolysis of PPi with
pyrophosphatase into two equivalents of inorganic phosphate (P;). UDP-Glc then acts as substrate for GtfEl
for glucosylation of vancomycin aglycone to desvancosaminyl vancomycin, along with the release of uridine
5'-diphosphate (UDP). Pyruvate kinase then converts UDP into UTP by using one equivalent of PEP as the
phosphoryl donor. The one-pot enzymatic glycosylation strategy should also be applicable to other glycopep-
tide antibiotic peptide scaffolds with the proper biosynthetic antibiotic glycosyltransferase. This
chemoenzymatic method may be useful for creating analogues of other glycosylated natural products, for
example, other glycopeptides, polyketides, and hybrid nonribosomal peptide/polyketide compounds.

Cyclodextrins (CDs) have the ability to include the hydrophobic area of a compound, and the formed
complex becomes soluble in water due to hydroxyl groups orientated on the surface of CDs."”'""** Thus, it was
proposed that CDs would have similar properties as surfactants in enzymatic glycosylations. Nishimura ez a/.'**
studied the utility of simple CDs for the synthesis of neoglycolipids using glycosyltransferase. In this approach,
the authors attempted to use cell-media synthesis, which was named cellular-chemoenzymatic synthess, as a
triple-factor combination method, to construct oligosaccharide easily. Three types of CD, a-CD, 3-CD, and
~v-CD, which are composed of six, seven, and eight glucose units, respectively, were employed to support
enzymatic glycosylation. A glucosamine derivative (21) was chosen as a model material as shown in Scheme 32.
In this approach the results showed that the CDs showed potent efficiency for the blotting of hydrophobic
substrates to water-soluble polymers and for the synthesis of neoglycolipids using glycosyltransferase.
Interestingly, modified CDs, like methylated CDs with higher solubility, were also available. These merits
were superior to surfactants commonly used in such a case. Based on their results, it was possible to make a
bridge between oligosaccharide syntheses using cell function iz vivo and enzymatic synthesis 7 vitro and well-
established cellular-chemoenzymatic synthesis. The authors demonstrated the efficiency of cyclodextrins for
the enzyme-catalyzed biosynthesis of neoglycolipids that are barely water soluble and suggested the CDs
would act as a novel and efficient supporting material for enzymatic glycosylation.

Zeng et al"”® reported a convenient chemoenzymatic approach for the synthesis of p-aminophenyl glyco-
sides of sialyl-N-acetyllactosaminide from p-nitrophenyl N-acetyl-3-p-glucosaminide as starting material with
(B-D-galactosidase, chemical reduction, and sialyltransferases. Sialyl-N-acetyllactosaminides were selected as
model sugars because sialylated products are known to serve as the cell-surface receptor determinants for
viruses, bacterial toxins, and lectins.'’® As shown in Scheme 33, intermediates 24, 26, and 28 were synthesized
from 23 by using (3-p-galactosidase from Bacillus civculans, recombinant rat o-(2 — 3)-sialyltransferase, and rat
liver a-(2 — 6)-sialyltransferase. The desired trisaccharides of sialyl- N-acetyllactosaminide 27 and 29 could be
obtained after reduction of the p-nitrophenyl group. Maybe due to the presence of NeuSAc residues,
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this chemoenzymatic procedure led to quite low yields (about 15% by HPLC), compared with that of the reduction of
intermediate 24. Therefore, the authors tried another procedure for the synthesis of target trisaccharides. Initally, 24
was easily converted to its p-aminophenyl derivative 25 in 76% yield. Then, 25 was sialylated by recombinant rat c-
(2 — 3)-sialyltransferase and rat liver a~(2 — 6)-sialyltransferase with CMP-Neu5Ac sodium salt as the donor to
obtain the desired trisaccharides of sialyl-N-acetyllactosaminide 27 and 29 in 87% yield based on the donor used."”’

Furthermore, the synthesized glycosides were biotinylated to afford biotin-labeled sugars with an aminohexanosyl
group and a phenyl group as the spacers between the biotin and glycan. The biotin-labeled sugars have been
demonstrated to be useful for immobilization and assay of the carbohydrate—lectin interactions by surface plasmon
resonance (SPR) technology. The results indicated that sialylated sugars were converted to their corresponding biotinyl
sugars without any removal of sialic acid residues, which indicate the feasibility of this method for sialylated glycosides.

al,2-FucTs (fucosyltransferases) belong to glycosyltransferase family 11, catalyzing an inversion reaction by
transfer of fucose from GDP-(-L-fucose to a galactose (Gal) residue to form an «l,2-linkage. a1,6-FucTs,
however, are categorized into glycosyltransferase family 23, transferring fucose from GDP-3-L-fucose to an
N-acetylglucosamine (GlcNAc) residue to form an «l,6-linkage, as shown in Scheme 34."°® Wang and
coworkers reported the characterization of a novel a1,2-fucosyltransferase of £. coli O128:B12 and functional
investigation of its common motif."”” The Wbs] gene from E. coli 0128:B12 encodes an a1,2-fucosyltransferase
responsible for adding a fucose onto the galactose residue of the O-antigen repeating unit via an 1,2 linkage.
The WbsJ gene was overexpressed in £. coli BL21 (DE3) as a fusion protein with glutathione S-transferase
(GST) at its N-terminus. GST-Wbs]J fusion protein was purified to homogeneity via GST affinity chromato-
graphy followed by size exclusion chromatography. The enzyme showed broad acceptor specificity with
GalB1,3GalNAc (T antigen). Gal31,4Man and Gal31,4Glc (lactose) are better acceptors than Gal3-0-Me
and galactose, as shown in Table 6. Gal31,4Fru (lactulose), a natural sugar, was furthermore found to be the
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Scheme 34 Structure of Escherichia coli 0128:B12 O-antigen repeating unit. WbsJ: a1,2-fucosyltransferase.

Table 6 Acceptor substrate specificity of purified GST-WbsJ?

Acceptor (10mmoll~!)  Rel act. (%) Acceptor (10mmoll~')  Rel act. (%)

Gal31,4Glc 100+1.4 Gal 35.7+1.1
Gals1,4Glc3-O-Na 137 +3.7 Gals-O-Me 68.8+4.0
Gal31,4Glc3-O-ph 84.7+4.3 Gal31,4GIcNAc 12.4+0.2
Gal31,4Glc3-S-ph 207 +9.7 Gals1,4Fru 380+ 14.9
Gal1,4Glc3-1-NAc 199+11.2 Gals1,4Gal ND
Gala1,4Gal ND Gals1,4Man 162+4.7
Gala1,4Gal31,4Glc ND Gals1,3GalNAca-O-Bn 202 +6.7
Gala1,3Gal31,4Glc ND Galg1,3GalNAca-O-Me 215+6.9

2The a1,2-fucosyltransferase activities of GST-WhbsJ with different acceptors were
determined at 37 °C for 2 h using 20 mmol I Tris-HCI, pH 7.0, 1 mmol I"' ATP, 0.3 mmol I
GDP-3-L-fucose, GDP-L-[U-"*C]-fucose (7000 cpm), 20 mmol I acceptor and 10 pg of
enzyme; Rel act, relative activity.
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Scheme 35 O-Polysaccharide structure of Escherichia coli O127 and its biosynthetic gene cluster.

best acceptor for GST-WhbsJ] with a reaction rate four times faster than that of lactose. In addition, the a1,2-
fucosyltransferase activity of GST-Wbs] was found to be independent of divalent metal ions such as Mn®" or
Mg**. The results suggest that the common motif shared by both a1,2-fucosyltransferases and a1,6-fucosyl-
transferases has similar functions. Enzymatic synthesis of fucosylated sugars in milligram scale was successfully
performed using Gal3-0-Me and Gal31,4Glc3-Nj; as acceptors.

Wang and coworkers'® also characterized a bacterial (31,3-galactosyltransferase (WbiP) from E. coli O127.
Escherichia coli O127 belongs to the O serogroup of enteropathogenic E. coli (EPEC) strains, which are important
causes of infantile diarrhea in developing countries.'®" Escherichia coli O127 was reported to possess high human
blood group H (O) activity. The elucidation of the chemical structure of the cell-surface O-antigen'® confirmed
that £ coli O127 mimicked the expression of human blood group H antigen (Scheme 35). The O-antigen
biosynthetic gene cluster contains multiple genes needed for the assembly of £. coli O127 polysaccharide structures.
Among them, three genes (07/3, 07/12, and 07f13) encode putative glycosyltransferases involved in the synthesis of
repeating oligosaccharide units. Orf12 (WbiP) contains a conserved domain found in glycosyltransferase family 2. It
shows 59% protein sequence identity and 82% similarity to Wbn] from E. coli O86, which was previously
characterized as a 5—1,3—galactosyltransferase,163 To investigate the enzymatic function of WbiP, Wang and cow-
orkers tested a panel of radiolabeled sugar donors (UDP-Gal, UDP-GalNAc, GDP-Fuc, and UDP-Glc) with
GalNAc as an acceptor. The results showed that WbiP displayed high activity with UDP-Gal as the sugar donor,
nearly 10-fold reduced efficiency with UDP-GalNAc, and no activity with GDP-Fuc and UDP-Glc. Thus, the
donor specificity demonstrated that WbiP encodes a galactosyltransferase, consistent with the bioinformatics
analysis. To confirm the galactosyltransferase activity of WbiP, they set up a 50 pl scale reaction, which contained
0.05 mg of GalNAg, 5 pl of 50 mmol 1" cold UDP-Gal, and 0.02 mg of WbiP (20 ul). The reaction product was then
labeled with 2-aminobenzamide (2-AB) and analyzed to via normal-phase analytical HPLC columns (Scheme 36).

Depending on the stereochemical outcome at the anomeric center relative to that of the donor sugar,
glycosyltransferases are classified as retaining and inverting classes, as with the glycosidases. All these enzymes
use UDP-p-Gal as the donor, but generate 51-4, $1-3, a1-3, and «1-4 linkages to accepting templates in
various types of glycoconjugates (Scheme 37)."** While the mechanism of inverting glycosyltransferases is
generally accepted, that of retaining glycosyltransferases remains a topic of considerable debate within the
field."” " Withers and coworkers'® described investigations into the donor substrate specificity of repre-
sentatives of both retaining and inverting classes of glycosyltransferases. By the use of glycosyl donors
containing aromatic leaving groups linked with opposite anomeric configurations compared to those of the
natural donor substrates, both an inverting (Cst II) and a retaining (LgtC) glycosyltransferase were found to
catalyze glycosylation reactions of natural acceptor substrates in the presence of the corresponding nucleotide.
Cst II is an inverting bifunctional «-2,3/2,8 sialyltransferase from Campylobacter jejuni. It uses cytidine 5'-
monophosphate (CMP) 3-p-sialic acid as a donor substrate and transfers the sialic acid moiety with net
inversion of anomeric configuration to the 3’ hydroxyl of terminal lactose-containing acceptors
(Scheme 38(a)). Subsequently, Cst II will use this newly formed 3’-sialyl lactose product as an acceptor and
transfer another sialic acid moiety to the 8" hydroxyl to form a tetrasaccharide. To determine whether this
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donor substrate pNP «-p-sialic acid.

inverting enzyme could use an alternative source of activated sialic acid as a substrate, they investigated the
glycosylation of the a-linked cphenyl (pNP) derivative (Scheme 38(b)). Because Cst Il is an inverting enzyme,
it was presumed that the aromatic ring of the nitrophenyl substituent could be accommodated within the active
site, taking the place of the galactose ring of the acceptor, which must be located on the face of the sialic acid
donor. With pNP a-p-sialoside bound in such a manner, CMP could also be accommodated within the active
site on the 3 face of sialic acid, allowing for the direct displacement of p-nitrophenolate by CMP and the % situ
formation of -linked CMP sialic acid, which could be used as the donor substrate in a subsequent transfer
reaction following the release of pNP. The results showed that Cst II was able to catalyze transfer to the
fluorescein—lactose conjugate acceptor but only in the presence of CMP.

To further explore the generality of this substrate complexity, a similar strategy was applied to the retaining
a-1,4 galactosyltransferase LgtC from Neisseria meningitides."” LgtC is able to catalyze the transfer of galactose
moiety to the 4’ hydroxyl of terminal lactose-containing acceptor substrates using UDP «a-p-galactose as the
donor with overall net retention of anomeric configuration (Scheme 39(a)). To test the limits of donor
substrate complexity of LgtC, pNP «a-p-galactoside and dNP a-p-galactoside were used as the surrogate
donor substrate. However, no result was observed under these conditions. Subsequently, a similar strategy
analogous to that for Cst II was applied to LgtC, in which an activated leaving group of anomeric configuration
opposite to that of the natural substrate was tested (Scheme 39(b)). As both the leaving group and the incoming
nucleophile are present on the same face of the donor substrate in the active site of LgtC, the aromatic leaving
group would not occupy the acceptor site. Using this more activated analogue, a trisaccharide was observed.
The results of this work illustrated how the donor substrate promiscuity of both inverting and retaining
glycosyltransferases can be used, providing the starting point of an alternative strategy for their application as
synthetic tools. These enzymes appear to be able to transfer the glycosyl substrates with alternative activated
leaving groups of opposite anomeric configuration, compared to the natural donor.

In the last few years, macrolide glycosyltransferases (G'T's), toward both the sugar and aglycone substrates,
gained interest as applicative enzymes for the convenient synthesis of biologically relevant new macrolide
analogues that can potentially be used as drugs. Among the growing number of 7z vitro studies of related GT's,
DesVII, which catalyzes the attachment of D-desosamine to 10-deoxymethynolide or narbonolide in the
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biosynthesis of methymycin, neomethymyecin, narbomycin, and pikromycin in Streptomyces venezuelae, is one of
the most extensively studied macrolide GTs.'*”'"" Liu and coworkers reported the biosynthetic potential of
DesVII/DesVIII to explore the range of aglycone substrate flexibilities of this enzyme pair.'”" The detailed in
vitro analysis of sugar substrate specificity of DesVII/DesVIII had been carried out and the results showed that
both .- and p-sugars are recognized as substrates and variant substitutions at C3 and C4 are tolerated, but
deoxygenation at C6 is required.'”> When a reaction mixture containing a linear precursor 30 and a 1.2-fold
excess of TDP-p-desosamine was incubated with DesVII/DesVIII, TLC analysis of the reaction mixture
revealed the presence of at least four polar compounds (Re= 0.04, 0.19, 0.32, and 0.37) in addition to the starting
material (R;=0.51). The overall conversion of the linear precursor 30 to the more polar products was estimated
to be nearly 50%. After separation by flash silica gel chromatography, compound 31 was isolated as the major
component (R¢=0.19), which was shown by extensive NMR analysis to be a mixture of three monodesosami-
nylated products (31a, 31b, and 31c, Scheme 40). So there is no regiospecificity of DesVII/DesVIII in the
reaction with the linear precursor 30. Their study clearly demonstrates that the macrolide glycosyltransferase,
DesVII/DesVIII, can recognize and process not only cyclic substrates of different ring sizes, but also a variety of
linear substrates with reduced, but measurable activities. When multiple hydroxyl groups are present, essen-
tally no regiospecificity is observed for the linear substrates. Interestingly, only singly glycosylated products
were generated in all cases. However, when cyclic substrates with multiple glycosylation sites were tested, the
enzyme displayed excellent regiospecificity in most cases. Their results showed that the factors governing the
glycosylation outcome for the cyclic substrates may be multifold, including the substitution pattern near the
glycosylation site and the ring conformation. Also, the specificity /selectivity may be sensitive to the substi-
tuents distant from the glycosylation site.

Generally, members of the genus Mycobacterium are responsible for major health problems in humans, such as
tuberculosis, leprosy, and opportunistic mycobacterioses in immunocompromised individuals.'”* Structure
analysis showed that the backbone of the mycobacterial cell wall consists of a complex of covalently linked
arabinogalactans (AGs) and peptidoglycans. The p-galactofuran, composed of ~30 alternating (1 — 5)- and
(1 — 6)-linked repeating 3-p-galactofuranose units (Galf),'”* is attached to the peptidoglycan on the cell
surface by a dedicated linker unit, a-L-rhamnopyranosyl-(1 — 3)-N-acetyl-a-D-glucosaminyl-phosphate
(Rha-(1 — 3)-GIcNAc-P).'”* Several arabinan chains, containing about 23 repeating D-arabinofuranose
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(Araf) units each, composed mostly of (1 — 5)-linked c-p-Arafunits with branching introduced by 3,5-a-D-
Araf; are bound to the galactan. Brennan and coworkers'’® reported the biosynthetic origins of the AG using
cell extracts of Mycobacterium smegmatis. Their results showed that the synthesis of AG begins with the transfer
of UDP-GIcNAc to the polyprenyl phosphate, decaprenyl-P (Cso-P), followed by the addition of Rha from
dTDP-Rha, forming the linker region and initiating the biogenesis of AG fragments.'”” The polymerization
of the AG then takes place on this Cso-P-P-GlcNAc-Rha unit by enzyme-catalyzed single sugar additions.
Subsequently, the complete sequence of the Mycobacterium tuberculosis H37Rv genome'’® enabled the identi-
fication of several enzymes involved in this biosynthesis process. Rv1302 from M. ruberculosis H37Rv was
regarded as the gene involved in the initial step. Subsequently, the enzyme-catalyzed addition of Rha moiety
is activated by the rhamnosyltransferase WbbL (Rv3265c)."”” Based on the assortment of glycosyl linkages
within the galactan, there are likely two or more galactosyltransferases (GalTr) involved in the following
galactan polymerization pathway. However, to date, only a single candidate GalTr gene (Rv3808c) has been
implicated. Evidence showed that this bifunctional enzyme catalyzes the synthesis of the alternating 5- and
6-linked, linear galactan in a processive manner (Scheme 41).

Brennan'® presented the evidence that Rv3782 is an additional galactosyltransferase responsible for the initial
transfer of Galfresidues from their donor, UDP-Galf; onto the Cso-P-P-GlcNAc-Rha uni, initiating the subsequent
polymerization events catalyzed by Rv3808c, a bifunctional galactosyltransferase. The possibility of Rv3782 being a
putative galactosyltransferase implicated in galactan synthesis arose from a number of observations. First, there was
amino acid sequence similarity to portions of the known GalTr Rv3808c. Second, according to the rule of
carbohydrate-active enzymes classification, it was a glycosyltransferase (GT) of the nucleotide sugar-requiring,
inverting G'T-2 family of the GT-A superfamily. Third, Rv3782 was described as a possible AG biosynthetic gene
cluster in M. tuberculosis. In this biosynthesis pathway, it appears that GL-2 is the primary acceptor of Galfdonated by
UDP-Galf catalyzed by Rv3782. To examine this hypothesis directly, GL-2 was generated 7 vitro and used as the
glycolipid substrate in reactions containing nonradioactive UDP-Gal and membranes from control cells or the
overproducer Rv3782 strain. The results showed determinately that the GL-2 was an effective acceptor for Gal
transfer and that membranes from the overproducing strain were significantly more effective in the reaction.
However, the primary product of the reaction was not GL-3, but GL-4, containing more than one additional Gal
residue. Therefore, Rv3782 may be responsible for the initial conversion of GL-2 to GL-3, and in the reaction
mixtures as constructed, there may be an immediate conversion of GL-3 to GL-4 promoted by a second endogenous
galactosyltransferase (GalTr). Alternatively, Rv3782 may be a bifunctional enzyme catalyzing the synthesis of the
5-linked and the 6-linked Galfresidues of GL-4. Data presented in their paper indicate that Rv3782 is the initial
galactosyltransferase catalyzing addition of the first and/or second galactose moiety on the lipid-associated linker
region (decaprenyl-P-P-GlcNAc-Rha) in the series of Gal polymerization steps leading ultimately to cell wall
galactan structures. Apparently, it 1s a bifunctional enzyme capable of generating the inital 5- and 6-linked Galf
residues but not capable of extending the chain beyond this level.

Enzymatic glycosylation for the synthesis of complex saccharides in glycopeptide has also gained attention.
Lin and Wong have developed an enzymatic one-pot three-step glycosylation strategy for the synthesis of sLe”
moiety of truncated PSGL-1 glycopeptide with and without sulfation.'®" Glycopeptides 32 and 33 were
achieved from disaccharide-linked threonine as the building block via solid-phase peptide synthesis utilizing
9-fluorenylmethyloxycarbonyl group (Fmoc) chemistry."®” Following the N-terminal acetylation, cleavage
from the resin, and full deprotection, the basic hydrolysis of the acetate protecting groups gave glycopeptides
32 and 33. With the glycopeptides as starting materials, the one-pot synthesis of sLe™ by glycosyltransferase-
catalyzed glycosylation was investigated. Because LacNAc is a good substrate for both SiaT and FucT, and Le*
is not a good substrate for SiaT, the sLe” moiety was constructed by adding the galactose, sialic acid, and fucose
groups sequentially (Scheme 42). Glycopeptide 32 was treated with GalT and SiaT in the presence of donor
substrates UDP-Gal and CMP-NeuAc in the N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)
buffer to give 34 in good yield. Due to the fact that sulfated glycopeptide 33 is not a good substrate for SiaT, the
enzymatic glycosylation reaction of 33 did not proceed as smoothly as for the unsulfated substrate 32."* After
the addition of more glycosyltransferases and extension of the reaction time, compound 35 was obtained in
good yield. FucT and GDP-Fuc were incubated with 34 and 35, respectively. The complete sLe” glycopep-
tides of truncated PSGL-1 with or without sulfation, 36 and 37, were afforded in 68 and 63% yield,
respectively.
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The aforementioned enzymatic reaction conditions were utilized to construct the sLe*-containing glyco-
peptides using the multienzyme one-pot, three-step strategy (Scheme 43). Substrates 32 and 33 were
incubated with GalT and SiaT in the presence of UDP-Gal and CMP-NeuAc. Subsequently, FucT and
GDP-Fuc were added and incubated for another 48 h. After purification, the truncated PSGL-1 glycopeptides
with or without sulfation, 36 and 37, were obtained with 43 and 25% vyield, respectively.

6.02.4.2.3 Conclusion

Recent advances in the area of enzymatic oligosaccharide synthesis are emerging from the identification and
cloning of a large number of bacterial glycosyltransferases with many different donor, acceptor, and linkage
specificities. Most eukaryotic glycosyltransferases are not active within prokaryotic expression system due to
the absence of posttranslational modifications, including glycosylation. Bacterial glycosyltransferases, for
example, are normally not glycosylated proteins. It has been demonstrated that these enzymes are more easily
expressed as soluble and active form in prokaryotic expression system such as E. co/i. In addition, bacterial
glycosyltransferases seem to have relatively broader acceptor substrate specificities, thereby offering
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tremendous advantages to mammalian enzymes in the chemoenzymatic synthesis of oligosaccharides and their
analogues for the development of antiadhesion therapies for infectious diseases.

Rapid advances in the cloning and expression of glycosyltransferase genes, especially from bacteria, could
open the way to overcoming difficulties in the mass production of oligosaccharides. The large-scale production
of oligosaccharides using either glycosyltransferases isolated from engineered microorganisms or whole cells as
an enzyme source could promote a new era in the field of carbohydrate synthesis. The increasing availability of
new gene sequencing data is likely to stimulate the discovery of new biocatalysts with enhanced substrate
tolerance and/or multiple catalytic functions. Such discoveries, coupled with refinements in methodologies for
directed evolution and enzyme-catalyzed dynamic combinatorial library synthesis, will see further significant
developments in the near future.

6.02.5 Outlook

As 1s evident from the work that is reviewed here, the application of biocatalysts in preparative carbohydrate
synthesis has continued to expand and diversify in recent years. Of particular note is the reengineering of
biocatalyst properties (e.g, substrate specificity, stability) by the process of directed evolution. Significant
progress in the study of the enzymatic biosynthesis of complex carbohydrate has been made with the
development in protein purification, molecular genetics, and new methods of enzymological analysis.
Bioinformatics provides a large number of putative candidates for carbohydrate-active enzymes. The combined
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enzymatic and genetic approach has overcome formidable obstacles ubiquitous to the study of oligosaccharides
and polysaccharides, and has begun to yield new information, which definitively addresses basic enzymological
issues relevant to these complex carbohydrates. Advances in this field will include the finding of novel enzymes
and the modification of the known proteins to provide better catalysts. Further genetic engineering efforts will
be focused on the recombinant expression of the enzymes involved in the biosynthetic pathways of glycocon-
jugates and the utilization of engineered microorganisms as ‘living factories’ to produce desired carbohydrates
in large scales. Further development of enzymatic methods will allow synthetic biochemists to create important
molecular tools for biochemical, biophysical, and medical applications.

These methodologies offer a range of possibilities for the synthesis of biomaterials. New perspectives such as
the ability of using modified donors to introduce functional groups into polysaccharide structures, controlling
the degree of polymerization, and the preparation of novel composite materials by enzymatic polymerization in
the presence of other polymers are just emerging, and a number of applications in advanced biomaterials are
awaiting to come in the near future.

Abbreviations

AcCoA acetyl coenzyme-A

ATP adenosine triphosphate

CD cyclodextrin

CFX Cellulomonas fimi

CMP cytidine monophosphate

CMP-NeuAc cytidine 5'-monophospho-N-acetyl-a-p-neuraminic acid
CTP cytidine triphosphate

GAG glycosaminoglycan

Galk galactokinase

GalNAc N-acetylgalactosamine

GalNAcE GalNAc 4'-epimerase

GalT galactosyltransferase

GDP-Man guanidine 5'-diphospho-a-b-mannose

GicA glucuronic acid

GIcNAc N-acetyl-p-glucosamine

GT glycosyltransferase

GTP guanosine triphosphate

HAase hyaluronidase

LacNAc N-acetyllactosamine

NAD nicotinamide adenine dinucleotide

NADP nicotinamide adenine dinucleotide phosphate
NAHase (-N-acetylhexosaminidase

Neu5Ac sialic acid

PEP phosphoenolpyruvate

PK pyruvate kinase

pNP p-nitrophenyl

PNP-LacNAc p-nitrophenyl s-N-acetyllactosamine

PNPX2 PNP g-p-xyloside

PP; pyrophosphate

PykF pyruvate kinase from the E. coli K-12 genome
UDP uridine diphosphate

UDP-Gal uridine 5'-diphospho-a-p-galactose
UDP-GalNAc uridine 5'-diphospho-N-acetyl-a-p-galactosamine
UDP-Glc uridine 5'-diphospho-a-b-glucose
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UDP-GIcA uridine 5'-diphospho-a-b-glucuronic acid
UDP-GIcNAc uridine 5'-diphospho-N-acetyl-a-p-glucosamine

UTP uridine triphosphate
Nomenclature

Fuc fucose

Gal  galactose

Glc  glucose
Man mannose
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6.03.1 Introduction

The attachment of a sugar residue to a protein side chain is believed to be the most complicated co- or
posttranslational event.' As many as 13 various monosaccharides and § different amino acids (AAs) can be
involved in this process.” The construction of a range of monosaccharides into glycans of varying lengths and
sequences and their attachment to the amino acid side chains via anomeric bond lead to the formation of a large
chemical diversity of glycoprotein structures. These products have an impressive number of glycopeptide
bonds that would include N- and O-glycosidation, C-mannosylation, phosphoglycation and glypiation,” which
are distributed among naturally occurring glycoproteins found in all living organisms. Not surprisingly, at least
16 enzymes are known to be involved in their formation at various intracellular sites, that is, endoplasmic
reticulum, Golgi apparatus, cytosol, and nucleus.” On the other hand, several enzymes are known to cleave the
N- and O-glycosidic bonds, that is, endoglycosidases and glycosidases, which appear to play many important
physiological roles.'

Glycoproteins and glycopeptides are fascinating natural products associated with several important biolo-
gical processes, including protein folding, secretion, cell targeting and adhesion, stability in circulation, signal
transduction, and many intercellular communication processes."” Consequently, the majority of human
proteins are glycosylated. Moreover, changes in the glycosylation pattern of a cell are often a signature of
disease states, as in the case of cancer, rheumatoid arthritis, and some immunological diseases.’ In the drug
discovery arena, glycoproteins are considered to be an important class of the biotechnology products.””
A well-studied example is that of erythropoietin (EPO), one of the most successful biotechnology drugs to
date, which 1s used to treat anemia caused by bone marrow suppression. In EPO and other therapeutic

glycoproteins, glycosylation is vital in several aspects, one of which is to ensure prolonged circulatory
half-life in the blood.”*
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6.03.1.1 Nature of Glycopeptide and Glycoprotein

A glycopeptide consists of a carbohydrate linked to a peptide composed of L- and/or D-amino acids. This would
also include a biologically important class of glycopeptides that are nonribosomally synthesized, for example,
vancomycin and bleomycin. However, this class of natural products will not be covered in this chapter as
excellent reviews on this topic can be found elsewhere.”

Most of the naturally occurring glycosidic bonds can be divided into two main groups: the N- and O-glycoside.
The B-glycosylamine linkage of the 2-acetamido-2-deoxy-p-glucose (GIcNAc) to Asn represents the most
ubiquitous carbohydrate—peptide bond, found in a wide range of organisms ranging from Archaea to mammals."’
In this case, the glycosylation can only occur at Asn residue that is embedded in the consensus tripeptide sequence
Asn-AA-Thr/Ser, AA being any amino acid except proline (Figure 1)."" The N-glycosylation process starts with
the oligosaccharyltransferase, which transfers a common oligosaccharide unit from dolichol phosphate to an Asn
side chain. Subsequently, glycosylhydrolases trim the oligosaccharide to a pentasscharide core, which will later be
enzymatically glycosylated into various structures.

Glycosidic bond wherein the glycan unit is attached to the hydroxyl group, for example, O-glycoside, occurs
in a large variety of proteins. Contrary to the N-glycosidic bonds, where it is limited to the 3-configuration, the
O-glycosidic bonds could adopt both a- and $-configurations.

In this class of glycopeptides, the glycan unit is attached mainly to the side chains of Ser, Thr, Tyr, and to a lesser
extent to hydroxylysine and hydroxyproline."'* In mammals and other eukaryotes, the biosynthesis of O-glycosides
often displays the 2-acetamido-2-deoxy-D-galactose (GalNAc) core unit attached through an a-O-linkage to the
B-hydroxyl of Ser and Thr.">'* Following this event, the GalNAc core is then diversified through a variety of
glycosyltransferases furnishing the mucin-type O-glycosides (Figure 2)."'® Mucins are glycoproteins that are
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Figure 1 (a) Man3GIcNAc, structure in the consensus sequences Asn-AA-Thr/Ser (AA — any amino acid but proline).
(b) High mannose as an example of N-glycan in glycopeptides.
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Figure 2 Examples of O-glycosidic bonds found in glycopeptides and glycoproteins.

excessively O-glycosylated, which can bear up to 20 monosaccharides per glycan. These glycoproteins can be found
on the surface of epithelial cell types and are considered as an important class of tumor-associated antigens."”

While most of the peptide-linked monosaccharides can be further substituted by other sugars, the core
GlcNAc attached via 8-O-glycosidic bond does not become further elaborated. Thus, the sugar remains a
simple monosaccharide attached to the protein. In return, this allows the use of radiolabeled UDP-Gal with
galactosyltransferase as an effective probe for its presence, even in minute amounts.'® The GIcNAc core can be
found in nuclear cytoskeletal proteins and the transcription factor and its addition seems to be involved with
transcriptional regulations similar to phosphorylation.'” Several other important types of O-linked carbohy-
drates, for example, Gal-a-Ser/Thr, Fuc-a-Ser/Thr, and Man-a-Ser, have also been found and reported to
have important biological functions.”

Protein glycosylation involves many enzymatic reactions in complex biosynthesis pathways that are not
controlled by templates or transcription. Consequently, unpredictable glycoprotein products are formed, which
possess many different glycoforms differing only in the glycan structure.” While nature adapted well to this
heterogeneity of products, scientists are struggling with this outcome in the context of the studies that are
aiming to comprehend the biological functions of glycoproteins at the molecular level. Moreover, this
complexity makes it difficult to generate protein-based medicines. Indeed, most therapeutic glycoprotein, for
example, EPO, are administered as mixtures of glycoforms, the active form of which are often unknown.
Therefore, there is a desperate need for methods that facilitate the preparations of homogeneous materials to
assist researchers in their goals to understand the exact function/role of these sugars. With this in mind,
scientists have tackled these problems from different directions; some of these strategies are merely based on
chemical synthesis while others combine chemical and biochemical approaches.”” >’ It is the aim of this chapter
to review these strategies focusing on recent chemical approaches and pointing out the pros and cons of
different methods, synthetic challenges, and possible solutions.

6.03.1.2 Neoglycopeptide

Natural product synthesis is the centerpiece of organic chemistry because it has always been the ultimate
testing ground for new concepts and new synthetic methods.”* Despite recent advances in carbohydrate

chemistry”* " and enzymatic glycosylation,”**’ glycopeptides and glycoproteins synthesis stands as one of
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the most exigent tasks that synthetic chemists could encounter. The challenges could arise not only due to the
large size of these macromolecules, but also due to the complexity of oligosaccharide chemistry. In this regard,
the synthetic scheme would often require extensive protecting group manipulations and difficult glycosyl
coupling conditions that are carefully designed to generate the correct regio- and stereochemistry of the
glycosidic bond. Moreover, the convergent approach used to assemble the entire protein is challenging and is
often faced with several obstacles. Yet, in order to meet the urgent need for glycoprotein material with a
well-defined structure for biological studies and as novel medicines, a new field of glycoprotein mimetics has
emerged.

In the glycopeptide mimetic field, also known as neoglycopeptides, the native structure is sacrificed to
mimicry, where the glycosidic bond is replaced with a more stable bond; for the benefit of easier
synthesis.”” The stability issue of the sugar peptide linkage is very important when dealing with glyco-
protein therapeutic. One of the primary paths of glycoprotein degradation involves an enzymatic cleavage
of the glycan from the peptide. As a result, replacement of the glycosidic bond with a more stable linkage
without dramatically affecting the biological actvity would be a reasonable way to follow. Indeed,
researchers have found that such an effort wherein the glycosidic bond was replaced with C-S or C-C
bond led to a more stable product against enzymatic degradation.”'* Moreover, such substitutions were
also found not to affect the biological and conformational properties by a measurable state compared to the
native molecules. In this chapter, we will visit the synthetic efforts invested in this field pointing out
surrogates based on the carbon—carbon, thioether, oxime, and triazole substitution as promising replace-
ments of the glycosidic bond.

6.03.2 Synthesis of Glycopeptides

Chemical synthesis of glycopeptides, whether carried out on solid support or in solution, requires the
construction of the glycosidic bond with the correct stereochemistry to one of the amino acid side chains. In
the N-linked glycopeptides, the glycosidic bond is an amide; thus, most of the methods applied to assemble this
bond use an amide-forming reaction between an amine from the sugar part and the carboxylate side chain of the
aspartic acid. As a result, various methods were reported to access this precursor, one of which is the direct
preparation from unprotected sugars using ammonia in methanol or ammonium hydrogen carbonate.’*
However, one may conclude from surveying the studies in this field that the synthesis of glycosyl azide 1
(Scheme 1(a)) is one of the most desirable building blocks in introducing the amine moiety. The stability of the
azide functionality at the anomeric center, the facile introduction of the azide function, and the availability of
effective methods for the conversion to the amine moiety stand behind favoring the use of glycosyl azide.

The synthesis of the glycosyl azide can be achieved via different approaches using an azide as a nucleophile
and an activated anomeric center (Scheme 1(a)). For example, when treated with various azide salts in organic
solvents and in presence of phase transfer catalyst, glycosyl chloride 2 leads to the formation of the glycosyl
azide 1 in high yields (Scheme 1(a)).””** Alternatively, glycosyl bromide 5 or acetates 3 can be used with
trimethylsilyl azide (TMSN3) to give the desired product.’”*" A different route for constructing such a system
starting from the glycal precursor has also been reported.* Once the glycosyl azide is assembled, the reduction
of the azide to the corresponding amine 7 is achieved using hydrogenation,* Staudinger reaction,** hydride
reduction,” and propanedithiol-mediated reduction (Scheme 1(b)).** At this stage, the glycosylamine is
attached to the side chain of the protected aspartic acid to form the preglycosylated asparagines 8, ready for
incorporation into the peptide sequence (Scheme 1(b)).

An example for the use of a glycosyl azide in the synthesis of an amino acid glycan building block for
glycopeptide synthesis is shown in Scheme 2. Here, the Bertozzi group started the synthesis with the known
monosaccharide 9, which was converted to the disaccharide 10 in four steps.47 Next, 10 was treated with the
thioglycoside 11 followed by protecting group manipulations to afford trisaccharide 12. Selective glycosylation
with the donor 13 at the 3’-position, using SnCl,/AgOTf as a catalyst, produced the tetrasaccharide in high yield
and excellent selectivity. The 6'-position of oligosaccharide was selectively glycosylated with 13 to give
pentasaccharide 14. At this stage, the azide was reduced with propanedithiol to give, with complete retention
of stereochemistry, the 8-glycosylamine 15. Peptide bond formation was then achieved using a protected aspartic
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Scheme 1 (a) Synthesis of glycosyl azide. (b) Reduction of glycosyl azide to the corresponding glycosylamine followed
by coupling with protected aspartic acid.

acid derivative, which after protecting group manipulations led to the glycosyl amino acid building block 16 ready
for solid-phase peptide synthesis (SPPS). Previous to this work, the synthesis of CD52 containing the conserved

N-linked pentasaccharide core was completed by Ogawa and coworkers."™*’

6.03.2.1 Solution-Phase Synthesis

Glycopeptide synthesis of short glycopeptide sequences could be performed in solution phase.’”’" Indeed,
early developments in the field were focused on solution phase due to the lack of suitable linkers and difficult
assessment of complete reactions on solid support. Importantly, the synthesis of glycopeptide in solution allows
the use of a limited amount of the precious glycosyl amino acid. Another advantage of using the solution-phase
synthesis is that the reaction can be monitored through classic methods such as thin layer chromatography
(TLC) and nuclear magnetic resonance (NMR). Moreover, after each step product isolation can be accom-
plished by simple diethyl ether precipitation and filtration, thus taking advantage of the free glycan which acts
as a phase tag to facilitate product isolation. Finally, the use of solution phase avoids the use of acid conditions
that often are needed to release the glycopeptide from the solid support and unmask the amino acid side chains.

The direct coupling of glycosylamines to aspartic acid containing peptides in solution phase was studied and
applied for the synthesis of a complex glycopeptide. This convergent approach for the chemical synthesis of
asparagine-linked glycopeptides relies on the synthesis of protected peptides with orthogonally protected
aspartic acid side chain, which upon removal permits activation and the coupling of glycosylamine
(Scheme 3).”° The major limitation of this approach is the size of the used protected peptide wherein solubility
problems in organic solvents and aspartamide formation may emerge during the activation step.
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Scheme 3 The convergent approach of the N-linked glycopeptide.

Using the convergent approach, the Danishefsky group accomplished the first synthesis of hybrid- and high-
mannose-type gp120 glycopeptide fragments, which could lead to the design of a new human immunodeficiency
virus (HIV) vaccine based on carbohydrate structures.’*** Here, the authors synthesized mature hybrid-type HIV
gp120 glycopeptide fragments by applying a synthetic strategy which included 3-mannosylations to construct the
core trisaccharide and a fragment-coupling strategy to install the ‘upper’ high-mannose domain. Thus, the
synthesis started with trisaccharide acceptor 17, which was glycosylated with donor 18 to give 19 followed by
another glycosylation with lactosamine thiol donor 20 to give the ‘lower’ part hexasaccharide 21 (Scheme 4(a)).
Further protected group manipulations and glycosylations of the hexamer acceptor with trisaccharide donor 22
afforded the nonasaccharide 23. After liberating the anomeric hydroxyl site and global deprotection steps followed
by acetylation of the free amine, the glycan with the anomeric amine 24 was obtained by following the Kotchetkov
amination procedure.”* The glycan was then conjugated with the gp120 peptide segments through direct
aspartylation to a key asparagine (332) residue to assemble the desired glycopeptides (Scheme 4(b)).

Glycopeptides bearing O-linkages were also synthesized in solution phase. In general the preparation of this
family, in particular glycopeptides with complex glycans, is faced with the selectivity issue of constructing the
a-isomer in the formation of the O-Ser/Thr mucin-type linkage. Solutions to this obstacle have been sought
wherein Winterfled and Schmidt reported that nitroglycals of mono- and disaccharide react to form the o-Ser/
Thr linkage in high selectivity, thus accessing Tn and Sialyl Tn antigens.”” A general approach referred to as
the cassette strategy has been developed to overcome the selectivity problem.’®” In this approach, the desired
a-Ser/Thr linkage is formed prior to the addition of branching residues onto the core GalNAc of an a-glycosyl
amino acid. Using the cassette strategy, several tumor-related antigens were prepared.”

For example, cassette coupling and protecting group manipulations provided trifluoromethansulfonyl (TF)
disaccharide 28, which was evolved in solution to the trimeric TF cluster 29 (Scheme 5). Here, epoxide 25
derived from glycal 25 proved to be a powerful donor in reaction with cassette 26 to afford the §-linked
disaccharide 27 (Scheme 5). Similarly, 2,6-STF and STn clusters and the clustered LewisY were also prepared,
conjugated to keyhole limpet hemocyanin (KLH) or bovine serum albumin (BSA), and their immunological
properties were evaluated as anticancer vaccine.”"%

6.03.2.2 Solid-Phase Synthesis

Solid-phase glycopeptide synthesis offers a rapid assembly, without the need of the cumbersome isolation of the
intermediates, of the peptide component and the potential access of large glycopeptide fragments in combina-
torial formats. However, it requires the synthesis of the preglycosylated amino acid and the use of a large access
of this precious building block to achieve a quantitative coupling. Various synthetic parameters in the SPPS
should be taken into consideration when targeting glycopeptide. For example, the linker that anchors the
glycopeptide with the solid support should be cleaved under mild conditions that will not harm the glycan
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structure. Thus, linkers that applied in zerr-butyloxycarbonyl (Boc)-SPPS should not be used while others such
as Rink and PAL, which are compatible with the fluoren-9-ylmethyloxycarbonyl (Fmoc)-strategy, are often
suitable for this task. As for the solid support, there are no particular requirements besides having a high
swelling capacity to allow for an efficient synthesis.

There are several examples in the literature on using SPPS to access a wide range of glycopeptides.””””" The
presented studies in this section and the examples that will be shown in the coming sections will testify to the
power of solid-phase synthesis in this field. Ogawa and coworkers reported one of the earliest synthetic works in
constructing a complex N-linked glycopeptide on solid support, the glycopeptide part 35 of the CD52 antigen
(Scheme 6)." The CD52 antigen is a glycoprotein that is expressed on virtually all human lymphocytes.
Monoclonal antibodies against this antigen are potent effectors of complement-mediated lysis and have been
widely used 77 vivo and iz vitro for the control of graft versus host disease and for the prevention of bone marrow
transplant rejection. Structurally, its peptide chain is extremely short and consists of only 12 amino acid
residues with only one N-glycosylation site and no O-glycosylation.

The solid-phase synthesis started on Fmoc-Ser(tBu)-O-HMP-resin 30 following Fmoc-SPPS strategy
(Scheme 6). The preglycosylated amino acid, Asn-linked core pentasaccharide with benzyl (Bn) protective groups
33, was synthesized according to a slightly modified version of a reported procedure and was coupled to the free
amine of the growing chain Asp*-Ser'*-resin 32 using N,N'-dicyclohexylcarbodiimide/1-hydroxy-1H-benzotriazole
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Scheme 6 Solid-phase synthesis of CD52 antigen.
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(DCC/HOBT) coupling conditions with 2.4 equivalent of 32. The use of the Bn group as a protecting group for
oligosaccharides is due to the highly reactivity of the benzylated sugars in glycosylation reactions and the stability of
Bn groups toward basic conditions. This would eliminate the possible side reactions during the elongation of the
peptide chain. After completing the solid-phase synthesis the glycopeptide was released from the resin with the
simultaneous removal of the amino acid side chain by treating the loaded resin with a 95% aqueous trifluoroacetic
acid (TFA) solution containing 2.5% 1,2-ethanedithiol. Final debenzylation by hydrogenolysis using 20% Pd(OH),
on charcoal in 50% aqueous ethanol and purification gave the desired product 35 in high yield and purity.

O-linked glycopeptides were also synthesized on solid support, wherein numerous examples can be found in
the literature.”””"” One such example is the synthesis of the epithelial mucin MUC4, which is the largest among
the mucins known so far containing a variable number of tandem repeats of 16 amino acids and comprising
23346334 amino acids.”® Because of the numerous O-glycans, in particular within the tandem repeat region, it
adopts a stretched structure reaching 1.1-2.1 mm beyond the cell membrane. MUC#4 is assumed to maintain
important functions in cell-cell communication. In tumor cells of different tissues, an abnormal expression of
MUCH4 was observed, and MUC4 is the only tumor-associated mucin found on pancreatic adenocarcinoma
cells.”” Thus, MUC4 constitutes an important target molecule for the induction of tumor-selective immune
responses.

Kunz and coworkers reported the solid-phase synthesis of glycopeptides derived from the tandem repeat
sequence of MUC4 with tumor-associated carbohydrate antigens.

The required glycosyl amino acid building blocks containing the tumour-associated saccharide antigens
36b, 38, 41, 42, and 43 were synthesized according to a straightforward biomimetic strategy through stepwise
extension of the saccharide side chain of Fmoc-protected galactosamine threonine rerr-butyl ester 36a
(Scheme 7). Sialyl-Tn antigen threonine building block 38 was synthesized through careful transesterification
of O-acetylated Ty threonine conjugate 36a with NaOMe/MeOH at pH < 8.5, followed by a reaction with
xanthate 37, acetylation, and acidolysis of zer-butyl ester. Building block 40 was synthesized in high yield by
introducing 4,6-benzylidene group to Ty threonine conjugate 36a, followed by galactosylation with 39.
Removal of the benzylidene and zerr-butyl protecting groups in 40 furnished the glycosylated amino acid 42.
The latter was transformed to (2, 6)-sialyl-T threonine building block 43 by regioselective sialylation, and
acidolysis of the rerr-butyl ester.

For preparation of compound 41, precursor 40 was subjected to transesterification with NaOMe/MeOH,
regioselective sialylation of the 3'-OH group with 37, followed by the removal of the 4,6-benzylidene and the
tert-butyl protecting groups. Over nine MUC4 glycopeptides, wherein one or two tumor-associated carbohy-
drate antigens, were assembled on solid support using the Fmoc-strategy (Table 1).*” This study emphasizes
the power of solid-phase synthesis over solution phase in constructing a library of glycopeptides for biological
studies.

6.03.2.3 Enzymatic Synthesis

At least 16 enzymes are known to be involved in glycoprotein formation in various intracellular sites, that is,
endoplasmic reticulum, golgi apparatus, cytosol, and nucleus.” Inspired by nature, chemists have used enzymes
as catalysts in the synthesis of glycopeptides and glycoproteins.”’ Enzymes have been proven to be very useful
in several aspects in glycopeptide synthesis including, for example, involvement in glycosidic linkage forma-
tion, glycan elaboration, and glycopeptide ligation. In this section, we are surveying the role of specific enzymes
such as glycosyltransferases and endoglycosidases in glycopeptide synthesis by illustrating a few examples with
emphasis on recent developments. In Section 6.03.4, a few other examples related to this topic will also be given.

The enzymatic transfer of individual monosaccharides to a preformed simple O-linked glycan is advanta-
geous over chemical glycosylation, which often requires protecting group manipulation and the formation of
the glycosidic bond with the correct stereoselectivity. As a result, the use of glycosyltransferases to perform this
task has gained considerable attention in the synthesis of O-linked glycopeptides containing an O-linked
sialyl-Lewis-X (SLe") tetrasaccharide, a glycopeptide fragment of P-selectin glycoprotein ligand-1 (PSGL-1),
and tumor-associated Tn (GalNAca-Thr/Ser) and T (Galal-3GalNAca-Thr/Ser) antigens and their
sialylated forms. In an effort to construct specific glycoforms of SLe” of interest to the study of cell—cell
adhesion, the O-linked glycopeptide containing (-linked GlcNAc 44 was elaborated sequentially with
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Table 1 Examples of synthetic MUC4 glucopeptides
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(-1,4-galactosyl-, @-2,3-sialyl-, and a-1,3-fucosyltransferases (FucTs) to yield an SLe" tetrasaccharide contain-
ing glycopeptide 45 (Scheme 8).”* Notably, the enzymatic glycosylation was carried out both in solution and on
solid support, highlighting the flexibility of glycosyltransferases in chemoenzymatic synthesis for glycopeptide.
Glycopeptides with a spacer between the SLe™ or SLe™ mimetic glycan and peptide have also been prepared
using a similar strategy.”"’

The chemoenzymatic synthesis of glycopeptide fragments of PSGL-1 applying glycosyltransferases was also
reported. PSGL-1 is a membrane-bound counter-receptor for P-selectin and involved in leukocyte initiation in
the inflammatory response. Cummings and colleagues reported the chemoenzymatic synthesis of several

PSGL-1 glycopeptide fragments by sequential enzymatic glycosylation.”** Wong and coworkers synthesized
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Scheme 8 Enzyme-assisted synthesis of the glycopeptide bearing the SLe* tetrasaccharide.

an associated fragment of PSGL-1, in which a synthetic glycopeptide containing a disaccharide was expanded
to a pentasaccharide by glycosyltransferases.””* In glycopeptides containing mucins, glycosyltransferases have
also found useful applications as, for example, with the chemoenzymatic syntheses of the a2-3sialylated
T-antigen, including the glycosyl amino acid Neu5Aca2-3Gal31-3GalNAca-threonine and a neoglycopep-
tide, using the sialyltransferase (SiaT) ST3Gal 1.

The use of glycosyltransferases in the chemoenzymatic synthesis of N-linked glycopeptides with complex
glycans has also been examined. For example, Unverzagt and coworkers reported the chemoenzymatic
synthesis of a diantennary complex-type N-linked glycosyl asparagines by means of sequential, one-pot glycan
elaboration with 31,4-galactosyl- and a.2,6-sialyltransferases.”"”* Another example can be found in the work of
Imperiali and coworkers where the oligosaccharyltransferase, which uses dolichol-linked tetradecasaccharide
donor to transfer the saccharide to an asparagine’s side chain of a protein, was used for the glycosylation of a
tetrapeptide.”

Another group of enzymes that is useful in glycopeptide and glycoprotein synthesis is the endoglycosidases,
which are known to cleave the glycosidic bond in an oligosaccharide or glycoconjugate. However, under kinetic
conditions, the transglycosylase activity of endoglycosidases is favored over cleavage.”* The endo-3-
N-acetylglucosaminidases (ENGase) (including Endo-A, Endo-CE, Endo-D, Endo-F, Endo-H, and Endo-M)
cleave the N,N-diacetylchitobiosyl 1,4-glycosidic linkage at the reducing terminus of the N-linked glycan,
leaving one N-acetylglucosamine unit on the peptide or protein. For transglycosylase activity, these endogly-
cosidases require an asparagine-linked glycan donor. In contrast to common glycosyltransferases and
exoglycosidases that transfer only monosaccharides, Endo-A and Endo-M can transfer a large intact oligosac-
charide to a GIcNAc-peptide acceptor in a single step to form a new glycopeptide. This allows for a highly
convergent glycopeptide synthesis without the need of protecting groups. Recently, Wang and coworkers used
oligosaccharide oxazolines as donors for constructing N-glycopeptide fragments of HIV-1 gp41 and gp120 with
Endo-A.” Di- and tetrasaccharide oxazolines, 46 and 47, were transferred efficiently (yields of 73-82%) to
GlcNAc-peptide acceptors with stereo- and regiospecificity to give glycopeptides 48 and 49, respectively
(Scheme 9). This method is based on the assumption that the ENGase-catalyzed reaction proceeds via a
mechanism involving an oxazolinium ion intermediate.”*"’

6.03.2.4 Chemical Ligation

In general, peptide and glycopeptide synthesis, whether carried out on solid support or in solution, is limited to
short peptide fragments. Despite being advantageous over solution phase in accessing longer peptides, SPPS is
still limited to peptide chains of ~40-50 amino acids. This corresponds to a small number of proteins and
glycoproteins. As a result, ligation methods have been sought to produce the desired sequence from smaller
peptide segments.”” The breakthrough in chemical ligation occurred in 1994 when Kent and coworkers
introduced the native chemical ligation (NCL) method.”” Since its development, NCL has been used to
construct over 300 biologically important proteins which include pharmaceutical proteins, proteins made
from D-amino acids, and proteins with posttranslational modification, for example, glycosylation and phos-
phorylation.”® The ingenuity of this approach is the lack of an external scaffold to promote amide bond
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Scheme 9 Enzymatic transfer of di- and tetrasaccharide oxazolines to GIcNAc-peptide acceptors.

formation at the ligation site. The method relies on the thiol side chain of a cysteine residue to bring the
N-terminal amine of the first peptide to close proximity of the thioester C-terminal peptide. Once the
intermediate is formed, it spontaneously rearranges through a five-membered ring intermediate to form the
native amide bond (Scheme 10).'"

The impressive successes that many laboratories have had with the use of NCL to construct the protein of
interest have inspired several researchers to apply this technology to the synthesis of glycopeptides and
glycoproteins. In this section and in the following one, we are focusing on applying chemical ligation, in
reticular NCL, in glycopeptides and glycoproteins, presenting the successes and the challenges in the field.
The challenges of applying NCL in the glycopeptide synthesis reside in two main issues: first the synthesis of
the thioester peptides bearing glycan on one of the amino side chains and second the extension of NCL beyond
the cysteine residue.

Efficient synthesis of peptide thioester requires the protocol of Boc-SPPS involving acidic procedures such
as the repeated exposure of the resin-peptide to TFA and final cleavage/deprotection with hydrofluoric acid
(HF)."”" These conditions could severely damage the integrity of the glycan structure and therefore exclude
the application of Boc-chemistry to glycopeptide synthesis. As a result, glycopeptides are synthesized primarily
using Fmoc-based chemistry which requires only a single cleavage/deprotection step with TFA.
Unfortunately, the recurring exposure of the resin-bound peptide to base during Fmoc deprotection at each
step of the synthesis results in the cleavage of the thioester. With this in mind, Bertozzi and coworkers
developed a new method, which relies on using the alkanesulfonamide ‘safety-catch’ 50 to prepare a thioester
peptide 52 via Fmoc-SPPS protocol (Scheme 11(a)).'”* Following this development, various methods have
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been introduced to construct thioester peptides.'”” For example, Barany er a/. developed the backbone amide
linker (BAL) strategy and orthogonal allyl protection of the C-terminal carboxylic group to generate thioester
after chain assembly.'” Hilvert and coworkers prepared peptide thioesters using Lewis acid
(Me2AICI)-catalyzed thiolysis of ester resins.'”” Wong and coworkers have recently expanded the scope of
the side-chain anchoring strategy to the synthesis of glycopeptide thioester.'” The method relies on the
side-chain immobilization of a variety of Fmoc-amino acids, protected at their C-termini, on solid supports.'”’
Once the C-terminal amino acid is anchored to give 54, the peptide 55 is constructed using SPPS according to
the Fmoc protocol. After unmasking the C-terminal carboxylate, either thiols or amino acid thioesters were
coupled to afford, after cleavage, glycopeptide thioester 52 in high yield (Scheme 11(b)).

The second challenge that chemists face when using NCL is the limitation of the ligation junction to the
cysteine residue. Although a number of proteins contain native cysteine residues in synthetically useful
positions (ideally at every 30—40 amino acids of the protein sequence), the majority of proteins do not have
the cysteine residue. Moreover, in many cases the cysteine location within the peptide sequence is not
beneficial for the synthesis. To overcome this obstacle several strategies were developed.'”™''* One such
approach is the use of removable auxiliaries to mimic the cysteine function at the ligation site."' "> Peptides
with N-linked auxiliaries such as 1-phenyl-ethanethiol, 2-mercaptoethyl, and 2-mercapobenzyl have been
investigated and successfully applied to the synthesis of complex glycopeptides.''® The Danishefsky group has
extensively used the 2-mercaptobenzyle auxiliary to synthesize glycopeptide segments toward the total
synthesis of the EPO glycoprotein.''”""* Scheme 12 summarizes part of this work where both cysteine ligation
and free cysteine ligation, that is, use of an auxiliary, were applied to prepare the desired glycopeptides. The
two segments 56 and 57 were conjugated by first applying auxiliary-mediated ligation step at Gln—Gly junction
to give 58 which was ligated with 59, after removing the protecting group on the cysteine residue to allow for
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an NCL, to form the glycosylated peptide 60. The auxiliary can be removed at this stage using methyl
p-nitrobenzene sulfonate to methylate the free thiol followed by exposure of the peptide-auxiliary to 9% TFA
(Scheme 12).

In the above-described auxiliaries, the attachment of the auxiliary to the N-terminus peptide generates a
secondary amine. Due to the increased steric hindrance on the amine that is involved in the acyl transfer, only
ligation at Gly—Gly or Gly—AA (AA represents mainly unhindered amino acids) junction delivered the desired
products, limiting their scope in various systems."'® In an effort to overcome the above limitation we have recently
developed a new ligation approach named sugar-assisted ligation (SAL) for the synthesis of O- and N-linked
glycopeptides (Scheme 13(a))."""™'** Our strategy uses a similar principle of NCL and an auxiliary-assisted
ligation in terms of the entropic activation/proximity effect. However, SAL uses a thiol auxiliary placed on sugar
rather than on the side chain of the amino acid, for example, cysteine. In SAL, instead of anchoring an auxiliary to
the N-terminus of the peptide, we take advantage of the already existing sugar by slightly modifying its acetamido
group on the C2 position to facilitate the ligation (Scheme 13(a)). Molecular dynamic studies revealed that the
sugar moiety imposes its restricted conformation on the reacting groups of the thioester intermediate, thus acting
as a rigid scaffold to facilitate the S—N rearrangement via 14-(O-linked glycopeptide) or 15-membered ring
intermediate (N-linked glycopeptide).'*’ Notably, the ring size of the intermediate in SAL is similar to the one in
the dibenzofuran template reported by Kemp and coworkers.'** Despite being much larger than the size of the
intermediate produced by the 1-phenyl-2-mercaptoethyl, 2-mercapobenzyl, and ethanethiol auxiliaries
(six-membered ring),"' """ the efficiency of SAL in terms of rate and the sequence tolerance at the ligation
junction is superior. In the previous auxiliaries, the N-terminal nucleophile is secondary; however, in our strategy
the nucleophile is a primary amine. This leads to a less hindered transition state, which may explain the tolerance
of the ligation junction to a variety of amino acids. Another important observation in SAL is the effect of the
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basicity of some of the side chain amino acids on the ligation rate. For example, the side chain of asparagine is as
hindered as the aspartic acid; however, the rate of the ligation is three times slower. This can be explained by the
ability of the carboxylate side chain, which serves as a general base in the reaction pathway.
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Upon completion of the ligation reaction, the thiol handle can be removed by desulfurization to regenerate the
unmodified sugar. Alternatively, the modified sugar can be further elaborated with glycosyltransferases to extend its
glycan structure, or alkylate it by labeling reagents such as fluorescent dyes. Interestingly, in the three most prevalent
occurring glycopeptides, N-linked, 3-O-linked, and a-O-linked, the sugar that is directly attached to the peptide is
equipped with the N-acetyl moiety at the C2 position. This would allow introducing the thiol handle, regardless of
the glycoform type, to assist the ligation. Alternatively, the thiol handle can be attached to the sugar oxygen groups,
allowing for the ligation of glycopeptides containing sugars without a nitrogen group and the basic removal of the
auxiliary rather than the use of desulfurization.'” More recently, inspired by the role of sugar in SAL, our group
used a removable sugar mimic, which can be attached via ester bond to serine, threonine, aspartic acid, and glutamic
acid to facilitate ligation followed by a saponification step for auxiliary removal (Scheme 13(b)).'*

In an effort to extend NCL beyond the cysteine residue, the traceless Staudinger ligation was devel-
oped."””"* In this strategy, an azide at the N-terminus of peptide I reacts with a phosphinothioester located
at the C-terminal of peptide II to form an iminophosphorane, which then undergoes an intramolecular S-N acyl
transfer to form an amido phosphonium salt intermediate. Hydrolysis of the amidophosphonium salt produces
an amide without any residual atoms from the phosphine prosthetic group. Recently, Wong and coworkers
extended this method to the synthesis of short glycopeptides by using subtilisin to catalyze selective
N-azidonation of an unprotected polypeptide.'*” In principle, this strategy could be used to functionalize
large expressed peptides with the azide function so it can be engaged in the traceless Staudinger ligation.

6.03.3 Synthesis of Neoglycopeptide

Driven by their ease of preparation and higher stability in comparison to glycopeptides, neoglycopeptides have
been a synthetic target for many research groups.’ Various glycosidic bond surrogates that have already been
developed were recently extended to the synthesis of neoglycoproteins. This would include, for example, C-
and S-glycosides as well as oxime and triazole bonds (Figure 3). In this section we will be reviewing the
synthesis of such glycopeptide mimetics and the extension of these methods to access homogenous glycopro-
teins with comparable biological activities to their natural counterparts.

6.03.3.1 C-Linked Glycopeptides

Carbohydrate derivatives wherein the glycosidic oxygen is substituted with a carbon atom called C-glycosides. The
chemistry of C-glycoside synthesis is well established and was covered by several reviews."*' A variety of C-glycosyl
amino acids have been described; yet, the incorporation of such building blocks in the context of glycopeptides and
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Figure 3 High-mannose C- and N-linked glycopeptides.
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glycoproteins is still in early stages of development.'**™"*” Lee and coworkers applied a chemical and enzymatic
approach to synthesize high-mannose C- and N-linked glycopeptides (61, 62, Figure 3)."** The synthesis included
the chemical synthesis of GIcNAc containing peptides followed by an enzymatic transfer of the ManyGlcNAc onto
the core GlcNAc. Notably, compound 61 was found to resist enzymatic cleavage at the aspargine residue due to the
insertion of the methylene group and inhibited various glycoamidases of plants, bacteria, and animals. The synthesis
of a different class of C-linked glycopeptide containing C-glycosyl tyrosines was also reported.'*”

Another example related to the synthesis of the C-linked glycopeptide can be found in the recent studies on
antifreeze glycoproteins (AFGPs) done by Ben and coworkers. AFGPs, a subclass of biological antifreezes, are
inhibiting the growth of ice and protecting living organisms in subzero environments (Scheme 14).'*" As a
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result, these compounds have many potential uses in medical and industrial applications. Yet, the development
of such a system, which takes advantage of the AFGPs properties, is hampered by their limited bioavailability
and the inherent instability of the C—O glycosidic bond. Hence, the substitution of the C—O by the more stable
C—C bond holds great potential in stabilizing these glycopeptides. In this regard, cross metathesis was used to
prepare C-linked building blocks starting from C-allylated galactose 63—65 to give C-linked amino acids
69-71. SPPS based on Fmoc strategy was then used to incorporate these amino acids to generate C-linked
AFGP analogues 72-74. Neoglycopeptide 72 was found to be the most potent recrystallization inhibitor
resembling the native AFGP. Recent studies by the same group have shown that the configuration of the
carbohydrate moiety in C-linked AFGP analogues is extremely important and modulates recrystallization
inhibition activity.'*!

6.03.3.2 Oxime-Linked Glycopeptides

While C—C bond construction is considered to be a challenge, particularly in systems like glycopeptides, the
oxime bond formation falls into the category of chemoselective ligation reaction, where no protecting groups
are needed. The method originated from peptide ligation wherein various ligation chemistries were developed,
one of which is the oxime ligation.”® Here, the aminooxy group reacts in high selectivity with aldehyde and
ketones in an aqueous environment, ideally at pH 4.5. Recently, Dawson and coworkers reported that aniline is
capable of catalyzing this reaction at physiological conditions.'** In neoglycopeptide synthesis, a peptide
bearing ketone or aldehyde on one of the amino acid side chains reacts, under aqueous conditions, with
carbohydrate functionalized with aminooxy group to form an oxime-linked glycopeptide. For example, by
applying chemical and established enzymatic methods the Bertozzi group prepared very complex oligosac-
charides starting with simple aminooxy sugars. The group then constructed neoglycopeptides containing motifs
found in naturally occurring N- and O-linked glycopeptides by coupling the nucleophilic sugars 75 to a
synthetic peptide fashioned with a ketone group (Scheme 15).'*

Elaboration of the glycan-peptide to create a more complex glycopeptide using oxime chemistry was also
reported.'** This method is an alternative to replacing the glycosidic bond where in some cases the saccharide
that is most proximal to the peptide backbone can profoundly alter the local peptide structure."*'* Thus,
creating unnatural linkage at this position may dramatically influence the glycopeptide structure. On the other
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Scheme 15 Oxime ligation for the synthesis of complex neoglycopeptlde.
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hand, previous studies have shown that the replacement of the glycosidic bond with an oxime linkage has no
detrimental effect on function, even in a molecule whose activity is normally dependent on glycosylation. For
example, the oxime-linked analogue of drosocin was found to be comparable to the native molecule in
bacteriostatic activity."*” It must be noted that the oxime-based chemoselective ligation strategy has an
advantage over several other traditional methods for neoglycoprotein synthesis in that they are site-selective.
Moreover, these ligation reactions are orthogonal to thiol alkylations, allowing the conjugation of two different
oligosaccharides to ketone and thiol groups found within the same peptide sequence.'*®

6.03.3.3 S-Linked Glycopeptides

Replacement of the glycosidic bond with sulfur results in the corresponding S-linked glycopeptide. This family
is known to have better chemical stability and to be more resistant to glycosidases.'* Moreover, members of the
closely related S-linked oligosaccharides, which were used as enzyme inhibitors,"”” are suggested to be better
immunogens than their native counterparts. As with the C-linked glycopeptides, C—S bond shows solution
conformations and biological activities similar to the native structure."”’

The synthesis of S-linked glycopeptides can be achieved mainly via two general approaches. First, by using
anomeric thiolate nucleophile in reaction with an amino acid side chain decorated with a leaving group to
synthesize the S-linked glycosyl amino acids which can be incorporated in SPPS. Second, by using glycosyl
1odoacetamide to react with the cysteine side chain, thus generating N-linked glycopeptide mimics. In the first
approach, the major side reaction is -elimination to generate the dihydroalanine followed by Michael addition
resulting in a diastereomeric mixture at the a-carbon. To overcome this issue, various procedures have
emerged such as the use of the two-phase system for the alkylation reaction containing phase transfer catalyst
or the use of one-pot reaction to generate the thiolate anion with NaOH in anhydrous methanol
(Scheme 16)."°"*? Using the latter approach several S-linked glycosyl amino acids were prepared in high
yields, which were included in the SPPS scheme to generate the tyrocidine analogue."”* Recently, Davis and
coworkers reported a new method for the synthesis of S-linked glycosyl amino acid, starting from
disulfide-linked glycosyl amino acids, by a desulfurization reaction using P(NMe),."”” This enables the
conversion of readily synthesized disulfide-linked glycosyl amino acids, glycopeptides, and glycoproteins
into the corresponding thioether-linked glycoconjugates. Crich and coworkers utilized the allylic selenosulfide
rearrangement, as a method for chemical ligation to thiols, for the synthesis of S-linked glycopeptides.'*®

Glycosyl iodoacetamide found useful applications in the synthesis of N-linked glycoprotein mimics wherein
the cysteine residue in peptide reacts selectivity in solution with the modified glycan."”” Despite its use in the
synthesis of the glycosylated proteins,'*® this method is limited when more than one cysteine residue exists in
the protein target."”” However, through the use of chemical synthesis one may differentiate between two or
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Scheme 16 Reported methods for two-step synthesis of S-linked and one-pot approach.
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more cysteine residues. Working toward this goal, Flitsch and coworkers reported solid-phase synthesis of

thioether-linked glycopeptide mimics for an application to glycoprotein semisynthesis.'*

6.03.3.4 Triazole-Linked Glycopeptides

Triazole-linked glycopeptides are relatively a new class of neoglycopeptides that incorporate the triazole unit
via click chemistry by applying the copper (I)-catalyzed 1,2,3-triazole. Click chemistry has emerged as a new
strategy for the rapid and efficient assembly of molecules with diverse functionalities.'®’ Among these reactions
is the copper (I)-catalyzed 1,2,3-triazole synthesis.'®>'®’ Tt guarantees a reliable synthesis of 1,4-disubstituted
1,2,3-triazole compounds in high yield, regioselectivity, and purity. Moreover, the reaction works in aqueous
media and tolerates virtually all functional groups without protection. The Cu(l))-catalyzed 1,3-dipolar
cycloaddition of azides and alkynes have found many applications in carbohydrate chemistry, including the
preparation of simple glycoside and oligosaccharide mimetics, glycomacrocycles, glycopeptides, glycoclusters,
and carbohydrate arrays.'®*

In the neoglycopeptide field, the application of 1,2,3-triazole formation reaction to connect the glycan to the
peptidic component is witnessing an increased interest. For example, the Danishefsky group prepared potential
carbohydrate-based anticancer vaccines by using cycloaddition chemistry.'” The key strategy involves
decorating the oligosaccharide with an azide and the polypeptide with pendant alkynyl functionality. The
two components were then joined through 1,3-dipolar cycloaddition. The method included oligosaccharide
constructs with several azide linkages, which led to simultaneous cycloaddition to peptide-based acetylenes
(Figure 4).'” Macmillan and coworkers prepared a triazole-linked glycopeptide, using the 1,3-dipolar
cycloaddition, which was extended via NCL with the glycopeptide thioester derived form EPO.'%

Recently, Davis and workers published one of the most impressive studies on neoglycopeptides/neoglyco-
proteins synthesis by applying click chemistry.'®” In an effort to expand the diversity of chemical protein
modification and to allow posttranslational mimicry, the group took on the challenge of the attachment of
multiple modifications to bacterially expressed protein scaffolds. Toward this goal, a strategy of a dual
combination of selective synthetic methodology and site-directed mutagenesis was adopted to allow for
modification at multiple, predetermined sites in peptide sequences. Thus, the triplet codons for cysteine and
methionine were chosen to code for the different chemical tags. The methionine was replaced by azidoho-
moalanine as to permit Huisgen cycloaddition, while the cysteine residue was used to conjugate the
glycomethanethiosulphonates for the second modification (Scheme 17). This approach was used to perform
differential chemical posttranslational modifications to reconstitute function in a mimic of human protein

known to possess differential posttranslational modifications important to its function, PSGL-1.""’

6.03.4 Glycoprotein Synthesis

Unlike protein synthesis, which is carried out through recombinant DNA-based expression to produce a
homogenous product, glycoprotein biosynthesis is not under complete genetic control. Instead, glycoprotein
is the product of a secondary metabolism leading to a large heterogeneousity of glycoforms. As a result,
chemical approaches have been sought to overcome these limitations. Glycoprotein synthesis stands as one of
the most challenging targets which organic chemists could encounter. The difficulties could arise not only
because of their large size (a typical protein molecule is ~30 kDa in size and consists of two ~15 kda domains),
but also because of the complexity of oligosaccharide chemistry, which often requires extensive protecting
group manipulations and difficult glycosyl coupling conditions to generate the correct regio- and stereochem-
istry of the glycosidic bond. Moreover, the convergent approach that is usually adopted to assemble the entire
fragments toward the final product is challenging and is often faced with several obstacles. In previous sections,
we surveyed the chemical and enzymatic methods for glycopeptide synthesis; in the following section we are
presenting the various studies that have adopted these technologies to assemble the large glycopeptides
corresponding to folded glycoproteins.
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Figure 4 Synthesis of neoglycopeptides via click chemistry.

6.03.4.1 Chemical Approaches

In the field of chemical synthesis of glycoproteins, ligation methods, particularly NCL, stand as the preferred strategy
to construct the peptidic part fashioned with the glycan structure. For example, Bertozzi and coworkers used NCL
for the synthesis of diptericin, an 82-residue antibacterial glycoprotein, from two glycopeptide segments.'’” Here, the
24-residue glycopeptide thioester was assembled using the alkanesulfonamide ‘safety-catch’ linker by the
Fmoc-SPPS protocol. This segment was ligated with the cysteine bearing peptide to assemble the full-length
diptericin. It must be noted that the native diptericin is devoid of cysteine residues, which are obligatory for NCL.
Thus, Gly25 within the putative interdomain linker was replaced with Cys to afford a ligation site. Nevertheless, the
glycoprotein was able to block bacterial growth with ICs, similar to the native version of diptericin.

Our group took on the challenge of synthesizing the above-described glycoprotein, yet without the use of
cysteine residue for NCL.'®® In this study, we took advantage of SAL to promote ligation at noncysteinyl
residue. In our synthetic design, we dissected the protein sequence into three segments, which was assembled
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Scheme 17 Differential multisite chemical protein modification.

sequentially by SAL and NCL (Scheme 18). The residues Gly >-Val’’, which are next to glycosylation site
Thr'*, represented an ideal ligation site for SAL as this junction is located near the middle of the sequence.
Performing SAL generated glycopeptide Cys’’-Phe®, which was subjected to NCL to give the full-sized
diptericin. By including NCL to our synthetic scheme, the potential difficulty related to the synthesis of
52-residue glycopeptide thioester was avoided only if SAL was used. To take advantage of NCL, Ala®” was
temporarily mutated to cysteine. Finally a desulfurization step was performed to reduce both the cysteine and
the thiol handle furnishing the full-sized diptericin.

Recently, in a joint effort, Kajihara and Dawson reported the synthesis of a single glycoform of monocyte
chemotactic protein-3 (MCP-3), a CC chemokine that consists of 76 amino acids and one N-glycosylation site,
sialyloligosaccharide.'® In their study, the team utilized a three-segment NCL approach, where Fmoc- and
Boc-SPPS protocols were used to assemble the sialylglycopeptide-thioester segment. The synthesis of the glyco-
peptide bearing the thioester moiety at the C-terminal was carried out using the Boc-SPPS protocol; however, the
use of HF was avoided by using minimal side-chain protection and direct thiolysis of the resin-bound peptide.

Using chemical synthesis, yet without relying on NCL, the Nakahara group has adopted a highly convergent
strategy for the synthesis of MUC2 tandem repeat model composed of 141 amino acids with 42 GalNAc
moieties. "’ In this approach, peptide thioester corresponding to a MUC2 tandem unit was prepared and
consecutively joined by the activation of a thioester group using silver ions. This impressive work represents
one of the largest glycoproteins made so far using chemical synthesis. However, in most cases this method would
require protected peptides in organic solvents to achieve the desired chemoselectivity, which could limit the
general utility of this strategy.
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6.03.4.2 Biochemical Approaches

The high chemoselectivity and efficiency of the NCL to construct large peptides and glycopeptides inspired
the development of a biochemical method named ‘Expressed Protein Ligation’ (EPL).'”" In this approach, the
C-terminal thioester segment can be obtained by thiolysis of a corresponding protein—intein fusion or poly-
peptide fragment containing N-terminal cysteine-expressed protein. For example, the Wong lab has used
Tobacco Etch Virus (TEV) protease-cleavable fusion proteins to release cysteine proteins from suitable
precursors.'”* Notably, EPL technology allows access to large proteins with posttranslational modifications,
for example, glycoproteins. One of the limitations of using the EPL approaches is that the sugar part should be
located toward the C-terminus if the peptide thioester is expressed or toward the N-terminus if the cysteine
fragment 1s expressed. In the latter approach, an additional limitation could arise due to the requirement of
cysteine residue at the ligation junction where the use of auxiliaries to assist the ligation cannot be utilized.
Several studies have already shown the utility of EPL in manipulating proteins for biochemical and biophysical
studies, but so far only a few examples have been reported for glycoprotein synthesis. Recently, the Imperiali
group prepared glycosylated Im7 analogue for protein folding studies using semisynthesis wherein the
N-glycosylated thioester peptide (28 residues) was prepared by Fmoc-SPPS, while the larger fragment
(59 residues) with N-terminal cysteine was expressed (Scheme 19)."” Similarly, Macmillan and Bertozzi
used EPL to access the unglycosylated fragment of GlyCAM-1 bearing the cysteine residue at the N-terminus
for the synthesis of GlyCAM-1 glycoforms with as many as 13 N-acetylgalactosamine residues at predeter-
mined positions.'”*

The use of enzymatic approaches in glycoprotein synthesis is not limited to facilitate peptide ligation, but
can also be used to remodel the carbohydrate moiety of a glycoprotein. As described in previous sections,
various enzymes are known to catalyze the glycosidic linkage formation to generate more complex glycan
structures. For example, the oligosaccharides of RNase B, occurring in different glycoforms, were removed
leaving only GlcNAc as an acceptor for further glycosylation. Following this step, 8-1,4-galactosyltransferase
and «-2,3-sialyltransferase were used to introduce sLe” eptitope or the Hg-derivative for crystallographic
studies.'”” Using a different set of enzymes (Endo-A, Endo-M) Takegawa and coworkers reported the efficient
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Scheme 19 Semisynthetic strategy for glycosylated Im7 analogue.
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transfer of (Man)sGlcNAc to a partially deglycosylated RNase B.'”® More recently, the Wang group used
RNase B as a model system to validate the usefulness of employing oligosaccharide oxazolines as donor
substrates.'”” Thus, the oligosaccharides of natural RNase B were trimmed enzymatically leaving only the
innermost GlcNAc followed by transferring tetrasaccharide or hexasaccharide oxazolines to furnish the
(Man3;GleNAc,)-RNase B and the (Gal,Man;GlecNAc,)-RNase B as a homogenous product in high yield.

Recombinant DNA-based expression allows protein substitutions to be limited among the common 20
amino acids. Consequently, considerable efforts have focused on methods to generate homogeneous glycopro-
teins using iz virro translation'”® and pathway engineering.'”” The pathway engineering method in yeast will be
useful for making N-linked glycoproteins, and if combined with enzymatic glycosyltransfer reactions i vitro,
complex human glycoproteins may be prepared. The sites of glycosylation in a human glycoprotein, especially
the O-glycosylation site, however, may be different from that in yeast.

A promising new strategy for controlled iz vivo synthesis of proteins with unnatural amino acids was
established using suppressor tRNA technology to add new building blocks to the genetic code."®” This
newly developed technology has been used by our laboratory to express myoglobin containing GlcNAc serine
at a defined position in good yield and high fidelity by evolving an orthogonal Methanococcus jannaschii
Tyr-tRNA synthetase (MjTyrRS) and Tyr-tRNA pair that does not cross-react with endogenous E. coli
tRNA and aminoacyl-tRNA synthetases.'®' Similarly, the Wong group used this approach to incorporate
mucin-type GalNAc-a-Thr into myoglobin in £. coli by evolving a specific MjTyrRS pair.'® The presented
approach, if proven to be scalable, holds great potential for the synthesis of homogeneous glycoproteins for
structure—function relationship studies as well as for the production of therapeutic glycoproteins.

6.03.5 Conclusions

The field of glycopeptide and homogenous glycoprotein synthesis is of current interest to many laboratories
worldwide. With over 50% of human proteins being glycosylated there is increasing evidence that glycopro-
teins are playing a central role in many important biological processes and disease developments. The recent
discovery that HIV-neutralizing antibodies (Abs), 2G12, recognize a conserved and unusually dense cluster of
oligomannose residues on the gp120 of HIV-1 highlights the importance of glycoproteins in biological
processes' ™ and in the design of novel immunogens.'®* In addition, glycoproteins hold great interest in drug
discovery as presented by over 60 recombinant glycoproteins that are in development stages. Yet, there are
remaining challenges to overcome in several aspects of glycan, glycopeptide, and glycoprotein synthesis to
obtain homogenous products in a more effective manner. Nevertheless, we have witnessed over the past decade
the development of several promising methods based on chemical and biological approaches, thus allowing the
preparation of neoglycopeptides, glycopeptides, and glycoproteins for biological studies. These newly devel-
oped tools have laid the ground for further development of more general and efficient technologies for the
synthesis of homogenous glycoproteins and their mimetics.

Abbreviations

AA amino acid

Ac acetyl

Acm acetamidomethyl

AFGP antifreeze glycoprotein
BAL backbone amide linker
Bn benzyl

Bz benzoyl

Boc tert-butyloxycarbonyl
BSA bovine serum albumin
CMP cytidine monophosphate
DCC N,N’-dicyclohexylcarbodiimide

DMF N,N-dimethylformamide
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DNP dintrophenyl

DMSO dimethyl sulfoxide

DIEA N-ethyl-N,N-diisopropylamine
ENGase endo-3-N-acetylglucosaminidase
EPO erythropoietin

EtOAc Ethyl acetate

Fuc fucose

FucT «a-1,3-fucosyltransferase

GDP guanosine 5'-diphosphate

GicNAc 2-acetamido-2-deoxyglucose
GalNAc 2-acetamido-2-deoxy-p-galactose

Gal galactose

GalT (-1-4-galactosyltransferase

ap glycoprotein

EPL expressed protein ligation

Fmoc fluoren-9-ylmethyloxycarbonyl

HBTU o-(benzotrizole-1-yl-)-N,N,N,N’-tetramethyluronium hexafluorophosphate

HOBT 1-hydroxy-1H-benzotriazole

HIV human immunodeficiency virus

HF hydrofluoric acid

NMR nuclear magnetic resonance

KLH keyhole limpet hemocyanin

Man mannose

MCP-3 monocyte chemotactic protein-3

MjTyrRS  Methanococcus jannaschii Tyr-tRNA synthetase

NCL native chemical ligation

NeuAc N-acetylneuraminic acid

Ph phenyl

Phth phathaoyl

PSGL-1 P-selectin glycoprotein ligand-1

RNA ribonucleic acid

SAL sugar-assisted ligation

SiaT sialyltransferase

SLe* sialyl-Lewis-X

SPPS solid-phase peptide synthesis

TBAHS tetra-n-butylammonium hydrogen sulfate

TBS tributyl silyl

TEV tobacco etch virus

Tf trifluoromethansulfonyl

TFA trifluoroacetic acid

TLC thin layer chromatography

TMSN; trimethylsilyl azide

UDP uridine diphosphate
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6.04.1 Introduction

Cancer 1s one of the most notorious health problems worldwide. Despite great progress in its diagnosis and
treatment by traditional methods, such as chemotherapy, radiotherapy, and surgery, it is still regarded as an
essentially incurable disease. With the aim of discovering more effective and safer treatments for cancer, many
new therapeutic strategies and techniques have been investigated, among which cancer immunotherapy has
attracted significant attention in the past few decades. The ultimate objective of cancer immunotherapy is to
educate the patient’s immune system to recognize and target the antigens uniquely expressed or significantly
overexpressed on cancer cells, which are known as tumor-associated antigens (T'AAs), for cancer cell elimina-
tion, while leaving normal cells unaffected. This goal can be achieved either by using an antibody specific for a
TAA or by provoking the patient’s immune system with a cancer vaccine.

TAAs, which are usually peptides/proteins and carbohydrates, including glycopeptides, glycoproteins, and
glycolipids, are important markers on the tumor cell surface that have been widely used for cancer diagnosis.'
TAAs are also important molecular targets and templates for the design and development of cancer immu-
notherapy. Among various TAAs identified so far, tumor-associated carbohydrate antigens (TACAs) have
attracted much attention because they are usually richly expressed by tumors and they are also often the most
exposed TAAs on the cancer cell surface.*’ Moreover, it has been well recognized that TACAs present on the
cancer cell surface are closely correlated to tumor progression and tumor metastasis.”® However, a major
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problem associated with TACAs is that carbohydrates are usually poorly immunogenic and induce T cell-
independent immune response,” while T cell-mediated immunity is crucial for antitumor activity.'"” To
develop functional cancer vaccines based on TACAs, it is necessary to establish effective strategies to overcome
this and other related issues.

This chapter will summarize the recent progress in the development of cancer vaccines or cancer immu-
notherapies based on TACAs. However, due to the large body of literature reported in this area, it is impossible
to cover every aspect in great detail here. Moreover, there have been many reviews dealing with the topic from
various angles.'”** In particular, much of the earlier work has been covered thoroughly by several recent
reviews.''”'* Therefore, while citing these reviews frequently, this chapter will only briefly introduce the
TACAs commonly employed for cancer vaccine exploration and will mainly focus on the current strategies
utilized to improve the immunogenicity of TACAs in the effort to develop effective cancer vaccines.

6.04.2 Tumor-Associated Carbohydrate Antigens
6.04.2.1 TACA Expression

All cells are covered by a thick layer of carbohydrates, known as the glycocalyx, which consists of many
different carbohydrate epitopes. The unique or overexpressed carbohydrate structures on cancer cells are
termed TACAs. The Thomsen—Friedenreich (TF) antigen was the first TACA identified with the help of a
specific monoclonal antibody (mAb) and mass spectrometry. Since then, a number of TACAs have been
characterized.”” " Figure 1 shows some of the representative TACAs.
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Figure 1 The structures of some representative TACAs.
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Table 1 Common expression patterns of TACAs on malignant tissues

Tumors Antigens

B cell ymphoma GM2, GD2

Breast GM2, globo H, TF(c), Le”

Colon GM2, TF(c), LeY, Tn, sTn(c), sLe?, blood group ABH
Lung GM2, globo H, LeY, blood group ABH
Melanoma GM2, GD2, GD3, GD3L
Neuroblastoma GM2, GD2, GD3L, PSialA

Ovary GM2, globo H, TF(c), LeY, sTn(c)
Prostate GM2, globo H, TF(c), LeY, sTn(c), Tn(c)
Sarcoma GM2, GD2, GD3, GD3L

Small cell lung cancer GM2, globo H, sLe?, Fuc-GM1, PSialA
Stomach GM2, sLe? Le?, Le¥

PSialA, a(2,8)polysialic acid.
Reproduced from Table 1in S. F. Slovin; S. J. Keding; G. Ragupathi, Immunol. Cell Biol. 2005, 83, 418-428.

TACASs are usually displayed as constituents of either glycolipids or glycoproteins. In the case of glycolipids,
TACAs, such as GM2, GM3, GD2, GD3, fucosyl GM1, sLe”, sLe™, Le", and globo H, are attached to the lipid
bilayer of the cell membrane by hydrophobic forces through a ceramide moiety. In glycoproteins, TACAs, such
as TF, Tn, sTn, Le”, and globo H, are generally attached to the hydroxyl group of serine and threonine residues
through an O-linkage in mucins or to the asparagine residue through an N-linkage in other glycoproteins.

TACAs are widely detected in malignant tissues throughout the body including lung, breast, colorectal,
ovarian, prostate, and pancreas. Each type of malignant tissue 1s characterized by a distinct set of changes in
glycan expression (Table 1). For example, Zhang er al”>*’ screened a variety of malignant and normal tissues
by immunochemistry using a panel of mAbs against carbohydrate antigens. They found that melanoma,
sarcoma, and neuroblastoma expressed a broad range of carbohydrate antigens, such as GD2 and GD3. In
the brain, GM2, GD2, and GD3 are abundantly expressed, while GD2 is also expressed on some peripheral
nerves and in the spleen and lymph nodes. Globo H, Le”, TF, Tn, and sTn are expressed at the secretory
borders of a variety of epithelial tissues. Le* and sLe™ are not only expressed at the secretory borders of many
epithelial tissues but also on polymorphonuclear leukocytes. Aberrant expression of blood group antigens
(ABH) has been observed in gastrointestinal, lung, cervical, oral epithelial, urothelial, and colon cancer.®?%3!

6.04.2.2 Mechanism of TACA Expression

TACA expression on cancer cells is a complex event, and its mechanisms are still poorly understood. It is likely
that TACAs are the result of deregulated changes of glycosyltransferases in the Golgi compartments of
cancerous cells. For example, it has been observed that changes in glycosyltransferase levels can lead to
modifications in the core structures of N-linked and O-linked glycans, as evidenced by the elevated expression
of B1,6-linked branching of complex oligosaccharides in the cell surface glycoprotein gp130 caused by the
increased activity of N-acetylglucosaminyltransferase V (GIcNAc-T'V, also known as MGA'T'S, the enzyme for
B1,6GlcNAc branching).’ Similarly, in lung cancer cells, a high expression of GD2 has been associated with an
upregulation of the GD2 synthase gene (B4GalNAc-T).*’ On the other hand, a reduced activity of A transferase
(23GalNAc-T, processing the blood group antigens H (O) to A), results in a decreased expression of the A
antigen, and consequently an increased expression of the H antigen.’

In addition to changes in the core structure of glycans, increased branching creates additional sites for the
attachment of terminal N-acetylneuramic acid (NeuNAc, more commonly known as sialic acid), which,
together with the overexpression of sialyltransferases in tumor tissues, ultimately results in the global increase
in the expression levels of NeuNAc on cancer cell surfaces” * and the observation that many TACAs are
sialylated oligosaccharides, as shown in Figure 1. Similarly, the overexpression of fucosyltransferases in tumor
tissues leads to an increase in the expression of fucosylated glycans on the cancer cell surface as well.*' ™ For
example, the presence of sTn antigen in LMCR rat colon cancer cells has been associated with a higher
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ST6GalNAc activity,44 and the overexpression of sLe” is related to an increase of a3Sial-T and a4Fuc-T
e . . . . 45,46 . . .
activities in colon and gastric cancer tissues, respectively. Moreover, melanoma cell lines expressing high

levels of a8Sial-T result in accumulation of GD3.*’

6.04.2.3 TACAs in Cancer Diagnosis and Immunotherapy

Investigations of the biological activities of aberrant TACAs expressed on cancer tissues indicated that these
antigenic determinants are functionally related to the malignant behavior and the metastatic potential of cancer
cells.** For example, the increased expression level of NeuNAc on cancer cells is believed to correlate with
tumor metastasis.”” " High levels of Tn, sTn, TF, and Le"/* are associated with poor prognosis and decreased
survival of cancer patients,”** % and are also correlated with the metastatic potential of cancer.”” The serum
levels of sLe™ and sLe® in gastrointestinal, pancreatic,”* prostate,”” and colorectal’® cancer patients were shown
to correlate with tumor burden and bad prognosis.’” Therefore, TACAs constitute powerful tools as tumor
markers for the clinical diagnosis and prognosis of cancer.

TACAs expressed on the human cancer cell surface have also shown their value as suitable targets for immune
attack against cancer for both active immunotherapy (using vaccines) and passive immunotherapy (using mAbs).
Treatment of cancer using mAbs has shown great promise, and several mAbs are now available in the market.”
Although none of these mAbs is directed to carbohydrate structures so far, some preclinical and clinical studies of
mAbs against gangliosides have shown very encouraging results.’”® On the other hand, cancer vaccines based on
TACAs have also attracted great interest and achieved significant progress, which are discussed in detail here.

6.04.3 TACA-Based Cancer Vaccine Development
6.04.3.1 Immunogenicity of Carbohydrates and Immunotolerance to TACAs

TACASs are anticipated to be good vaccine candidates owing to their abundant expression and exposed location
on the cancer cell surface. However, there are many difficulties associated with the development of TACA-
based cancer vaccines.” First, carbohydrates are notoriously poor immunogens.’""** Moreover, the mechanisms
by which carbohydrates interact with the immune system are largely unknown. To make carbohydrates
immunogenic, they have to be linked covalently to proper immunologically active carriers. More importantly,
the patient’s immune system is typically tolerant to TACAs, meaning that TACAs are perceived as ‘self or
‘normal’ antigens and are not recognizable by the human immune system. Thus, although some TACAs can
render cancer cells mildly antigenic (i.e., capable of eliciting antibodies), they are rarely immunogenic (i.e., not
capable of recruiting immune effectors to kill cells)." The exact mechanisms that cause immunotolerance to
tumors during the natural history of tumor development have not yet been fully elucidated. The low levels of
expression of some TACAs in normal tissues or at a specific stage of development®*®* and the structural
mimicry of TACAs to normal antigens*>®’ are at least partially responsible. In addition, even if some TACAs
are not ‘self’ or ‘normal’ antigens, they are surrounded by ‘normal’ antigens providing a disguise that reduces the
immune response. Another obstacle to the development of TACA-based cancer vaccines arises from the degree
of heterogeneity of carbohydrates expressed on the tumor cell surfaces, even within a particular cancer
type.”>”’ Finally, successful tumor immunotherapy might require a T cell-mediated immune response, in
addition to a B cell response. However, most TACAs raise a T' cell-independent humoral response, so that upon
vaccination with TACA-containing constructs, the immune system produces short-lived B cell immunoglo-
bulins IgM with poor memory and without the support typically provided by T cells. All these factors represent
obstacles that need to be addressed when designing TACA-based cancer vaccines.

Since immunotolerance is a common and central problem in cancer immunology, many attempts at
generating TACA-based cancer vaccines have been focused on improving the immunogenicity of TACAs
and breaking the immunotolerance to TACAs.'>'® For this purpose and for the construction of functional
cancer vaccines, much attention has been paid to the selection of proper antigens and vaccine adjuvants,
development of procedures for the synthesis of TACAs and their conjugates, exploration of novel vaccine
concepts or designs, and chemical and/or enzymatic modification of TACAs to augment their immunogenicity,
and so on. Each of these efforts is discussed in detail below.
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6.04.3.2 Synthesis of TACAs and TACA Conjugates

It has been well established that covalently linking carbohydrates to a carrier protein may significantly improve
their immunogenicity and even convert them from T cell-independent antigens to T cell-dependent antigens.”
Thus, for the development of useful carbohydrate-based vaccines, the most widely accepted strategy is to
conjugate target carbohydrate antigens to a carrier protein to form glycoproteins. However, TACAs and
TACA-containing molecules required for inclusion into a vaccine design are not readily available from natural
sources. Even if, in principle, a TACA were available from natural sources, the measures necessary for its
isolation, purification, and identification would be very tedious, low-yielding, and, in the end, impractical.
Consequently, it i1s essential to develop efficient methods for generating sufficient quantities of TACAs and
TACA conjugates for various investigations in the development of cancer vaccines. Currently, TACAs and
TACA conjugates are obtained through three general methods, including chemical synthesis, enzymatic
(or chemoenzymatic) synthesis, and bacterial metabolic pathway engineering.

6.04.3.2.1 Chemical synthesis of TACAs and TACA conjugates

Chemical synthesis could theoretically provide well-defined glycoconjugates for vaccine development, and the
central and most challenging task in this process is the preparation of TACAs. Fortunately, many methods and
strategies have been established in the past few decades for the efficient synthesis of oligosaccharides in
carbohydrate chemistry. Since the progress in this field has been the topic of many reviews,""’" it will not
be discussed in detail in this chapter. However, it is worth pointing out that many novel synthetic strategies for
carbohydrates have significantly facilitated access to TACAs. For example, the one-pot synthetic strategy®*’”
has been successfully used to prepare globo H,”*"* Le”,” sLe*, fucosylGM1,”” and other TACAs”*"® in good
overall yields. There are three general concepts that have been frequently used for one-pot carbohydrate
synthesis, that is, (1) chemoselective glycosylation, which exploits the different reacuvity of armed and
disarmed glycosyl donors and acceptors,®’’ (2) orthogonal glycosylation, which is based on the selective
activation of a glycosyl donor containing a specific leaving group in the presence of a glycosyl acceptor that
bears a different leaving group and can be activated under different conditions for the next step of glycosyla-
tion,” and (3) preactivation-based glycosylation, in which the glycosyl donor is activated before the addition of
the glycosyl acceptor that contains a leaving group suitable for the next step of glycosylation.*’** Another
promising strategy is solid-phase oligosaccharide and glycoconjugate synthesis,” ™ which has been used to
generate an oligosaccharide library®™® and the synthesis of globo H,* Gb3*® Le**" Le?,”" Le*-Le”,”
and GM3.”" Despite significant developments in solid-phase carbohydrate synthesis in the past two
decades,***”*™"* solution-phase synthesis is still much more widely adopted for the preparation of TACAs
and other complex oligosaccharides.

For the assembly of glycoconjugates, there are three main strategies as outlined in Figure 2. The first
strategy, which is most commonly used for small glycopeptides, involves solid-phase linear assembly of the
glycopeptide chain employing glycosylated amino acids as key building blocks (Figure 2(a)).”” The second
strategy 1s to couple unprotected oligosaccharides directly to an unprotected peptide or protein (Figure 2(b)),
which can be utilized to obtain very complex glycoconjugates. In this case, to have chemically defined
structures, site-selective glycosylation should be applied, which may be achievable via enzymatic methods.”*”°
The third strategy is based on convergent condensation of unprotected or partially protected peptide or
glycopeptide segments by either chemoselective ligation or enzymatic methods (Figure 2(c)). The ligation
methods useful for this synthetic strategy include native chemical ligation,”” """ expressed protein ligation,
protease-catalyzed ligation,'"*'* and traceless Staudinger ligation.'”*'?* All these strategies have been exten-
sively exploited, either alone or combined, for the production of glycopeptides and/or glycoproteins.'*~"*

6.04.3.2.2 In vitro enzymatic synthesis of TACAs and TACA conjugates

Despite great advances in synthetic carbohydrate chemistry in the past few decades, the chemical synthesis of
oligosaccharides, including most T ACAs, still remains a time-consuming practice, because it involves iterative
glycosylation reactions, numerous protection/deprotection steps, and tedious intermediate purification pro-
cesses. Enzymatic synthesis, on the other hand, provides a way to construct oligosaccharides in a highly stereo-
and regioselective manner under neutral aqueous conditions without functional group protection. As a result,
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Figure 2 Strategies for the synthesis of glycopeptides and glycoproteins for carbohydrate-based cancer vaccine
development. Glycopeptide synthesis by (a) solid-phase assembly using glycosylated amino acids as building blocks;
(b) site-selective peptide-glycan coupling reaction; (c) convergent glycopeptides-glycopeptide ligation.

enzymatic carbohydrate synthesis has become a very active area,” especially with the improved access to
various enzymes required.

Enzymes employed in carbohydrate and glycoconjugate synthesis are usually glycosidases and glycosyl-
transferases, and recent progress in molecular biology makes it rather easy to obtain these enzymes. Thus,
recombinant glycosyltransferases have been successfully used to prepare a number of TACAs, such as
GM3,"' 2 GM2,"? GMLL'Y GD1a,'" Gb3,''* Gb4,'" globo H,''¢ sTn, and sTF."'"''" A recombinant
polypeptide, N-acetylgalactosaminyltransferase (ppGalNAc-T'1), was utilized to synthesize several MUC6-Tn
glycoproteins on a semipreparative scale.'*’ These glycoproteins, which displayed a high level of Tn antigens,
were recognized by two anti-T'n mAbs that are specific to human cancer cells. The combination of a series of
enzymes was employed to construct highly complex TACAs and glycoconjugates. For instance, the enzymatic
synthesis of the globo H hexasaccharide has recently been achieved with an overall yield of 57% starting from
the initial acceptor Lac-OBn.'*" The entire synthesis was accomplished with three glycosyltransferases: LgtC,
an o-1,4-galactosyltransferase; LgtD, a B-1,3-galactosyl/B-1,3- N-acetylgalactosaminyltransferase; and WhbsJ,
an o-1,2-fucosyltransferase. Similarly, mono- and dendrimeric sLe™ antigens were enzymatically synthesized
by several groups.'**”"** sTF glycopeptides'”’ and GM3 glycosphingolipids''" were constructed by using both
glycosidases and glycosyltransferases. For sTF glycopeptide synthesis, galactose was first attached to GalNAc-
containing peptides via a transglycosylation reaction using a recombinant B-galactosidase from Bacillus circulans,
and then, NeuNAc was attached with a recombinant sialyltransferase derived from rat liver. Enzymatic

strategies were also applied to solid-phase syntheses and one-pot reaction to prepare TACAs such as
QLeX 122,126,127 GMZ 113 GDZ 113 GMI 113 and STF 128,129

6.04.3.2.3 In vivo metabolic engineering to obtain TACAs and TACA conjugates

Over the past few years, the production of tumor-associated O-linked glycoproteins with more defined glycan
structures by genetic engineering of host organisms has been extensively explored."*” The use of human tumor
cell lines transfected by mucin-encoding plasmids has been shown to be a valid approach, since the O-glycan
profile of these recombinant mucins is comparable to the one found in endogenous mucins."’' Also, after
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cotransfection of a wild-type glycosyltransferase, ppGalNAc-T4, CHO-K1 cells produce MUC! with an
increased number of O-glycosylated sites.'** Using a Cellferm-pro system and transfected MUC1-CHO K1
cell in protein-free medium, the production of an MUCI glycoprotein was achieved in a high yield
(100 mg day~")."**

To avoid recombinant enzyme production and purification as well as the use of expensive materials, such as
CMP and activated sugars in the synthesis, bacterial metabolic pathway engineering has recently emerged as a
powerful method for large-scale synthesis of oligosaccharides.’® In this case, glycosylation reactions are performed
by whole cells that overexpress the genes encoding the appropriate glycosyltransferases and enzymes for sugar-
nucleotide biosynthesis. Using this technique, large-scale #% vivo syntheses of GM3,"** GM2,'** GM1,"”* GD3,'*
Gb4,"” and Gb5'* in living bacteria have been achieved. For GM3 synthesis, a single metabolically engineered
Escherichia coli strain devoid of B-galactosidase and NeuNAc aldolase activities but with overexpressed Neisseria
meningitidis genes for o-2,3-sialyltransferase and CMP-NeuNAc synthase was used. When cultured with this £
coli strain, the exogenously added lactose and NeuNAc were actively internalized by the E. coli B-galactoside and
NeuNAc permeases and accumulated in the cytoplasm without being degraded. NeuNAc was then converted
into CMP-NeuNAc and transferred onto lactose to form GM3 with a maximal yield of 2.6 g1~"."** The i vivo
syntheses of GM2 and GM1 were achieved by a similar approach but using different £. co/i strains. The strain used
for GM2 synthesis overexpressed additionally the genes for a B-1,4-GalNAc transferase and a UDP-GlcNAc C4
epimerase necessary to provide UDP-GalNAc in the cell. The strain used for the synthesis of GM1 overexpressed
one more gene for B-1,3-galactosyltransferase. In high-cell-density cultures, the production yields for GM2 and
GM1 were 1.25g17" and 0.89 g1, respectively.'”” Meanwhile, using an alternative Campylobacter jejuni Cstll
sialyltransferase, which exhibits both o-3 and o-8 sialyltransferase activities,"*” the ir vivo synthesis of GD3 was
achieved together with the production of GM3 and GT'3. By varying the lactose and NeuNAc initial concentra-
tions and the culture time, the maximal production yields of GD3 (0.83g1™") and GT3 (0.91 g1~") were observed
after 9 and 24 h of reaction, respectively."”* GM3 was also synthesized by a whole-cell reaction through the
combination of recombinant E. coli strains and Corynebacterium ammoniagenes.™ First, C. ammoniagenes and two E. coli
strains that overexpressed the genes of CMP-NeuNAc synthetase and CTP synthetase, respectively, were used
for the production of CMP-NeuNAc. C. ammoniagenes contributed to the formation of UTP from orotic acid. After
27h of reaction starting with orotic acid and NeuNAc, CMP-NeuNAc was accumulated at a concentration of
17g17". When E. coli cells that overexpressed the a-2,3-sialyltransferase gene of Neisseria gonorrhoeae were put into
the CMP-NeuNAc production system, GM3 was accumulated at 33 g1~ after 11 h of reaction starting with
orotic acid, NeuNAc, and lactose. Other than GM3, almost no oligosaccharide by-products were observed from
this reaction. The production of GM3 at a 5-1 fermenter scale was almost the same as that at a beaker scale,
indicating the high potential of GM3 production on an industrial scale. The preparative scale synthesis of sTn
through the coupling of recombinant bacterial strains has also been reported.'*' In this case, sTn was obtained at
45 17" yield after 25 h of reaction starting from orotic acid, NeuNAc, and 2-acetamide-2-deoxy-D-galactose.

GM2 and GM3 derivatives bearing an allyl or a propargyl aglycon were also efficiently biosynthesized on
the gram scale by metabolically engineered E. coli cells in the presence of the corresponding lactoside acceptors
and NeuNAc.'"" GM2 and GM3 bearing the allyl group can be transformed into an aldehyde for further
conjugation with carrier proteins by the classical reductive amination method, while the alkyne-containing
GM2 and GM3 can be utilized directly to couple with carrier proteins by click chemistry to form cancer
vaccines.'*’

6.04.3.3 Immunological Adjuvant Application

To improve the immunogenicity of a carbohydrate vaccine and enhance the duration of the immune response,
adjuvants capable of eliciting T' cell help and modulating antibody subclass distribution are necessary for cancer
vaccine application. An immunological adjuvant is a substance that is itself nonimmunogenic but can signifi-
cantly augment the immune response when administered together with the antigen. Currently, the only
adjuvants acceptable for use in humans are the aluminum-based salts such as alum (aluminum hydroxide)
and a squalene—oil-water emulsion (MF59).'**

During the last two decades a number of new adjuvants have been prepared and are in various phases of
preclinical and clinical testing.'*’ Based on their principal mechanisms of action, these adjuvants can be broadly
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classified into two categories: immunostimulatory adjuvants and vaccine delivery systems. Immunostimulatory
adjuvants are derived predominantly from pathogens and often represent pathogen-associated molecules, such
as lipopolysaccharide (LPS), monophosphoryl lipid A (MPL), and CpG DNA, which activate cells of the innate
immune system. In contrast, vaccine delivery systems are generally particles, for example, emulsions, micro-
particles, iscoms, and liposomes, and function mainly to target associated antigens into antigen-presenting cells.

For example, MPL, which is derived from LPS of gram-negative bacteria, has been used extensively in
clinical trials as a component in prophylactic and therapeutic vaccines targeting infectious disease, cancer, and
allergies.'* MPL has been formulated into emulsions to enhance its potency. The Ribi adjuvant system (MPL
plus trehalose dimycolate) has emerged as a leading adjuvant with an enhanced efficacy and safety profile in
both preclinical and clinical studies."** Tt has also been observed that helper T cell (Th)-dependent response
was induced in mice when malaria parasites were emulsified in Ribi adjuvant.'*’ QS-21, a plant-derived
complex saponin from the South American tree Quillaja saponaria Molina cortex, is another immunological
adjuvant used in antitumor vaccines.'*” Microgram quantities of this amphiphilic substance in combination with
the antigen-carrier conjugates lead to enhancement in both antibody and cell-mediated immune response in a
host of promising anticancer and antiviral vaccines.'*”"*" Similarly, tripalmitoyl-S-glyceryl-cysteinylserine
(Pam3Cys), a lipopeptide derived from the immunologically active N-terminal sequence of an £. coli lipopro-
131713 Recent studies have shown that
Pam3Cys exerts its activities through the interaction with Toll-like receptor 2 (TLR-2).""® Pam3Cys is
nonimmunogenic and has no toxic side effects nor does it cause tissue damage in animals. In addition, its
adjuvanticity is comparable to the classical Freund’s adjuvant. With this molecule, high-titer antibodies against
HIV protein gp120 were obtained without the use of external adjuvants.'”’

Liposomes are another type of adjuvant for cancer vaccine application. Liposome vesicles may be effectively
used to deliver soluble TACAs to macrophages and other antigen-presenting cells through various routes of
inoculation. The strong lipophilic property of liposomes enables them to be adsorbed in large numbers onto the
surface of macrophages. This process can augment the immune response by mechanisms involving macrophage
enlisting of Th."”® Table 2 summarizes some adjuvants capable of enhancing immune response to carbohy-
drate-based cancer vaccines.

tein, has been widely used as a carrier and potent adjuvant for vaccines.

6.04.3.4 Semisynthetic Glycoconjugate Cancer Vaccines

Due to the poor immunogenicity of TACAs, they must be coupled to appropriate carriers, usually proteins, to
become potentially functional vaccines. The vaccines thus formed are called semisynthetic vaccines and have
been intensively studied. The Livingston and Danishefsky groups found that keyhole limpet hemocyanin
(KLH) is the most effective immunogenic carrier for TACAs, as compared to a variety of other proteins.”””'®
Moreover, it was found that covalent coupling of TACAs to KLH is much more effective than simply mixing
them together."””'®" Hence, after TACAs are obtained, they are usually conjugated to KLH for vaccine
development. According to the number and type of TACAs attached to a carrier protein, conjugate vaccines
can be classified into three main categories including monovalent conjugates, which contain a single type of
TACA, monovalent cluster conjugates, which contain one type of TACA presented in clusters, and unim-
olecular multivalent conjugates, which contain several types of TACAs.

Table 2 Selected adjuvants capable of enhancing immune responses to TACAs

Adjuvant classes Adjuvants

Mineral salts Aluminum hydroxide, aluminum phosphate, calcium phosphate

Immunostimulatory Cytokines (e.g., IL-2, IL-12, GM-CSF), saponins (e.g., QS-21), MPL derivatives, bacterial DNA,
adjuvants MDP derivatives

Lipid particles Emulsions (e.g., Freund’s, SAF, MF59), liposomes, iscoms, virosomes, lipopeptide

Particulate adjuvants Poloxamer particles, virus-like particles

Mucosal adjuvants Cholera toxin (CT), mutant toxins (e.g., LTK63, LTR72)
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As already reviewed by Jennings and Sood” and Pozsgay,'®> many coupling methods have been developed
for carbohydrate—protein conjugation, and the most generally accepted conjugation strategy is to modify the
carbohydrate antigen to contain a reactive functionality that will then selectively react with either of the free
amino, thio, and carboxylic groups of the carrier protein. In principle, all these methods can be utlized to
couple TACAs and carrier proteins, and Figure 3 depicts some common methods that have been adopted to
prepare glycoconjugate vaccines discussed in this chapter. One of the most common conjugation methods
makes use of the reductive amination reaction (Figure 3(a)). In this case, the carbohydrate antigen is usually
modified to contain an aldehyde functionality that can react with the free amino groups (usually the side chains
of lysine residues) of the carrier protein in the presence of NaBH;CN to create a stable amino linkage between
the carbohydrate antigen and carrier protein. Protein—carbohydrate conjugation via a bifunctional acyl group,
which has one end linked to the carbohydrate antigen and the other end to the carrier protein via an amide
linkage as shown in Figure 3(b), is another commonly used method. The conjugation can also be effectively
achieved by selective reactions between the thiol groups of the cysteine residues of the carrier protein and a
bromoacetylated carbohydrate antigen (Figure 3(c)) or a carbohydrate antigen that is modified to contain an
activated C=C double bond (Figure 3(d)). Coupling the carboxyl group of the carrier protein with functional
groups such as hydrazide provides alternative methods for carbohydrate—protein conjugation (Figure 3(e)).

It is worth noting that the linker between the carbohydrate antigen and the carrier protein may have a
significant influence on the immunological properties of the resulting conjugate vaccine. On one hand, the
linker itself may induce a strong immune response. On the other hand, some linkers suppress the immune
response to the carbohydrate antigen.'**'®* Consequently, in the design of conjugate cancer vaccines, it should
be helpful to use linkers that are similar to the structural motifs of natural proteins or carbohydrates, so that the
linkers would not affect the immunogenicity of the carbohydrate antigen.'®”’

6.04.3.4.1 Semisynthetic monovalent glycoconjugate vaccines

Among various monovalent TACA-KLH conjugate vaccines explored so far, GM2-KLH (Figure 4) is one of
the two vaccines that reached phase III clinical trials. GM2 was first identified as a potential target for cancer
immunotherapy when IgM antibodies against GM2 were associated with a prolonged disease-free interval and
an improved survival of melanoma patients.'*'®” Moreover, tumor regression was observed in melanoma
patients after treatment with GM2-specific mAbs.'®® Based on these clinical observations, Livingston and
coworkers synthesized the covalently linked GM2-KLH conjugate and evaluated its antitumor efficiency in
mice and melanoma patients either alone or with immunological adjuvants Bacillus Calmette—Guerin, Detox,
or QS-21.""*1 Tt was found that GM2-KLH plus QS-21 not only induced the highest IgM titers, but also
induced durable IgG antibodies in most patients."*”!”” The IgG antibodies were of the IgG1 and IgG3 isotypes
and were able to induce complement-mediated lysis of GM2-positive tumor cells and, in most cases, antibody-
dependent cell-mediated cytotoxicity (ADCC)."”*"'"? Based on these successful results, a randomized phase I1T
clinical trial was initiated in patients with resected stage IIB—III melanoma. However, when coadministered
with QS-21, GM2-KLH conjugate treatment was found to be no more effective than interferon-a2b, the
current standard therapy for high-risk melanoma.'”?

Encouraged by the results of the GM2-KLH vaccine, some other ganglioside-KLH conjugates such as
GM3-KLH,"* GD2-KLH,'” GD3-KLH,"”” and fucosyl GMI1-KLH were prepared and applied to clinical
trials as well. Fucosyl GM1 is the major ganglioside component contained in human small cell lung carcinoma
(SCLC) tissue, expressed more frequently and more abundantly than either GM2 or GD3."”® The immunohis-
tochemistry studies using the F12 mAb indicated that the distribution of fucosyl GMI in normal tissues is highly
restricted and virtually nonexistent in any human cancer cell line other than SCLC,*® making it an attractive
vaccine target. Early phase I clinical trials have demonstrated that vaccination with fucosyl GM1-KLH induced
an IgM antibody response against fucosyl GM1 and tumor cells expressing fucosyl GM1."”

Globo H is a human breast cancer-associated hexasaccharide antigen identified and defined by murine mAb
MBrl1 generated by immunization of mice with human breast cancer cells MCF-7.""%'"" Globo H has been
synthesized using the glycal assembly method and then conjugated to KLH and investigated in a number of
different tumors (Figure 4)."*"'®' Studies in mice showed that the globo H-KLH conjugate induced high titer
IgM and IgG responses against globo H antigen.'” Furthermore, the antibodies reacted with globo H positive
MCF-7 cells, but not globo H negative B78.2 cells, and were able to effectively induce complement-mediated
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Figure 4 Structures of some semisynthetic monovalent TACA-KLH vaccines.

cytotoxicity (48% lysis). On the basis of these results, globo H-KLH vaccine was advanced to a full phase I trial
in patients with progressive and recurring prostate cancers.'>"'** All immunized patients exhibited good IgM
responses against globo H, with the antibodies able to recognize globo H-expressing cell lines. In some cases,
they were able to induce complement-mediated lysis. Another phase I trial was also initiated in patients with
metastatic breast cancer without evidence of disease or with stable disease on hormone therapy.'™ Again,
vaccination was able to stimulate the production of IgM antibodies in a majority of patients. Significant binding
of the antibodies to MCF-7 was observed in 60% of the patients.

sTn—KLH (named Theratope by Biomira Inc.,, Figure 4) was another semisynthetic monovalent vaccine
that entered phase III clinical trials. sTn is a mucin-associated carbohydrate antigen. It has attracted significant
interest as a tumor antigen for several reasons. First, sTn is relatively tumor specific. Although sTn antigen is
richly expressed on a number of tumors, it is rarely observed on normal tissues. Second, the expression of sTn
antigen has been identified as an independent indicator for poor prognosis of cancer patients.””'**'®* Third,
sTn appears to be associated with increased aggressiveness and metastatic potential of cancer,””'®* particularly
in breast cancer.'®® A variety of clinical trials using sTn—KLH vaccines have been tested."®”'*® Immunization of
breast cancer patients with sTn—KLH plus Detox in combination with a low dose of cyclophosphamide induced
high titers of IgM and IgG antibodies against synthetic sT'n in most cases, but the titers were two- to four-fold
lower in patients not pretreated with cyclophosphamide. IgM and IgG reactivity against ovine submaxillary
mucin (OSM) was low. In another trial, patients with colon cancer were immunized with sTn—KLH plus Detox
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or QS-21."" Similarly, sTn—KLH plus Detox and especially QS-21 induced high IgM and IgG antibody titers
against sT'n. Furthermore, when tested against tumor cells or natural mucins expressing sT'n, I[gM antibodies
showed weak to moderate reactivity, while IgG antibodies were almost totally unreactive. In the phase III
clinical trial, more than 1000 women with distant metastatic breast cancer were enrolled, but Theratope failed
to meet the endpoints of time-to-disease progression and overall survival. However, patients treated with
Theratope in conjunction with hormone therapy had improved survival rates with a time-to-disease progres-
sion of 8.3 months compared with 5.8 months for those on hormone therapy alone. This modest clinical efficacy
could be due to the fact that Theratope elicits a B cell-mediated immune response but does not seem to trigger
a T cell-mediated immune response.'*®

Other semisynthetic monovalent vaccines such as Tn—KLH, TF-KLH, Le"-KLH, and GD2-lactone-KLH
were also prepared and used for the treatment of a variety of cancers. Their immune responses and therapeutic
effects are briefly summarized in Table 3.

6.04.3.4.2 Semisynthetic monovalent clustered glycoconjugate vaccines

Although much progress has been made in the development of TACA-based monovalent vaccines for cancer, it
was found that sometimes, especially for vaccines made of mucin-related TACAs, the provoked antibodies
against the synthetic carbohydrate epitopes did not react as well with purified mucins or cancer cells."®’ In
addition, findings in the field of glycohistology have demonstrated that mucins overexpressed on tumor cell
surfaces often present clusters of two to five adjacent carbohydrate domains.””" For a robust and efficient
immune response to be generated, constructs with multiple repeats or clustered carbohydrate epitopes were
required.””” Therefore, scientists turned their attention to the development of cluster vaccines with the hope
that these vaccines would better mimic the surface of targeted tumor cells.

Mucins comprise a family of large glycoproteins expressed on the surface of epithelial tissues. The amino
acid sequence of mucins possesses a relatively high percentage of serine and threonine residues, often arranged
in continuous arrays ranging from two to five. Despite the diversity found in mucin glycostructures, the
appearance of an N-acetylgalactosamine moiety (GalNAc) a-linked to the serine/threonine residue appears to
be highly conserved. Based on the properties described above, monovalent cluster vaccines are usually
constructed by exposing carbohydrate epitopes on peptide backbone of serine and/or threonine.

Although successful methods have been developed for the formation of glycosylated amino acids, in many
cases coupling reactions involving rather bulky glycosylated moieties can be low-yielding. In order to partially
overcome this problem, a ‘cassette’ approach'™'*® has been used. In the cassette strategy, a monosaccharide
synthon is O-linked to a serine, a threonine, or a hydroxynorleucine residue with a differentiable acceptor site
on the sugar. This construct serves as a general insert (cassette) that is joined to a target saccharide bearing a
glycosyl donor function at its reducing end. In this way, the need for direct coupling of the serine side chain
hydroxyl group to a fully elaborated, already complex saccharide donor is avoided. Using the cassette
methodology, several trimeric clustered TACAs epitopes, including Tn(c),"”> TF(c),"”’ sTn(c),”™
2,6-sTF(c),”” Le¥(c),'"”**® and most recently Gb3(c)*”” were accomplished. These clustered epitopes were
then covalently linked to KLH using a heterobifunctional linker, m-maleimidobenzoyl-N-hydroxysuccinimide
ester (MBS), providing the desired clustered constructs (Figure 5).

When Tn(c)-MBS-KLH was coadministered with QS-21 to mice, both IgM and IgG anubodies were generated
after three immunizations.'"””* It was demonstrated that the sera obtained from the vaccinated mice showed clear
IgM and IgG reactivities by flow cytometry and complement-dependent cytotoxicity (CDC) assays, evaluated using
T'n(c) positive LS-C and T'n(c) negative LS-B colon cancer cells. A phase I clinical trial in prostate cancer patients
showed that all patients immunized with Tn(c)-MBS—KLH /QS-21 developed high-titer antibody responses against
T'n(c), confirming the immunogenicity of this T'n(c) vaccine. In addition, the levels of PSA observed in the treated
patients either stabilized or declined, of which the clinical impact and relevance remains to be validated.'”’

The TF(c)-MBS—KLH/QS-21 combination as cancer vaccine was also evaluated in phase I clinical trial in
patients with biochemically relapsed prostate cancer.'”” Four groups of five patients were treated with
escalating doses of 1, 3, 10, and 30 pg of TF(c)-MBS-KLH/QS-21. All doses induced high titers of IgM and
IgG antibodies against TF(c). Interestingly, it was found that higher titers of antibodies developed at the lowest
dose level (1 pg), which was different from other previous dose-escalating phase I trials. An antitumor effect in
the form of a change in posttreatment versus pretreatment log PSA slopes was also observed.



Table 3 TACA-based semisynthetic vaccines in clinical trials

Vaccine type Vaccine Cancer Immune response / therapeutic effect Reference(s)
Semisynthetic Tn-KLH Prostate IgM + 1gG that (slightly recognize LSC cells); 190
monovalent Decrease of PSA progression
TF-KLH Ovary (metastatic stage) IgM + 1gG (recognize human tumor cells), CDC 191
Prostate mostly IgM (do not recognize human tumor 192
cells); Decrease of PSA progression
sTn-KLH Colorectum (metastatic stage)  IgM + IgG (do not recognize native TACA) www.biomira.com
189
Breast, colorectum Ab level correlate with improved survival 193
Ovarian IgM + 1gG; Increased pre-ASI CA-125 serum 193
levels were predictors of poor survival
Breast (metastatic stage) Improved survival www.biomira.com
(chemotherapy + hormonotherapy); TDP and
OS endpoints not meet
LeY-KLH Ovarian (stage I-IV) Mostly IgM (recognize human tumor cells), CDC 194
GD3-KLH GD3-Lactone-KLH Melanoma (stage lll, IV) IgM + 1gG 150,195
GD3-Lactone-KLH + BEC2 anti-idiotypic mAb Melanoma (stage lll, IV) IgM + IgG; No correlation between Ab response 196
and clinical outcome
GM2-KLH Melanoma (stage IlI) Not better than interferon-o; DFS endpoints not 173,197
meet
GD2-KLH GD2-Lactone-KLH Melanoma (stage lll, IV) IgM + IgG (recognize native TACA), CDC 175
Fuc-GM1-KLH Small lung cell IgM + 1gG (recognize native TACA), CDC 177,198
Globo H-KLH Prostate mostly IgM (recognize native TACA); CDC; 181
Decrease of PSA progression
Breast mostly IgM (recognize native TACA); CDC 180
Semisynthetic GM2-KLH + GD2-KLH Melanoma (stage lll, IV) IgM + IgG 199
multivalent
(MUC2-Tn)-KLH + Globo H-KLH Prostate IgM + 1gG; CDC 200
(MUC1-Tn)-KLH + Globo H-KLH + GM2- Prostate Lower Ab titers compared with monovalent 13

KLH + Tn(c)-KLH -+ TF(c)-KLH + Le¥—KLH

vaccine

Ab, antibody; CDC, complement-dependent cytotoxicity; DFS, disease-free survival; OS, overall survival; PSA, prostate-specific antigen; TDP, time-to-disease progression.
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Gb3-MUCS5AC(c)-MBS-KLH (Figure 5), a vaccine consisting of clusters of both Gb3 antigen and
MUCSAC peptide marker overexpressed by ovarian cancer cells,””*'" has recently been synthesized by
Danishefsky and coworkers®®” to target ovarian cancer. Structurally, MUC5AC consists of tandem repeats of an
8-amino acid sequence (T'TSTTSAP), which is potentially responsible for the activation of T cells. On the
basis of these observations, Gb3-MUCS5AC(c)-MBS—KLH was designed to mimic the molecular architecture
on ovarian cancer cell surfaces. Gb3-MUC5AC(c)-MBS—KLH thus designed was envisioned to have several
potential advantages. First, a mucin-derived peptide fragment was incorporated as both a linker and a marker,
which may behave not only as a B cell epitope for the production of antibodies against mucins, but also as a Th
epitope to activate T cells. Furthermore, the tandem repeats of both Gb3 and MUCS5Ac epitopes are
anticipated to expose these B cell and Th epitopes to the maximum extent on the surface of KLH. Finally,
vaccines composed of numerous carbohydrate antigens, such as Gb3, associated with a specific cancer type
(ovarian cancer in this case) may provide a heightened and more varied response, thereby increasing the
efficiency of binding to the target cells. The efficient synthesis of Gb3-MUC5AC(c)-MBS—KLH was enabled
by the preparation of a Gb3—MUCS5AC thioester cassette as a key building block for constructing three
alternating repeats of Gb3 and MUCS5AC, and then conjugating through MBS to KLH. The immunological
evaluations of Gh3—MUC5AC(c)-MBS—KLH are currently executed.

6.04.3.4.3 Semisynthetic multivalent glycoconjugate vaccines

It has been well established that cancer cells can display several different TACAs on their surfaces and that
during each stage of cellular development, a considerable amount of variation in the level and nature of
antigenic expression may occur.””” Accordingly, a monovalent vaccine, whether clustered or not, may not be
sufficient for targeting a population of transformed cells. On the other hand, a multivalent vaccine that targets
several TACASs should, in principle, lead to a stronger and more specific immune response than a monovalent
vaccine that targets a single TACA.'"”*'" In general, one could image two approaches for the construction of
muluvalent vaccines. The first one, termed polyvalent monomeric, involves the administration of a mixture of
monovalent conjugate vaccines. The second one relies on the construction of a unimolecular multivalent
vaccine consisting of multiple TACAs displayed on a single molecule.

Preclinical trials using polyvalent monomeric vaccines have demonstrated the viability of the first method
(Table 3).”'*’"* For example, coadministration of GD3-KLH, Le’~KLH, and the two peptidic-antigen
conjugates MUCI1-KLH and MUC2-KLH, along with QS-21 produced high titers of [gM and IgG antibodies
that reacted specifically with the representative antigens in tumor cell lines expressing them regardless of the
mixing methods and the injection sites.”"’ Preclinical trials using a heptavalent-KLH conjugate vaccine
containing the seven epithelial cancer antigens GM2, globo H, Le¥, TF(c), Tn(c), sTn(c), and glycosylated
MUCI gave similar results.”'> On the basis of these results, a phase II clinical trial featuring three to seven
individual TACA-KLH conjugates (all of which have been proven safe and effective in phase I trials) has been
initiated in breast, ovarian, and prostate cancer patients. However, this approach suffers from several serious
limitations. First, the polyvalent monomeric strategy requires the use of increased amounts of carrier proteins.
In addition, a low-yielding final conjugation step for each monovalent—KLH vaccine is involved. Finally, it is
necessary to validate each individual component of the vaccine mixture.

The problems associated with the polyvalent monomeric approach can be overcome by the construction of
unimolecular multivalent vaccines. By combining three different TACAs linked to a peptide backbone through
natural or nonnatural amino acids, two unimolecular multivalent vaccines were initially formed (Figure 6).
One contained the Tn, TF, and Le" antigens linked to a peptide backbone through serine hydroxy groups,”'*
and the other consisted of the Tn, Le”, and globo H antigens attached to the peptide backbone through the
hydroxy group of the nonnatural amino acid hydroxynorleucine.”"” Preliminary studies indicated that both
vaccines induced IgM and IgG antibodies against each TACA, with the unnatural globo H-Le’—Tn vaccine
more antigenic than the mucin-based TF-Le'~Tn vaccine.'"’

Prostate cancer has been revealed to express an abundance of blood group-related antigens such as Tn, sTn,
TF, and Le”, and ganglioside TACAs GM2 and globo H. To elicit an immune response directed specifically to
prostate cancer, a unimolecular pentavalent vaccine that includes globo H, Le”, sTn, Tn, and TF has been
developed. The antigens were displayed on a peptide backbone, which was conjugated to KLH via a linker.”"®
In vitro preclinical serological studies of this pentavalent vaccine, including enzyme-linked immunosorbent
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assay (ELISA) and fluorescence activated cell sorting (FACS) analysis, were conducted. The cumulative data
suggested that the immunological properties of the individual antigens are preserved in this highly elaborated
vaccine. A hexavalent vaccine containing the Tn, TF, sTn, Le", globo H, and GM2 TACAs was also
synthesized.”'” These vaccines constitute strong cases for evaluating the concept of the unimolecular multi-
valent semisynthetic vaccines.

Table 3 has also summarized some TACA-based semisynthetic multivalent conjugate vaccines in clinical
stages, which are mainly polyvalent monomeric vaccines, as well as their immune responses and therapeutic
effects in certain cancers. No semisynthetic unimolecular multivalent vaccine has reached clinical trials so far.

6.04.3.5 Fully Synthetic Glycoconjugate Vaccines

Although successful, semisynthetic vaccines have major limitations regarding their usage in humans.*'® These
include (1) the ambiguity of the protein carrier and adjuvants in both composition and structure, (2) variable hapten
density, and (3) irrelevant Abs production against the carrier protein, which often induces epitopic suppression.”"
On the other hand, fully synthetic vaccines have homogeneous and well-defined structures, a key quality for
consistent studies and safe clinical evaluation. In addition, in fully synthetic vaccines, the adjuvant function can be
incorporated directly in the molecule, which would avoid the use of external adjuvants. Hence, fully synthetic
vaccines are of great interest in anticancer immunotherapy, and some have been tested in preclinical studies.
Generally, fully synthetic vaccines are constructed by covalently linking TACAs to a CD4™ Th peptide epitope,
and /or a CD8™ cytotoxic T lymphocytes (CTLs) peptide epitope, and/or an immunostimulant.

6.04.3.5.1 Two-component fully synthetic glycoconjugate vaccines

Following Tam’s pioneering work on synthetic peptide vaccines with a built-in adjuvant against HIV,"” Toyokuni
et al?*"**! synthesized a fully synthetic Tn vaccine (Figure 7), in which dimeric Tn epitopes were conjugated to
the Pam3Cys moiety through a spacer. It was demonstrated that this di-Tn—Pam3Cys conjugate could elicit not
only high IgM but also significant antu-Tn IgG responses in mice, indicating Th cell enlistment. This vaccine was
the first example demonstrating that a synthetic, small carbohydrate antigen can generate an immune response
without the use of any protein carrier or additional adjuvant. A very similar tri-Tn—Pam3Cys construct was also
synthesized and compared with the same trimeric (clustered) Tn epitope linked to KLLH, namely Tn(c)-KLH."
Tri-Tn—Pam3Cys alone, or in conjunction with QS-21, induced anti-Tn IgM and IgG responses in mice, although
less efficiently than T'n(c)-KLH. In a phase I clinical trial in patients with biochemically relapsed prostate cancer,
tri-Tn—Pam3Cys showed inferior antibody responses compared to Tn(c)-KLH."”

Some fully synthetic Tn vaccines are linear and dendrimeric glycopeptides, which allows the collaboration
of Tn antigen and a CD4™ T cell epitope-containing peptide for the stimulation of both B and T cells, required
for efficient immune response. For example, the immunological studies of several linear glycopeptides contain-
ing mono-, tri-, or hexa-Tn antigen as a B cell epitope and a CD4" T cell epitope of poliovirus (PV)
demonstrated that glycopeptides Tn3-PV and Tn6-PV induced high titers of anti-Tn IgG antibodies in
mice, with the former higher than the latter.”** However, as revealed by both ELISA and FACS analysis,
recognition of the native Tn antigen on Jurkat cells was better with Tn6-PV-induced antibodies than with
Tn3-PV-induced antibodies (for both IgM and IgG). In addition, the position of the tri-T'n motif in the peptide
sequence and the peptide backbone itself do not alter its antigenicity. These results indicate that short synthetic
glycopeptides are able to induce anticancer antibody responses.

To further improve the antigenicity of the Tn-based glycopeptides, dendrimeric multiple antigenic O-
linked glycopeptides (MAGs) carrying Tn antigen associated with PV T cell epitope (MAG:Tn-PV and
MAG:Tn3-PV) were synthesized (Figure 7).***** The concept of MAG was inspired by Tam’s multiple
antigen peptide (MAP) in which the peptide backbone containing a T' cell epitope was linked to each arm of the
dendrimeric lysine core.””**® It was shown that both MAG:Tn-PV and MAG:Tn3-PV were able to induce
anti-Tn IgG antibodies that recognize human tumor cells expressing the Tn antigen. When used in active
immunotherapy, the MAG:Tn3-PV was much more efficient than the MAG:Tn-PV in promoting the survival
of tumor-bearing mice and resistance to tumor challenge. Furthermore, linear Tn6-PV was shown to be less
efficient than MAG:Tn3-PV. MAG:Tn3-PV also induced a higher anti-Tn immune response than the
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Tn3-KLH conjugate.””” Therefore, both the clustering and the presentation form of Tn seem to be important
parameters for stimulating efficient anti-Tn immune responses.

To apply the MAG system to human vaccination, two HLA-restricted T cell epitopes were chosen, one
being a tetanus toxin (T'T)-derived peptide’”” and another a nonnatural engineered Th epitope, the Pan-HLA-
DR-binding epitope (PADRE).**’ The immunological evaluation in nonhuman primates (macaques and green
monkeys) of MAG:Tn3-TT and MAG:Tn(S)3-PADRE showed that these two dendrimeric MAGs induced in
all the animals strong anti-Tn IgG antibodies capable of specifically recognizing Tn-expressing human tumor
cells. Moreover, these antibodies were able to mediate CDC or ADCC against T'n-positive human tumor
cells.””’

Dumy and coworkers also investigated the regioselectively addressable functionalized template (RAFT)-
based multiepitopic glycopeptide vaccines, which contained four copies of monomeric Tn antigen analog
(Figure 7). RAFTs are topological templates composed of a cyclic decapeptide containing two Pro-Gly
units as B-turn inducers that create conformational rigidity in solution.””" The six lysine residues composing
the B-strand provide six attachment points through their side chains in two independent functional faces,
one face dedicated to the attachment of four T'n epitopes and the other to PV T cell peptide epitopes. Via a
convergent chemoselective assembly, two RAFT vaccines, RAFT-Tn4-1PV and RAFT-Tn4-2PV, were
formed. B- and T-antigenicity and immunogenicity of the two vaccines were investigated 77 vitro and in
vivo. The studies clearly demonstrated that the carbohydrate part of the vaccines is recognized by Tn-
specific mAbs 6E11 (IgG) and 83D4 (IgM). Moreover, like MAG systems, RAFT vaccines bearing Tn and
PV epitopes are able to elicit an immune response in mice specifically directed against the native form of
the Tn epitope expressed on human tumor cells. Altogether, the preliminary studies clearly demonstrated a
promising potential of RAFT as a nonimmunogenic built-in vaccine carrier, which opens interesting
perspectives to employing the RAFT scaffold for the development of TACA-based cancer vaccines.

Kunz*** described a two-component vaccine composed of an MUCI glycopeptide containing an sTn moiety
and a TT-derived Th peptide epitope. This vaccine was found to induce proliferation of CD3" cells.**
Vaccines consisting of the mono-, di-, and tri-glycosylated MUCI tandem repeat peptides and ovalbumin
(OVAj33-339) T cell epitopes were also prepared.233 When administered to mice, both the monoglycosylated
vaccine containing a single sTn antigen and the diglycosylated one having one sTn and one Tn antigen gave
highly specific humoral immune responses. The poor immunogenicity of the triglycosylated vaccine with
additional Tn antigen at the immunodominant PD'TRP motif suggests that not only the saccharide but also the
peptide backbone are important for the epitope recognition.

Schmidt and coworkers designed a fully synthetic GM2 conjugate in which GM2 was linked through a
spacer to an immunostimulant (B cell stimulatory glycolipid BAY R100G) as shown in Figure 8.*** This
neoglycoconjugate showed reactivities with several GM2 reactive antibodies as assessed by ELISA and immune
thin-layer chromatography (ITLC). Vaccination of rabbits with this conjugate resulted in induction of
antibodies against GM2, thus confirming the viability of this novel concept for the construction of a totally
synthetic vaccine. Most recently, another fully synthetic GM2 vaccine (GM2-PV) was synthesized by efficient
ligation of the alkyne-functionalized biosynthesized GM2'** with an azido CD4" T cell epitope peptide using
the Huisgen cycloaddition (Figure 8)."* This glycopeptide can induce human tumor cell-specific antibodies
after immunization in mice.

Using Le” as a model, Kudryashov er /=" prepared several fully synthetic vaccines based on Pam3Cys
(Figure 9) and examined the role of epitope clustering, carrier structure, and adjuvant on the immunogenicity
of these Le” conjugates in mice. The vaccine containing a cluster of three contiguous Le” epitopes and the
immunostimulating Pam3Cys moiety was found to be superior to a similar construct containing only one Le”
epitope in eliciting antitumor cell antibodies. Because only IgM antibodies were produced by these vaccines,
the effect on immunogenicity of coupling the glycopeptide to KLH, not Pam3Cys, was examined. The results
showed that although both IgM and IgG antibodies were formed, the antibodies reacted only with the
immunizing structure. Reexamination of the clustered Le*—Pam3Cys conjugate with adjuvant QS-21 resulted
in the identification of both IgG and IgM antibodies reacting with tumor cells, thus demonstrating the
feasibility of a fully synthetic TACA-based anticancer vaccine in an animal model.

1.20()
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6.04.3.5.2 Three-component fully synthetic glycoconjugate vaccines

As shown above, some Pam3Cys-containing fully synthetic vaccines such as Le*—Pam3Cys, di-Tn—Pam3Cys,
and tri-Tn—Pam3Cys provoked no or only low levels of IgG immune response, probably due to the lack of T
cell-stimulating epitopes in the structures. Although linear and dendrimeric fully synthetic glycopeptides
contain T cell epitopes, an external adjuvant is still needed. To overcome this problem, Boons and coworkers
proposed a three-component vaccine design consisting of a B cell epitope, namely TACA such as T'n antigen,
an adjuvant Pam3Cys, and a Th epitope YAFKYARHANVGRNAFELFL (YAF) (Figure 10).”*’ YAF is a
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20-amino acid peptide derived from an outer-membrane protein of N. meningitidis identified as an MHC class 11
restricted site for human T cells.”*® Tt was envisaged that vaccines thus designed should induce the production
of high levels of IgG antibodies against the Tn antigen without additional adjuvant. Prior to administration, the
vaccine was localized in phospholipid-based liposomes. The mice that were immunized with the liposome
preparation elicited low levels of IgM and IgG antibodies against the Tn antigen, while a little better result was
found when the liposomes were coadministered with QS-21. The weak immune responses in mice of the three-
component vaccine were thought to be the result of Th epitope mismatch, that is, the Th epitope employed in
the study was known to be an MHC class II restricted epitope for humans, not for mice. Thus, a more efficient
immune response and class switch to I[gG antibodies may be expected when a murine Th epitope is employed.

To verify their point of view, Boons and coworkers synthesized two new three-component vaccines
containing a tumor-associated glycopeptide of MUCI and a well-documented mouse MHC class II restricted
Th epitope, KLFAVWKITYKDT, derived from PV (Figure 10).”*” Furthermore, of the two vaccines, one
contained a built-in adjuvant Pam2CysSK4, which is a potent activator of TLR2 and TLR6, whereas the other
contained Pam3CysSK4, which induces cellular activation through TLR1 and TLR2.”*® After being incorpo-
rated into liposomes and given to mice, both vaccines elicited exceptionally high titers of IgG antibodies that
recognized MUC1-expressing human cancer cells. Coadministration of these vaccines with QS-21 did not lead
to a significant increase of IgG antibodies. It was also shown that incorporation of a TLR agonist is important
for robust antigenic responses against tumor-associated glycopeptide antigens. In this respect, cytokines
induced by the TLR2 ligand are important for maturation of immune cells, leading to robust antibody

239
responses.

6.04.3.5.3 Four-component fully synthetic glycoconjugate vaccines

Recently, Renaudet er al**" developed a four-component vaccine displayed on the RAFT platform (Figure 11),
consisting of a clustered Tn antigen, a CD4" Th peptide epitope, a CD8" CTL peptide epitope, and a built-in
immunoadjuvant Pam3Cys. In this vaccine, the OVA,s; ¢4 peptide (SIINFEKL)™*' was used as a target CD8™
T cell epitope and PADRE was used as the CD4 " Th peptide epitope. The PADRE CD4 " Th epitope helps to
prime and sustain both B and CTL responses.”* When immunization was carried out in mice, this vaccine was
well tolerated without local or general adverse reactions. Mice immunized by the vaccine elicited robust
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Figure 11 Four-component fully synthetic vaccine.
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Tn-specific IgG/IgM antibodies capable of recognizing human tumor cells expressing Tn antigen. In addition,
this vaccine induced strong PADRE-specific CD4™" T cell and OVA,5;_,¢4-specific IFN-y-producing CD8* T
cell responses, highlighting correct APCs processing and T cell presentation of both Th and CTL epitopes
displayed by the prototype glycolipopeptide structure. Moreover, immunization with this vaccine also resulted
in reduction of tumor size in mice inoculated with syngeneic murine MOS3 carcinoma cells and protection of
animals from lethal carcinoma cell challenge. Finally, vaccination significantly inhibited the growth of
preestablished MOS tumors.”* These results suggested the potential of self-adjuvanting glycolipopeptides as
a platform for B cell, CD4", and CD8" T cell epitope-based therapeutic cancer vaccines.

6.04.3.6 Cancer Vaccines Made of Unnatural TACA Analogs

Despite the aforementioned effort and progress, for many TACAs, immunotolerance is still a major issue. As a
result, vaccines made of natural TACAs often fail to induce a robust immune response, especially a T cell-
dependent immune response, in cancer patients. Even though the mechanisms for immunotolerance are largely
unclear, this problem is at least partially due to the structural similarity between TACAs and ‘self’ glycans. In
fact, the majority of TACAs are only overexpressed ‘self’ antigens rather than being cancer-specific. It is thus
natural to think of the possibility of improving the immunological properties of TACAs via the modification of
their structures. It is anticipated that these more foreign-looking TACA derivatives would be more immuno-
genic than the natural TACAs and induce not only antigen-specific antibodies but also CTLs required for
successful tumor immunotherapy.

There are two potential ways to realize the specific interaction between the target cancer cell and the
provoked immune system after immunization with the synthetic vaccine made of an unnatural TACA analog.
One way is to allow the provoked antibodies and immune cells to somehow recognize and cross-react with the
natural TACAs on cancer cells, in which case the unnatural TACA analog used must be structurally similar or
closely related to the target natural TACA. The other way is to force tumor cells to express the unnatural
TACA analog in place of the natural TACA on the cancer cell surface, so that the prestimulated immune
system would recognize and specifically react with cancer cells. Both concepts have been explored.

As indicated in Figure 1, many of the TACAs identified so far are sialo-TACAs having NeuNAc residues
located at the nonreducing end. Therefore, NeuNAc is typically exposed on the cell surface and involved in
various biological and pathological processes.””*** It has also been established that oncogenesis is generally
accompanied by NeuNAc overexpression.*’ As a result, chemical modification of the NeuNAc residue could be
a rather broadly useful method for augmenting the immunogenicity of sialo-TACA-based vaccines.

6.04.3.6.1 Cancer vaccines made of chemically modified sialo-TACAs

Since GD2-KLH and GD3-KLH plus QS-21 failed to induce consistent, relevant antibody responses in cancer
patients,”” in order to construct functional vaccines out of GD3 and GD2, Livingston and coworkers converted
them to GD3-lactone'”” and GD2-lactone,'” respectively, and then conjugated these unnatural TACA
derivatives with KLH. It was observed that the resulting conjugates had indeed much improved immunogeni-
city. In the case of GD3, after six melanoma patients were immunized with GD3-lactone—KLH conjugate and
QS-21, IgM and IgG antibodies were detected against both GD3 and GD3-lactone. ELISA reactivity was
confirmed by I'TLC using GD3 and melanoma extracts. Sera obtained from four of the six patients showed cell
surface reactivity by FACS, and two showed strong cell surface reactivity by immune adherence (IA) and
complement lysis against the GD3 positive cell line SKMEL-28.

As a bacterial and cancer antigen, PSialA is essentially nonimmunogenic in human beings, because PSialA is
abundantly expressed in the human embryo and infants.”* However, Jennings and coworkers have demon-
strated that substituting the N-acetyl groups of PSialA by other acyl groups, for example, propanoyl and
butanoyl groups, resulted in excellent immunogens.”*® Livingston and coworkers conducted a preliminary
clinical trial in which SCLC patients were vaccinated with PSialA-KLH or N-propanoyl PSialA-KLH
(PS1alANPr—KLH) conjugates. It was observed that the PSialANPr—KLH conjugate elicited specific antibodies
that cross-reacted with PSialA, whereas the natural PSialA conjugate did not elicit any antibody.”*’
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6.04.3.6.2 Cancerimmunotherapy based on modified sialo-TACAs vaccines and cancer
cell glycoengineering

Although GD3-lactone-KLH'”’ and PSial ANPr—-KLH’* conjugates could induce antibodies that cross-
reacted with GD3 and PSialA expressed on target cancer cells, it can be imagined that at least a portion of
the antibodies, as well as the specific immune reactions, elicited by the unnatural antigens would not recognize
and interact with their natural counterparts. As a result, the therapeutic efficiency of the vaccine treatment
would be compromised. To overcome this problem, Guo and coworkers have proposed and explored a novel
strategy for cancer immunotherapy in which glycoconjugate vaccines made of unnatural TACA analogs are
combined with glycoengineering of TACAs on cancer cells.”***" The basic principle of this strategy is
depicted in Figure 12(a). First, a glycoconjugate vaccine made of an unnatural analog of a TACA is prepared
and employed to immunize animals or cancer patients. Once an immune response specific for the unnatural
TACA analog is established, the animals or patients will be treated with an identically modified biosynthetic
precursor of the target TACA to induce the expression of the unnatural TACA analog in place of the natural
TACA on the cancer cell surface. Subsequently, the preprovoked immune system will recognize and eradicate
the glycoengineered tumor cells. The new cancer immunotherapy can also be achieved by a passive immuniza-
tion protocol (Figure 12(b)). First, animals or patients are treated with an unnatural TACA precursor to
engineer the expression of the unnatural TACA analog on cancer cells. Meanwhile, a healthy individual is
immunized with a synthetic vaccine made of the unnatural TACA analog for the preparation of specific
antibodies, which will be used to treat animals or patients for cancer immunotherapy.

For this strategy to work, it has to meet two conditions. First, there must be a functional vaccine made of an
unnatural TACA analog that can induce a specific and effective immune response. Second, there must be a
suitable method for glycoengineering of cancer cells for the expression of the unnatural TACA analog. For this
purpose, sialo-TACAs are ideal targets. As mentioned above, previous studies suggested that chemically
modified sialic acids and sialo-oligosaccharides are significantly more immunogenic than their natural counter-
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efficiently engineered with unnatural N-acetyl-pD-mannosamine (ManNAc) derivatives as the biosynthetic
precursors of artificial sialic acids and sialo-TACA analogs.
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Figure 12 Immunotherapy based on cancer cell glycoengineering.
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To identify the ideal precursor and vaccine combination for this strategy, a series of N-acyl derivatives of
ManNAc and KLH conjugates of N-acyl sialic acids or TACA analogs containing unnatural N-acyl sialic acids
were synthesized and examined as cell glycoengineering precursors and vaccines, respec-
tively,'0%17H248,251,252,238,29.203 [t a5 revealed that N-phenylacetyl-neuraminic acid (NeuNPhAc)”' and
NeuNPhAc-containing TACA analogs, such as N-phenylacetyl-GM3 (GM3NPhAc)** and N-phenylacetyl-
sTn (sTnNPhAc),'*** were highly immunogenic and induced high titers of antigen-specific IgG antibodies in
mice. It was also disclosed that low micromolar concentrations of N-phenylacetyl-D-mannosamine
(ManNPhAc) could effectively glycoengineer an array of cancer cell lines.””***” The latter discovery is
important in that a micromolar concentration of the precursor is manageable 7z vivo. Furthermore, in the
presence of complements, GM3NPhAc—KLH-induced antisera and GM3NPhAc-specific mAb 2H3 exhibited
strong and specific cytotoxicity to several melanoma cell lines after the cells were treated with
ManNPhAc,”**? while normal cells were not affected under the same conditions, suggesting the high
selectivity of the new cancer immunotherapy. It was concluded that combined treatment using ManNPhAc
and GM3NPhAc-specific antibodies or using ManNPhAc and vaccines made of GM3NPhAc is worth further
investigation as a potentially useful immunotherapy for melanoma and other tumors that express GM3, which
is actively pursued.”'

This strategy was also verified by Jennings and coworkers.”*”*** For example, when RMA cells, which
express PSialA as a unique TACA, were treated with ManNPr, which served as an unnatural biosynthetic
precursor of PSialA, the expression of N-propionyl-polysialic acid (PSialANPr) on cancer cell surfaces was
observed. Moreover, the PSial ANPr-specific mAb 13D9 showed strong and specific cytotoxicity to glycoengi-
neered RMA cells, and the cytotoxicity was dependent on the concentrations of ManNPr used. The results of
in vivo experiments have also demonstrated that administration of mAb 13D9 and ManNPr could inhibit RMA
tumor growth and prevent tumor metastasis.”* Similarly, SKMEL-28 cells were glycoengineered with
N-butanoyl-pD-mannosamine (ManNBu) as a glycoengineering precursor to express unnatural N-butanoyl
GD3 (GD3NBu).**" In the presence of complements, glycoengineered cancer cells were selectively lysed by
GD3NBu-specific mAb 2A or antiserum obtained by immunizing mice with GD3NBu—KLH. Although less
effective in the control of existing large size tumors in mice, mAb 2A in combination with ManNBu could
effectively protect mice from SKMEL-28 tumor grafting.

6.04.4 Conclusion

The natural abundance and forefront locations of TACAs on cancer cell surfaces together with the important
roles they play in the process of oncogenesis make TACAs ideal molecular targets for the design and
development of cancer vaccines or cancer immunotherapies. However, the relatively poor immunogenicity
of carbohydrates and the problem of immunotolerance to TACAs pose a significant hurdle to overcome for any
TACA-based cancer vaccine to become realistic. Having said that, great effort and progress have been made in
the past two to three decades to address these and related issues for the development of functional TACA-based
cancer vaccines. The potential of using such vaccines for the treatment of cancer has been assessed and
demonstrated, especially with semisynthetic glycoconjugate vaccines, which contain TACAs coupled to an
immunologically active carrier protein. For example, a number of clinical trials have already been conducted
with several semisynthetic glycoconjugate vaccines, and two of them even reached phase III clinical trials.
While this strategy is still actively pursued, no vaccine has met the clinical endpoints so far. The failures are
mainly due to the absence of T cell-mediated immune response in cancer patients treated with these vaccines.

To further augment the immunogenicity of TACA-based vaccines, especially for the generation of T cell-
mediated immunity, novel strategies have been developed and explored. Presently, an active field in this regard
1s fully synthetic glycoconjugate vaccines, which can incorporate not only the TACA epitope but also some
CD4" Th and/or CD8" CTL peptide epitopes and immunostimulant epitopes. It is expected that this design
will make the resultant conjugates more efficient at inducing T cell-mediated immune response. Moreover,
when coupled with solid-phase peptide synthesis, it is feasible to achieve an array of systematically designed
small-molecule vaccine candidates, which are relatively easy to characterize and handle, for detailed
structure—activity relationship (SAR) studies in order to discover more effective and functional vaccines.
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Indeed, some fully synthetic TACA conjugates, such as the MAG-, RAFT-, and Pam3Cys-based TACA
conjugates, have already shown potential as vaccine candidates in preclinical trials. However, it is worth noting
that there are still very few examples of fully synthetic cancer vaccines reported as compared to semisynthetic
glycoconjugates, and only one vaccine has been applied to clinical trials.'” This is because fully synthetic
cancer vaccines are a relatively new area and their preparation still represents a significant challenge.
Nevertheless, there has been sufficient evidence to be optimistic that this area will witness major growth in
the future, as more promising research results emerge and as fully synthetic glycoconjugates become more
easily available.

Another promising direction in cancer vaccine development or cancer immunotherapy is the combination of
synthetic glycoconjugates made of more immunogenic unnatural analogs of TACAs and cancer cell glycoen-
gineering. Cell glycoengineering has been proved to be a particularly powerful tool in cell glycobiology, and it
is reasonable to believe that more applications of this technique to cancer research and treatment will appear.
Moreover, the marriage of this novel immunotherapeutic strategy and other strategies for cancer immunother-
apy, such as fully synthetic glycoconjugate vaccine designs, may provide new growth points for the discovery of
new and efficient cancer therapies.
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6.05.1 Introduction

Mass spectrometry (MS) and various modes of separation techniques, coupled with chemical modifications and
glycosidase digestions, are the cornerstones of the high-sensitivity approach in structural determination of
complex glycans derived from biological sources. While conventional analyses performed on the glycans derived
from 1solated glycoproteins often entail additional use of techniques such as nuclear magnetic resonance (NMR)
to complete the detailed structural characterization, particularly with respect to defining its stereochemistry, more
recent advances in eukaryotic protein glycosylation analysis have been driven mostly by revolutionary technical
developments in MS and proteomics. Notably, many of these glycosylation studies have been caught on the hypes
and udes of ‘omics’ science and evolved into what is now commonly referred to as glycomics. To distinguish from
its misnomer when applied only to analysis of glycans from isolated glycoprotein(s) of interest, glycomics in its
true sense involves mapping the complexity and characteristics of the glycome of a cell, tissue, or organism, at a
particular physiological or genetically altered state. A logical extension is then to further localize the identified
glycans or glycoepitopes, particularly those novel ones or those with altered expression level, to its protein
carriers, in what may be referred to as targeted glycoproteomics. These operational definitions are further
elaborated in this chapter. Suffice here to point out the obvious, namely at such an -omic level, MS is unrivaled
in combining precision with sensitivity, although not without its own shortcomings.

Currently, a handful of laboratories and experimental workflows dictate and set the trends in glycosylation
analysis. T'wo seminal global initiatives have been completed recently under the auspices of the human disease
glycomics/proteome initiative (HGPI),' which invited all experts in the field to use their favorite methods and
workflows to complete the MS analysis of N- and O-glycans from the same centrally provided glycoprotein
sample. The data obtained were then submitted to the coordinator and written into manuscripts for publica-
tion.” While the nature of this exercise prevented a true test of techniques against the most daunting task, the
emerging picture is nonetheless most informative and educational to experts and newcomers alike. It somewhat
objectively and accurately reflects the current strengths and limitations of various approaches, from which
several guiding principles can be formulated. This chapter intends to build on that and extend beyond, with
further considerations and thoughts given to the future of MS-based glycomics and glycoproteomics.

There is a long list of excellent recent articles covering various aspects of MS-based protein glycosylation
analysis, ranging from giving a concise global view’ '* to focusing on more specialized aspects such as the
various separation modes.'”'* Instead of providing yet another comprehensive account of all available methods,
readers are referred to these articles and references cited therein. This chapter aims to deliver a more personal
view of current practice and prospects in MS-based eukaryotic protein glycosylation analysis, with an emphasis
on proven practicality in tackling real glycobiology problems, rather than dwelling specifically on the technical
aspects and advances in MS instrumentation per se, although appropriate discussion and references will be
given. It is written in a way that would hopefully give uninitiated readers a necessary background under-
standing and a clear path to tread when coming to terms with the need to analyze the glycan structures or
glycoproteins at hand.

The need to confine the scope of this chapter to MS-based analysis of eukaryotic protein glycosylation is
simply to avoid overlapping with other chapters in this volume. Partly, it is also reflecting a significant
difference in the choice of analytical methods when tackling specifically this class of glycoconjugates versus
the others. MS analyses of other eukaryotic glycosylation not specifically covered include those of polysialic
acids, sulfated glycosaminoglycans and proteoglycans, the glycolipids including the glycosyl phosphatidylino-
sitol (GPI) anchor, and the single O-GIcNAc modifications on a wide range of cytoplasmic and nuclear
proteins. Analysis of bacterial and protozoan lipoglycans (see Chapter 6.06, this volume), and polysaccharides
from bacterial, fungal, and plant cell walls, are also not specifically discussed. Naturally, some general principles
described in this chapter apply equally well to those classes of glycoconjugates but each also involves its own
specialized treatment and considerations. A convergent point for the MS analysis of all these disparate
glycoconjugates, including eukaryotic glycoproteins, are the released glycans depolymerized to a size of
below 5000 Da or so for them to be amenable to effective MS/MS sequencing. The route to this juncture is
nevertheless not so straightforward for some of the aforementioned classes of glycoconjugates, and therein lie
the specialized efforts in sample preparation that are beyond the current scope.
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A consistent theme developed here is the emphasis on designing the right MS analysis strategies and
workflows based on a sound, if not thorough, understanding of the biology of protein glycosylation. The
glycobiology governing the norm of eukaryotic protein glycosylation will thus be first described from the
perspectives of MS analysis in Section 6.05.2, before dwelling on the commonly adopted workflows in
glycosylation analyses in Section 6.05.3. Section 6.05.4 will then be devoted to more advanced aspects of
MS/MS analysis for glycan sequencing, before closing with a personal view on the future prospects of targeted
glycomics and glycoproteomics in Section 6.05.5.

6.05.2 Diversity in Eukaryotic Protein Glycosylation

A fundamental difference between prokaryotic and eukaryotic glycosylation is the reliance of the latter on the
endoplasmic reticulum (ER) and Golgi-resident glycosyltransferases to tread out well-conserved glycosylation
pathways. From the most primitive protozoa to the highest order human, the eukaryotic protein glycosylation
event follows essentially a few well-characterized pathways,'”'® resulting in readily recognized common core
structures attached to either Asn (N-linked) or Ser/Thr (O-linked). Diversification resides mostly in the
chemical nature of chain elongation, branching, and termination (see Section 6.05.2.2). In contrast, bacteria, by
virtue of lacking the ER—Golgi assembly, do not follow such a protein glycosylation event and the increasingly
being identified cases of bacterial protein glycosylation'” display a much more diverse range of esoteric
structures with many monosaccharide residues not found in mammalian glycans.

Understanding these fundamental differences in eukaryotic and prokaryotic protein glycosylation is highly
relevant when applying MS for structural analysis. Essentially, as will be elaborated in the later sections, current
glycoanalysis and data interpretation are very much knowledge based, facilitated by a few well-accepted
assumptions. Indeed, all the chemical details related to the conserved structural features have rarely been
thoroughly reestablished nowadays, when analyzing mammalian structures of very limited amount using MS.
This largely alleviates, although not eliminates, the otherwise intractable problems of not being able to
effectively distinguish stereo- and structural isomers by MS analyses alone. NMR, on the other hand, may
represent a better tool when sample amount is not limiting. A sound understanding of the glycobiology, of what
are to be expected from the sample being analyzed, is therefore an important prerequisite, as described below.

6.05.2.1 Basic Tenets of Protein Glycosylation in the Context of MS Analysis

6.05.2.1.1 Factors determining the glycosylation structures - how much can

be assumed a priori?

A simple concept regarding glycosylation is that its occurrence and eventual structure can neither be predicted
a priori nor 1s it template driven akin to protein translation and mRNA transcription. The direct consequence is
that this information can only be determined empirically, although prior knowledge of sample sources can limit
the expected repertoire. A related concept is that glycosylation is determined by both protein- and host-specific
factors. Encoded within the protein sequence is the eventual secondary and tertiary conformation to be adopted
upon translation, which would constrain the microenvironment surrounding the exposed glycosylation site for
the glycosylation machinery to act on. Thus, neither all sites nor all proteins synthesized by the same host cell
carry the same glycan structures. The additional cues that result in instances of protein-specific glycosylation
are mostly not well understood. In a more general sense, these protein-specific factors determine the potentials
of site-specific glycosylation within the same protein. It is akin to the blueprint of the desirable glycan
structures to be made. However, whether this blueprint is accurately and faithfully executed will be dependent
on the host-specific factors.

Namely, if a particular nucleotide sugar substrate, transporter, and/or glycosyltransferase is not available,
either naturally so or effected by an oncodevelopmental event, aberrant glycosylation will occur, as in cancer or
cell activation/differentiation. This host dependence also prescribes cell- or tissue-specific glycosylation
structures on the same protein sequence simply because the availability of host materials and glycosyltransfer-
ase ensemble is different. Another well-known case example is that when a recombinant glycoprotein is
expressed in a heterologous system, the eventual glycosylation structures will take on those of the host cells
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instead of the native forms. A useful inference from the host-specific factors is that if one knows where the
sample came from, one can rule out a certain structure or epitope while expecting others to be present. This not
only simplifies MS analysis, but also affects the choice of sample preparation. A most obvious case is the use of
peptide- N-glycosidase (PNGase) A and not PNGase F to release the N-glycans if the sample comes from a
plant or insect or another lower animal for they may carry core a3-fucosylation that renders them resistant to
PNGase F digestion."® It should also be pointed out that in narture, not all glycosidic linkages exist since the
energetically unfavorable process of forming a particular glycosidic bond must be catalyzed by one or more
corresponding glycosyltransferases. Thus, the knowledge-based interpretation will consider the assignment of
certain linkages unlikely while other linkages including its anomeric configurations are to be expected under
normal circumstances. In addition to what will be described in Section 6.05.2.2, readers are referred to the
recently updated excellent textbook, Essentials of Glycobiology,'® which is also freely available online on the
National Center for Biotechnology Information (NCBI) bookshelf, for an account of commonly occurring
structures to accrue the requisite knowledge base. Additional references are not further cited here.

6.05.2.1.2 Heterogeneity and glycoforms — how much is enough?

Extending from the nontemplate-driven nature of glycosylation is the phenomenon of heterogeneity. Simply
put, it is more common to find tens, if not hundreds, of different glycan structures attached to a particular site or
protein. Each protein or peptide of the same sequence but differing in the glycan structures it carries is referred
to as a glycoform. Resolving the full complexity of glycoforms is a daunting challenge in glycoanalysis, be it of a
single site or the entire glycome. It is besieged by the same problems facing proteomics, namely, the sensitivity
and dynamic range of MS instruments, and similarly calls for fractionation and enrichment as the only viable
strategies to enable detecting those very minor but potentially most biologically relevant glycoepitopes. It also
affects formulating the right answer to the perpetual question of how much starting material is enough for
MS-based glycoanalysis. Perhaps a more appropriate counterquestion is how much depth one wants to fathom
the glycome under investigation, with a sound understanding of the critical concept of ‘beyond detection limit”
Equally important is to avoid the fallacy of discounting the presence based on failure to detect, namely, the false
negatives. On the other hand, false positives are mostly due to isobaric and/or isomeric structures, particularly
those not supported by MS/MS analysis and thus wrongly assigned by simply fitting the composition to the
observed m/z values.

6.05.2.1.3 Site- and protein-specific glycosylation — why glycopeptides

and glycoproteomics?

In most cases, the raison d’étre for analyzing glycopeptides instead of just the released glycans and the
deglycosylated peptides from a single isolated glycoprotein is to delineate site-specific glycosylation pattern,
which may or may have glycobiology consequences. At the glycome level, this additionally translates into
answering the specific questions of how widespread is a glycoepitope of interest distributed within the
glycoproteome. It can be expected that, more likely than not, any alteration in glycosylation event would
affect not just a single glycoprotein but several, if not the entire glycoproteome. One of the yet to be realized
promises of glycoproteomics is thus to furnish the answers on which protein-specific factors may determine the
distribution of a particular glycoepitope, and what would be the collective effects, synergistic or antagonistic, if
all these proteins bearing the common epitopes were recognized and engaged simultaneously. Would the subtle
site-specific distribution among the glycoproteins set the activation threshold or attenuate the critical outcome?
Understanding the glycobiology issue in hand will help the decision making on whether to embark on the more
challenging tasks of defining site-specific glycosylation and glycoproteomics, which at present can only be
solved by MS analysis and no other techniques.

6.05.2.2 Structural Architecture and Diversity

As discussed above, MS analysis of protein glycosylation is very much driven by our knowledge of the common
structures to expect. Due to the biosynthetic constrains imposed mainly but not solely by the regulated
expression of various glycosyltransferases that need to act in concert to bring about a certain structure, the
glycomic repertoire of a cell is essentially defined by its complement of expressed glycosyltransferases. Viewed
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Figure 1 The common structural architecture and diversity of mammalian protein glycosylation. The core structures of the
hybrid- and complex-type N-glycans and O-glycans can be similarly extended by type 1, type 2 (lacNAc), or the lacdiNAc
chain, and then sialylated, fucosylated, and/or sulfated at different positions to give the unique terminal epitopes. Only a few
representatives are illustrated here.

from the structural perspectives, especially in the context of MS analysis, the common structural architecture
and diversity of mammalian protein glycosylation can best be summarized as depicted in Figure 1 and further
elaborated below.

6.05.2.2.1 Types of glycosylation

Eukaryotic protein glycosylation is mainly categorized into N- and O-glycosylation. N-Glycosylation at the
consensus sequon Asn-Xxx-Ser/Thr is relatively well conserved throughout all phyla and corresponds
essentially to only one kind, namely that initiated by a trimannosyl core structure. In contrast, O-glycosylation
on Ser/Thr does not follow any strict consensus sequence. In addition to the most common mucin-type
O-glycosylation initiated by GalNAc addition, other eukaryotic O-glycosylation includes O-fucosylation,
O-glucosylation, and O-mannosylation, all of which can be further extended in a specific
manner. O-Xylosylation occurs on proteoglycans to give rise first to a linkage region of tetrasaccharides and
is then further polymerized into the sulfated glycosaminoglycans. The nuclear and cytoplasmic
O-GlcNAcylation, on the other hand, i1s not further extended. There are a few other less commonly found
O-glycosylations, which one should be aware of when the samples to be analyzed are derived from lower
animals, plants, fungi, and protozoa.

6.05.2.2.2 The common core structures

The core structure of N-glycans is invariably the trimannosyl chitobiose unit, Man;GlcNAc,, which can be
a6-fucosylated at the reducing end GlcNAc. In plants, this core fucosylation is a3 where it occurs, with and
without additional 52-xylosylation at the S-mannose. In insects, either or both types of core fucosylation can
occur but not $2-xylosylation, whereas in some other lower animals that have been looked at, including
mollusks and nematodes, instances of all these core modifications could be found.

The simplest eukaryotic N-glycans are the so-called truncated or pauci-mannose structures, which corre-
spond to this trimannosyl core, or its further trimmed-down versions to having only two or one mannose, with
and without the aforementioned core modifications. These N-glycans represent the most commonly found
structures in plants and insects but are not normally found in mammals or vertebrates. In higher animals, the
high mannose-type structures retain 5-9 of the original mannose transferred en bloc as Glc;MangGleNAc,
during biosynthesis but are not trimmed beyond that without concomitant addition of a GIcNAc to the Man on
the 3-arm of the trimannosyl core. Further removal of the two additional Man on the 6-arm would allow the
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addition of one or more GlcNAc to the Man on the 6-arm to give the complex-type N-glycans. If no additional
GlcNAc 1s added to the 6-arm and only the 3-arm is extended, the resulting N-glycans are referred to as hybrid
type. The addition of the GlcNAcs onto the Man follows a strict specificity with defined linkages and initiates
the multiantennary nature of N-glycans.

The mucin-type O-glycans are attached to Ser/Thr through one of the many core-type structures. Among
these, only cores 1 and 2, and to some extent, cores 3 and 4, are commonly found. Structurally, the former pair
differs from the latter by having an extra Gal31-3 linked to the reducing end GalNAc, before being extended
further or capped by sialylation. The additional 86-GlcNAc branching on the 6-arm would make the O-glycans
biantennary-like with important glycobiology consequences; this can be contrasted with the complex-type
N-glycans, which can have up to penta-antenna, with and without the additional bisecting GlcNAc on the 3-Man.

The GlcNAcs on each of the antennae, N- and O-glycans alike, are normally 34- or 33-galactosylated to give
rise to the common structural unit referred to as type 2 or type 1 chain, respectively. The type 2 chain, that is,
GalfB1-4GleNAc or N-acetyllactosamine (LacNAc) can then be further extended to either linear or branched
polyLacNAcs, whereas the corresponding type 1 chain, Gal31-3GlcNAg, is rarely extended. Less commonly, one
or more of the GlcNAcs on the Man are incompletely galactosylated and thus remain as terminal GIcNAc.
Another variation is its extension by $4-GalNAc to give the so-called N,N'-diacetyllactosediamine (lacdiNAc)
unit. Collectively, these disaccharide units form the peripheral chains elongated from the well-defined core
structures and represent the least variable parts of the common N- and O-glycan structures. The O-linked Man
and Fuc can likewise be extended by the LacNAc unit and then capped by sialylation.

6.05.2.2.3 Terminal glycosylation from the perspective of MS analysis

By far, structural variation and diversity reside in the kind of terminal glycosylation that is added onto the
peripheral glycan chains extending out from the aforementioned common core structures. The resulting
glycoepitopes, or glycotopes, are too numerous to be summarized here but are essentially derived from a
combination of a2/3/4-fucosylation, a2—3/6-sialylation, and/or sulfation, among the more common ones for
the mammals. It should be noted that depending on the sample preparation, chemical derivatization, and
analytical methods employed, some of the nonsaccharide substituents such as O-acetylation and O-methylation
may be rendered cryptically or lost completely, and thus their wider occurrence is yet to be fully appreciated. It
is also likely that some novel substituents with physicochemical properties that defy MS analysis have yet to be
detected and defined through our routine screening analyses. Still other modifications are conveniently ignored
or denigrated to artifacts as their mass increments cannot be fitted to any known molecular entities.
Notwithstanding, the extensive data accumulated in the past on the common mammalian structures, together
with current advances in identifying all the relevant glycosyltransferase genes from the genome, do furnish us a
good command of the mammalian glycan repertoire, especially of humans and mice.

Much less is known about other eukaryotic glycosylation but what is known does support the notion that the
core structures are relatively well conserved across the different phyla, whereas much divergence is observed for
the terminal glycoepitopes. Unfortunately, there is as yet not a good, comprehensive, and searchable database
that catalogues all those ‘unusual’ structures that have ever been characterized, although coordinated efforts are
underway."” On the other hand, it is unlikely that the full repertoire of glycan structures existing in nature would
ever be completely characterized to allow us to claim such knowledge. Thus, moving away from the safety zone
of mammalian glycans, one is increasingly being challenged with novel glycoepitopes and thereby no longer
enjoys the luxury of knowledge-based assumptions. More efforts are actually required to nail down the structural
details including linkages and stereochemistry. Even so, MS is still the most powerful analytical tool as it
provides a distinct mass value as a starting point to facilitate the interpretation of other complementary data.

6.05.3 Workflows in MS-Based Protein Glycosylation Analysis

The general workflow in MS-based protein glycosylation analysis may be viewed as comprising three stages,
from sample preparation to data acquisition and then data analysis (Figure 2), preceded first by a strategic
planning. As described in Section 6.05.2, the strategic planning involves a thoughtful consideration of the
sample sources and therefore what kind of glycans to be expected, since these will affect the sample preparation
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Figure 2 The main stages in the general workflow of an MS-based global-scale protein glycosylation analysis.

steps. It also involves the decision whether to analyze just the released glycans or to address the site-specific
glycosylation. For glycomics, the total proteomic or subfractionated proteomic extracts would be subjected to
glycan release, usually after proteolytic digestion to assist solubilization and facilitate efficient enzymatic de-N-
glycosylation. The de-N-glycosylated peptides, along with the original glyopeptides/peptides, can both be fed
into the glycoproteomic/proteomic workflows, in parallel with or subsequent to glycomic analysis.

6.05.3.1 Defining the Conceptual Framework

A complete protein glycosylation profile includes both the structures of the attached glycans and their
respective attachment sites. While mapping the glycan diversity on either a single isolated glycoprotein or
an entire cell or organism may be completed on its own by analyzing only the released glycans, site-specific
glycosylation relies on analyzing the glycopeptides and normally cannot be completely defined without also
analyzing separately the released glycans. This is simply because current MS analysis cannot yet afford critical
structural details of glycans when performed at the glycopeptide or intact glycoprotein level. Thus, the full
range of glycan diversity particularly in terms of structural and stereoisomers can only be efficiently resolved
and defined at the glycan level.

In other words, glycan analysis or glycomics forms an integral part of glycosylation site analysis or
glycoproteomics. In most cases, it is performed first and the information obtained is used to design the requisite
workflow for glycopeptide analysis or glycoproteomics (Figure 3). Furthermore, interpretation of the
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Figure 3 An integrated workflow of glycomics and glycoproteomics. Successful glycoproteomics is shown to require
inputs from glycan, peptide, and glycopeptide MS and MS/MS data. It is also likely to require affinity capture at both the
glycoprotein and the glycopeptide levels.
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glycopeptide MS and MS/MS data, either manually or executed through any of the bioinformatics program
under development, will always benefit from a knowledge of the range of glycans expected to be present on the
particular subset of glycoproteome/glycopeptides under investigation. This can be used to constrain the search
and match algorithm in the first instance, or as additional input parameters after the initial match to score and
rank the hits.

By definition, glycoproteomics aims to identify the glycosylation heterogeneity associated with each of the
glycosylation sites on each of the glycoproteins made by a cell, tissue, or organism. This is necessarily a very
time- and labor-consuming daunting task, as well as technically challenging, if not insurmountable. The
overriding considerations in whether to launch such an undertaking at all normally reside in not only the
availability of sufficient sample amount, but also a sound justification for true biological importance. While such
systematic glycoproteomics is the ultimate goal of omics studies in its true grandeur, a more realistic under-
taking takes the form of a targeted approach in either of the two perspectives.

A comprehensive site-specific glycosylation analysis is only performed on one or several isolated glyco-
proteins of interest, with proven biological relevance, or simply selected randomly based on abundance or ease
of 1solation. Thus, in essence, the venture is downgraded to single glycoprotein analysis. Alternatively,
information from comparative glycomic mapping, which normally identifies one or many novel glycoepitopes
or biologically relevant glycoepitopes that are up- or downregulated in expression during a pathophysiological
event, can be used to device a targeted glycoproteomic approach. The question formulated then is which subset
of the glycoproteome bears the particular glycoepitope of interest at which of their glycosylation sites, on which
are specific glycan carriers. A key factor in enabling such an approach is obviously the ability to design a target
enrichment or capture scheme against the glycoepitope of interest, which can ideally be applied at both
glycoprotein and glycopeptide levels, along with meeting all other pre-MS analysis sample requirements.

6.05.3.2 Pre-MS Sample Preparation Requirements

As in proteomics, the practical usefulness of MS analysis, be it applied to a single glycoprotein or entire
glycoproteome, is ultimately limited by the ability to detect those biologically important structures or
glycoepitopes of low abundance, some of which are refractory to efficient ionization and detection. It is
currently unknown how many orders of dynamic range are needed to cover both the most and the least
abundant components. It is also generally acknowledged that different extraction, solubilization, glycan release,
fractionation, and derivatization methods may bias against a particular subpopulation. Any combination of the
sample preparation methods may be used and is generally not a problem for an initial glycomic screening,
which — provided the starting material is of sufficient quantity — will yield data one way or the other. The more
difficult issue is whether the resulting profile is at least quantitatively representative, if not comprehensive. It is
common that further fine tuning of the sample preparation methods often leads to ‘discovery’ of additional
glycan species and is in fact needed to ‘see’ some of the more difficult classes of glycans such as the sulfated
glycans.

A general workflow will therefore prescribe a rough and quick first-screen strategy followed by more
detailed or targeted analyses, which may require additional chromatographic fractionation and/or chemoenzy-
matic manipulations. Most laboratories specialized in glycosylation analysis have their own preferred methods
of sample preparation and only general considerations will be given here to provide some starting guidelines.

6.05.3.2.1 From biological source to solubilized glycoproteins

Depending on the studies, the starting biological source can be biological fluids or cultured or isolated cells and
tissues.””" Different developmental stages of small animals such as Drosophila,”"** zebrafish,”* and worms®**’
have also been directly subjected to direct homogenization and glycoproteomic extraction. For glycomic
analysis, extensive subcellular fractionation is normally not necessary unless a distinction is to be made on
glycans derived only from the plasma membrane glycoproteins and not those in transit or turnover and thus
residing in ER /Golgi or cytosolic compartments. Otherwise, total lysates can be directly used for extraction. On
the other hand, if the analysis of the membrane glycoprotein carriers is intended, a crude ultracentrifugation to
obtain at least the microsomal fraction, separated away from the abundant cytosolic proteins, is desirable.
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It should be noted that apart from secreted glycoproteins as found in biological fluids or cultured media, all
other cellular glycoproteins are membrane glycoproteins. A popular workflow in extraction is to first delipidate
the cell lysates by organic solvent, usually by a combination of chloroform, methanol, and water although other
solvent composition with and without salts 1s possible. This fraction may be used for the analysis of glycolipids
if so desired. However, optimizing the recovery of glycolipids normally entails repeated rounds of extractions
with organic solvents of increasing polarity and may compromise the yield of glycoproteins from the remaining
cell pellets. In contrast, only a simple step of delipidation with fairly nonpolar organic solvent is needed if only
the glycoproteins are to be profiled. Following delipidation, the cell pellet is then commonly solubilized by
extraction with urea or guanidine chloride, followed by dialysis. Solubilization by pronase or proteinase K
digestion is not recommended since, in general, one aims to preserve the peptide backbone for glycoproteomic
analysis, although it can be useful if one is concerned only with glycomics.

Alternatively, glycoproteins can be solubilized and extracted directly from the total lysates or microsomal
fracton by detergents such as sodium dodecyl sulfate (SDS), 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate (CHAPS), and Triton X-100 among the most commonly used, without the first delipidation
step. This tends to produce cleaner extracts and sometimes is necessary if the conformation of glycoproteins needs to
be preserved for subsequent affinity capture or activity assays in purification. However, a common problem for MS
analysis i3 the subsequent removal of detergents, which is not trivial. The selective loss introduced by methods such
as trichloroacetic acid, acetone, or ethanol precipitation, or passing through specialized detergent-removing columns
including ion exchange, can be an important factor that needs consideration. Others have introduced gel-based
fractionation and digestion to overcome the problem of detergent removal. Full resolving 1D sodium dodecyl sulfate
polycrylamide gel electrophoresis (SDS-PAGE) can be employed with an added advantage of reducing the
complexity of total extracts into as many gel slices as needed, as commonly adopted in shotgun proteomic analysis.
The drawback is that in-gel digestion is required followed by efficient extraction from the gel. Direct release of N-
glycans from the gel without prior proteolytic digestion has also been commonly employed but the respective yield
from all these different methods is difficult to assess and has not been systematically addressed.”® On other occasions
when an immuno-pulled-down glycoprotein is to be analyzed, this gel-based approach may represent the only
viable means of effective purification despite its noted shortcomings.

In general, efficient solubilization and recovery of membrane glycoproteins in a form that is relatively free
from salt and detergent for MS analysis is a daunting task. This raises the concern that the so-called glycomic
analysis 1s not more than just profiling the most readily solubilized and extracted glycoprotein subsets. Many
problematic classes such as the heavily glycosylated mucins or those integral membrane proteins with many
transmembrane domains may be underrepresented at best. On a more positive note, it is fair to say that most
glycoepitopes characteristic of a cell are likely to be carried on more than just a few proteins and therefore
would still be represented in the acquired glycomic profile, although this presumption remains to be validated.
Targeted analysis of single glycoproteins, on the other hand, would necessitate an efficient affinity capture in
the overall isolation scheme. Here, the prime difficulty is first and foremost the very limited amount of the
eventually purified endogenous glycoproteins and, in the process, certain glycoforms may be biased against and
likewise underrepresented in the successfully recovered population.

6.05.3.2.2 Glycan release and reducing end tagging

As described in Section 6.05.3.1, for concerted glycomics and glycoproteomics analysis, or for simple site-
specific glycosylation profiling of a single glycoprotein, the preferred next step in the workflow after obtaining
the glycoproteins is to digest them into peptides/glycopeptides; this supplies the sample not only for proteomic
and glycoproteomic identification but also for efficient glycan release in glycomic applications. It is generally
understood that intact glycoproteins often cannot be enzymatically de-N-glycosylated efficiently without
denaturing first in the presence of detergent. This approach nonetheless introduces detergent and can only
be sensibly coupled with gel-based analysis and glycan release.

The N-glycans can be efficiently released intact from glycopeptides by PNGase F, or PNGase A if core
a3-fucosylation is expected. This converts the Asn in the consensus N-glycosylation sequon into Asp, with a
one mass unit increment. This change serves as a useful mass tag to identify originally N-glycosylated peptides.
Better still, a range of endo-F-glycosidases can be used along with endo-H to separately release complex and
high mannose-type glycans, while leaving behind a GlcNAc attached to Asn. This has the advantage of a larger
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mass increment (+203 u) for the deglycosylated peptide compared to the Asn to Asp conversion (+1 u) and avoids
the trapping of spontaneous deamidation, which may mistag a non-N-glycosylated site. However, for all its
promises, endo-F appears to be less efficient in N-glycan release and thus results in low recovery of N-glycans and
incomplete peptide de-N-glycosylation for subsequent analyses. Herein lies the general pros and cons of
enzymatic treatment. The main advantage offered is the nondegradative nature toward the released glycan chains
and the deglycosylated peptides, compared with chemical methods such as hydrazinolysis. The drawback is its
sometimes overspecificity and sensitivity to steric hindrance, thus resulting in incomplete digestion. In the case of
O-glycans, the only O-glycanase available targets specifically the bare core 1 structure, Gal31-3GalNAc-Ser/ Thr,
which renders its use as a general reagent to release intact O-glycans infeasible. Thus, O-glycans are commonly
released instead by the well-tested alkaline reductive elimination method, which unfortunately would destroy the
de-O-glycosylated proteins/peptides. Other O-glycan chemical release methods including less degradative and
nonreductive treatments have been proposed”’ and used to different extents by different groups, to variable
success. The main shortcomings are normally low efficiency/recovery and/or unwarranted degradation.

For a number of laboratories, the nonreductive means of O-glycan release is essential to preserve the
reducing end for subsequent reductive amination tagging with a fluorescent probe for liquid chromatography
(LC) applications,”*” in a manner similar to that employed for N-glycans. 2D or even 3D high-performance
liquid chromatography (HPLC) mapping of such fluorescent-labeled glycans is a powerful approach to
structural analysis complementary to MS analysis.””** Tts main advantages include better orthogonal fractio-
nation scheme afforded by wider choice of stationary phases, usually in the form of anion exchange, C18 reverse
phase, and amide-based normal phase separations. It also allows relatively easy purification and quantification
of each separated glycan species based on the fluorescent tag. On the other hand, its main limitation is the
reliance on standards or previously established database for the 2D LC coordinates for peak identification,
which is not possible when novel structures are encountered. Some of the applications have in fact been
facilitated by MS analysis of the isolated glycan peaks. It is, however, an overall laborious approach and unlikely
to resolve the full complexity of a glycome on its own. Recent developments have spotted a trend to miniaturize
the fluorescent label approach for microscale handling and separation on capillary LC columns that can be
interfaced directly to MS.**** This would enjoy the advantage of automated MS analysis while providing an
added dimension of efficient LC fractionation, with ease of quantification. Considered in this context, this
approach is ultimately limited by the chemistry of tagging and subsequent cleanup, which never approaches
complete yield. It also necessitates an efficient online MS/MS sequencing capability that is compatible with the
chromatographic timescale if structural identification or confirmation is required.

6.05.3.2.3 Permethylation and other related chemical derivatization

Reducing end tagging apart, another of the most commonly used chemical derivatizations is permethylation.
Along with peracetylation, and their stable isotope counterparts, that is, perdeuteromethylation and perdeuter-
oacetylation, these chemical derivatizations essentially convert all free hydroxyl groups on the glycan chains
into O-methyl or O-acetyl groups. An essential difference is that the O-methyls are stable to most subsequent
chemical treatment including acid hydrolysis, whereas the O-acetyls, being esters, are readily reversible.
Permethylation is the necessary first step in linkage analysis,”> ** followed by hydrolysis, reduction, and
peracetylation for gas chromatography-electron impact (GC-EI)-MS analysis. By converting a hydrophilic
glycan into a hydrophobic molecule, permethylation allows simple cleanup from hydrophilic salts and con-
taminants and thus is well suited for robust glycomic applications in which a low amount of glycans derived from
the cell extracts often come with a high level of many of the biological matrices. In comparison, MS analysis of
native glycans often demands more tedious pre-MS cleanup to ensure good ionization amidst hydrophilic
contaminants.

In general, both permethylation and peracetylation also increase the sensitivity of MS detection per se by up
to 10 fold or more on a side-by-side comparison when equal amounts of native and derivatized analytes are
applied to MS. The practical gain in sensitivity is, however, much more difficult to evaluate as many factors in
biological sample handling come into play. Most notably when dealing with low or subpicomolar amount of
sample, direct applications of the native glycan sample to MS analysis may turn out to be more successful than
taking the same limiting amount through permethylation, concomitant with the loss introduced during the
chemical derivatization and cleanup. The situation is somewhat different when dealing with nanomolar to
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micromolar range of sample materials for which small loss during permethylation is negligible and more than
compensated by the gain in other aspects, notably in deriving useful MS/MS data (see Section 6.05.4). This
added advantage in affording more effective MS/MS sequencing along with its robustness and proven
applications to real samples are in fact the prime considerations in continuing to favor permethylation today
even with vastly improved MS and MS/MS sensitivity. Methods were developed to introduce online solid-
phase methylation,”” and analysis of permethylated glycans remains the preferred method adopted by several
leading laboratories’ that continue to solve novel glycan structures by MS analysis.

An important consideration to bear in mind when one chooses to work with a permethylated sample is that it
will methyl esterify carboxylic groups, but will also remove any naturally occurring functional group attached
to the glycan through ester bond, most notably the O-acetyls on sialic acids. Consequently, it abolishes the
negative charges born by sialic acids and hexuronic acids, thereby stabilizes them and renders glycans with
these residues more amenable to analysis in positive ion modes. At the same time, it will remove O-acetyl and
other O-acyl substituents while rendering naturally occurring O-methyl groups cryptic. These should be
‘uncovered’ by parallel analysis of nonderivatized samples or be dealt with when finally zooming in on the
analysis of glycopeptides. On the other hand, either the Hakomori methylation conditions™ using the
methylsulfinyl carbanion or the NaOH/DMSO slurry”” methods have been shown to retain the phosphates™
and sulfates.*’ ™ A phosphodiester will itself be methylated and the phosphate monoester may acquire one or
two methyl groups, whereas the sulfates will not be methylated and thus retain its negative charge. These have
important bearings in designing sample cleanup, fractionation, and enrichment schemes for the sulfated,
phosphorylated, and/or sialylated glycans. A different strategy involves the analysis of native glycans but
with their carboxylic groups on sialic acids being neutralized by methyl esterification™ and other novel
chemistry.** ™ These have the same desirable effects of stabilizing the sialic acids, abolishing their negative
charges, and enabling them to be analyzed along with other neutral glycans in positive ion mode without being
biased against or induced loss of sialic acids.

6.05.3.2.4 Glycan fractionation and targeted enrichment
As a starting point, additional fractionation of the released and permethylated glycans are normally not
necessary prior to attempting a rapid survey MS mapping. It is more useful to have the feedback from such
initial screening to inform the most sensible fractionation steps, if needed. As mentioned, permethylation
followed by a simple organic solvent extraction is normally sufficient to get rid of most interfering hydrophilic
impurities. It also neutralizes charges on sialic acids to allow simultaneous detection across the full mass range
of most common classes of N- and O-glycans in positive ion mode. Depending on the complexity and the kind
of potentially interesting or important glycoepitopes detected, judicious choice of fractionation scheme can
then be made. This can be effected at the bulk preparative level or at the microscale level to facilitate MS
detection. Further size separation of the permethylated glycans can be performed on reverse-phase LC but in
general gives poor chromatographic resolution. Instead, it is practically more useful to have the C18 materials
packed in solid-phase extraction cartridge or microtip for pre-MS microscale cleanup and simple class
separation. Permethylated sulfated glycans, for example, can be partially separated away from neutral per-
methylated glycans and thus enriched. Similarly, a microtip packed with porous or nonporous graphitized
carbon material*’ can be used to clean up nonderivatized native glycans prior to MS applications.
Conventional detailed glycan analysis carried out at a relatively larger scale often necessitates isolation of
glycans through multidimensional chromatography to allow efficient NMR and compositional analysis. Anion-
exchange chromatography takes advantage of the different sialic acid contents and 1s usually employed as the
first dimension to separate the glycan pool into neutral, singly, doubly, triply, and multiply negatively charged
fractions, corresponding to the number of sialic acids contained. Amine- or amide-based normal phase is then
employed for size fractionation with the charge effects counteracted by the pairing ions included in the solvent
buffer. Reverse-phase separation is only applicable to glycans tagged with hydrophobic fluorescent label such as
aminopyridine’' or 2-aminobenzamide.”” While these methods are still very much in use, current glycomic
mapping prefers to have simple one-dimensional fractionation and, if possible, direct coupling to online
LC-MS/MS, to increase throughput and sensitivity while relying on the high performance of current MS
instruments to provide the resolution and precise sequencing needed. In this context, porous graphitized
carbon-based microscale LC-MS/MS is increasingly employed to effect separation of structural isomers.”**
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For MS-based analysis, this is arguably more useful than various modes of hydrophilic interaction liquid
chromatography (HILIC), which provide mostly size fractionation.'*>***> MS itself gives the highest resolu-
tion in terms of molecular mass and thus would be better complemented by LC fractionation that resolves not
the size but the structural and stereoisomers of same masses. High pH anion exchange as performed on Dionex
LC system,”® which can likewise resolve isomeric structures, is also popular but the extensive online and/or
offline desalting needed makes it less friendly for direct coupling to LC.’” Finally, it is also desirable to have
affinity-based fractionation to allow enrichment of a subglycomic population, usually effected through specific
lectins and antibodies but only with limited success, with respect to the specificity achieved.

6.05.3.2.5 Glycopeptide enrichment

For effective MS analysis, glycopeptides as produced through proteolytic digest of a glycoprotein pool need to
be enriched out from the dominance of peptides. This has in fact been one of the key areas in glycoproteomics
that merits intensive research and development. Unfortunately, no single method emerges as the clear winner
and each appears to demonstrate certain degree of success when applied to standard glycoproteins and selected
glycoproteomic samples. It is fair to say that at a glycoproteomic level, any of the enrichment methods would
give the desirable effect of allowing more glycopeptides to be detected on a global count. However, practical
experience shows that there is no « priori rule to predict if a particular glycopeptide can be enriched as desired.
A common technical problem is that certain glycopeptides will not be retained while others may not be eluted
or recovered. Conversely, nonspecific binding of nonglycosylated peptides is inevitable. Among the stationary
phases that rely on the added hydrophilicity conferred on glycopeptides by the attached glycan to effect the
enrichment capture are various HILIC materials including cellulose, sepharose,’® silica, aminopropyl, and
zwitterionic types.’” Notably, none of these exhibit exclusive nonreactivity against the peptide itself and
therefore, depending on the particular amino acid composition of the peptides, their weak to moderate or even
strong binding to the HILIC phase is naturally unavoidable and is critically affected by the pH and ionic
strengths employed for binding, wash, and subsequent elution.

In contrast to these materials that exploit the physicochemical properties of the glycans for global enrichment
of glycopeptides, specific affinity capture can also be performed using one or more of the commercially available
lectins.”>* Some of these such as concanavalin A (ConA) and wheat germ agglutinin (WGA) have long been
employed for conventional purifications of glycoproteins and are ranked among those lectins that have broad
specificities against a range of glycans. Other lectins that target specifically the Fuc or sialic acids are very useful if
the glycoproteomic experiment aims to define the changes related to fucosylation and sialylation, respectively.
Sull other animal lectins such as the galectins and mannan-binding proteins or monoclonal antibodies against
specific glycotopes have been coupled to beads or gels for affinity capture. A common problem with these is the
general low affinity and a requirement of multivalency for high avidity, which may not be reproduced on isolated
glycopeptides. Often, an effective affinity probe for Western blot or flow cytometry applications may not translate
into an effective tool for affinity capture, not to mention their prohibitively expensive cost.

On the other hand, the use of these protein-based affinity capture materials potentally allows a multilevel
capture process to increase overall specificity. The same lectin can be employed at the glycoprotein, glycopeptide,
and glycan levels. One can thus start with an already enriched targeted glycoproteome subset and resubmit its
digested peptide/glycopeptide pool to another round of affinity capture by the same lectin. Nonretained peptides
from this pool should in principle originate only from the targeted subglycoproteome and can be used for
proteomic identification. Even allowing for the expected nonspecific binding, this would still narrow down the
proteomic subset to be considered. In addition, glycomic mapping may initally be conducted on the subglycomic
population enriched by the same lectin to obtain information on the expected ligands. It is also possible that
several lectins be used in tandem or in mixture to further narrow down or increase, respectively, the targeted
range of glycopeptides. The lectin affinity capture can also be used in combination with any of the HILIC-based
enrichment, which is nondiscriminative against the glycan moieties.”’ This has the added advantage of possible
desalting and removal of the high amount of monosaccharides often included in the eluting buffer. It should be
noted that desalting and removal of other small-molecule contaminants from glycopeptides by C18 reverse-phase
column are not always feasible as some of the glycopeptides, especially those with large glycan moiety relative to
small peptides with charged amino acids, may not be retained. The HILIC column may be a good alternative but
it should likewise be cautioned that binding and subsequent elution are not guaranteed.



MS-Based Glycoanalysis 135

6.05.3.3 Practical Considerations in MS-Based Glycan and Glycomic Analysis

As described in the previous sections, a preferred workflow following the release of glycans involves
permethylation for a rapid mapping before attempting additional fractionations to reduce the glycomic
complexity or to target certain subpopulation of interest. For reasons to be described in this section, the first
survey mapping is preferably done by MALDI-MS supplemented by MALDI-MS/MS on selected peaks to
confirm dubious peak assignment based on composition alone. Following this first step, many alternative routes
are possible but generally boil down to treading one of the three pipelines (Figure 3). The first is aimed at
confirming the glycan structures assigned by MS/MS (Section 6.05.4), usually with respect to linkage and
anomeric configurations, while the second is to subject the glycans to further rounds of ever more sophisticated
MS or MS/MS probing, with and without LC, to answer specifically if particular glycoepitopes or core
structures not apparent from the initial mapping are present. It is anticipated that this second-tier target
validation and identification will eventually be accompanied also by target quantification in the not too distant
future although not currently feasible. Finally, a third route is to venture into targeted glycoproteomic studies
based on the glycoepitopes detected to delineate their specific protein carriers.

6.05.3.3.1 Limitations in glycan mass profiling

A basic understanding of MS indicates that it measures the mass-to-charge ratio (#/2) of an ionized molecule.
Knowing the charge can translate the m/z value into true molecular weight information. Current MS instru-
ments boast of exceptionally high resolving power with respect to molecular masses but is essentially
nondiscriminating with respect to isomers, unless the different isomers can be experimentally derivatized to
derivatives of distinctive mass differences. In glycan terms, the structural diversity of the common mammalian
glycans therefore degenerates simply into molecular entities comprising a combination of Hex, HexNAc,
NeuAc/Ge, dHex, and less frequently, Pent and HexA, as their building block units. One cannot distinguish by
MS, for example, a-Gal, 3-Gal, a-Man, and $-Man. Instead, all these residues are simply designated as Hex.
This somewhat simplifies the assignment as there are only a few residual masses to be considered and fit. With
the knowledge of expected range of common structures, one can readily assign a measured 7/z value to a
particular composition, from which the most likely structures may be inferred.

It 15, however, obvious that definitive structural assignment is not possible by such straightforward one-
dimensional MS mapping. A common problem in assignment based on MS data alone, either manually or by
using software programs, is that there are simply too many possible structural isomers that would fit the
molecular mass data, even discounting the stereochemistry. The common practice is thus to apply matching
constraints based on our knowledge of glycobiology along the lines described in Section 6.05.2. One would limit
the combinatorial permutations of different monosaccharide residues to certain numbers and kinds and further
manually narrow down the possibilities by eliminating those unlikely structural composition. As one can
imagine, the more complex the glycome or glycosylation profile under investigation, and the larger the
molecular weight, the likely isobaric and isomeric combination increase exponentially. These considerations
place a premium on the need to obtain high-accuracy MS data and, above all, in acquiring MS/MS for as many
individual peaks as possible within the life span of a limiting amount of analytes.

6.05.3.3.2 MALDI versus ESI-MS and MS/MS

The history of glycan MS analysis commenced in the 1980s and the early 1990s when fast atom bombardment
(FAB) or liquid secondary ionization MS (LSIMS) on the sector type of instrument®"®* was the only viable MS
ionization technique for efficient analysis of oligosaccharides. In addition to affording molecular ions for intact
glycan molecules up to several kilodaltons, direct fragment ions, particularly those referred to as oxonium ions
resulting from glycosidic cleavages (see Section 6.05.4), were often observed. These fragment ions are not true
MS/MS ions in the sense that parent ions are not selected or isolated by the first mass analyzer and subjected to
additional collision-induced dissociation (CID) events in a dedicated collision cell or ion trap, before being
analyzed in a second mass analyzer tandem in space, or the same ion trap tandem in time. The beauty of a true
MS/MS event is that all observed fragment ions can be attributed to a single parent ion and hence most
informative for detailed sequencing of a glycan. However, FAB-MS/MS analysis as implemented then on the
four-sector tandem mass spectrometers was mostly of insufficient sensitivity for it to be practically useful for
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analyzing biological samples. In contrast, the abundant direct fragment ions produced in-source upon FAB
1onization were used extensively to identify the range of terminal epitopes and polyLacNAc-based peripheral
sequences present, much as one would with true MS/MS. The only drawback is that these fragment ions cannot
be traced back to a particular parent ion unless the glycan of interest is first purified and analyzed in isolation.

Recent advances in MS instruments have largely supplanted both FAB ionization and sector instruments.
For newcomers to this field, one is mostly acquainted with and has access only to matrix-assisted laser
desorption 1onization (MALDI) and electrospray ionization (ESI) sources fitted on a range of mass analyzers
with much improved performance, such as quadrupole/time-of-flight (Q/TOF), TOF /TOF, and 1on traps that
allow efficient implementation of CID-MS/MS. Both MALDI and ESI are much softer ionization techniques
compared with FAB and deemed not to impart sufficient energy to induce much in-source fragmentation.
However, it is well appreciated that direct fragmentation in the ionization source can still be observed albeit it is
less prominent. In MALDI, this in-source prompt fragmentation can be further promoted or ‘laser-induced’ by
elevating the laser energy above the normal ionization level needed.”® In ESI, similar in-source fragmentation
can be induced if the cone voltage is somewhat elevated above normal settings. From the application aspect,
these direct fragment ions that come ‘free’ with MS mapping are very useful to derive diagnostic markers
indicative of the presence of particular glycoepitopes within the population for the initial discovery screening.
An important feature is that such fragment ions, as with all other molecular ions, can actually be selected for
further MS/MS in what is commonly referred to as a pseudo-MS® event. In practical terms, this would allow
the oxonium ions representing the biologically relevant terminal epitopes to be further fragmented to derive
additional linkage information.”” The only limitations are that, in comparison with FAB-MS, they may not
always be produced at a significant level, especially if the sample amount is low, and are often masked by a
high-matrix background within the low-mass region where they occur.

All factors considered, MALDI-MS is the method of choice for an initial glycan or glycomic mapping. First,
it is more rapid, robust, and easier to operate than ESI-MS for nonspecialists. Typically, 0.5-1 pl concentrated
glycan sample is spotted onto the target plate in the presence of appropriate matrix solution, either premixed or
mixed on-plate. Data acquisition for each sample is completed within several seconds to minutes, depending on
the instrument. The use of a large format target plate allows applications of hundreds of spots and MS data to be
automatically acquired for high-throughput screening. Any sample of bad quality due to high salt and other
contaminant content will not affect the data acquisition of other samples. At a comparable sensitivity, offline
nanospray (nanoESI) MS using a metal-coated borosilicate emitter to introduce a stable spray of analytes at 10—
40 nlmin~" allows a longer analysis time of sometimes up to an hour or so for a few microliters of glycan
sample, which is very useful for extensive multistages tandem MS (MS”) acquisition experiments but too time-
consuming and requiring much higher operation skill for a simple first screen. It is also less tolerant to salt, and
‘dirty’ samples often do not produce stable, long-lasting spray to allow data accumulation to good signal-to-
noise ratio.

Second, for most practical applications, the glycans normally afford only singly charged molecular ions by
MALDI, which facilitates direct assignment of molecular ion signals distributed across a full mass range, up to
approximately 7/z 6000 for reflectron mode before sensitivity tails off rapidly beyond that. Switching to linear
mode can extend the mass range of detection at a cost of inferior resolution and accuracy. In contrast, ESI
typically affords singly to multiply charged species with effective m/z values falling within a more restricted
range, usually below 7/z 2000 for most common applications. In principle, the formation of multiply charged
species should afford a better detection of large-sized glycans at low m/z values. However, in complex mixtures,
these larger glycans of lower abundance are in fact often masked or suppressed by the lower mass components.
Added to that, a different combination of proton, ammonium, sodium, and/or potassium may act as the counter
cations in multiply charged species, if samples are not desalted and handled properly, which spread the signal
intensities across several distinctive peaks and further complicate the resulting spectra. High-resolution mass
analyzer is therefore desirable to allow accurate mass and charge state determination of glycan signals in an
often overcrowded ESI-mass spectrum. In this context, nanoESI-MS would benefit from coupling to online
nanoLC to improve resolution by the time dimension. MS survey spectra from segments or the entire elution
time span can then be summed together to present one or more overall MS profiles. Strong signals contributed
by contaminant peaks that elute at a specific time would be averaged out more effectively than a single MS
acquisition of continuously spraying analytes.
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Third, in-source prompt fragmentation as discussed above is more readily formed in MALDI-MS without
further adjustment of parameters and is very informative of the nonreducing terminal epitopes. Finally, the
static nature of MALDI allows one with ample time to first interrogate and assign the spectra before returning
to the sample spot to manually select particular peaks of interest for MS/MS experiments, provided the MS
instrument is equipped to do so efficiently, such as that afforded by MALDI-Q/TOF or MALDI-TOF/TOF
instruments. In contrast, ESI-MS usually requires all analysis be completed at once, and nonconsumed sample
in the emitter may be difficult to recover for subsequent second-round applications. In summary, although both
ESI and MALDI can be used for effective glycan mapping, MALDI-MS is more user-friendly for novice and
general users, with more straightforward operation modes and data interpretation. The molecular mass can be
readily assigned without considering the charged state and less overlapping isobaric peaks are encountered,
which are thus more conducive for direct manual MS/MS acquisition on the tentatively assigned peaks.

6.05.3.3.3 Other MS- and non-MS-based complementary techniques

Apart from fragment ions produced either in-source or through MS/MS; sequencing and structural information
can also be obtained through specific enzymatic and/or chemical cleavages coupled with MS detection of
the products. Larger glycans such as the polyLacNAc can be cleaved into smaller fragments by endo-3-
galactosidases while terminal residues can be sequentially removed by exo-glycosidases. The specificity
introduced through the choice of enzyme can provide some linkage and stereochemistry information otherwise
not afforded by MS alone. The partially degraded products can then be mapped by MS by virtue of the changes
in mass value. Such an experimental approach has been in use since the early days of FAB-MS and stll ranks
among the most sensitive techniques in addressing, for example, if a terminal Hex is a-Gal or 3-Gal. Specific
[B-galactosidase also exists that would cleave only a $1,4-linked Gal residue under specific reaction conditions.
Likewise, there are commercially available &2,3-neuraminidase and «l,2-fucosidase, just to name a few.
Unfortunately, there is not a collection of exo-glycosidase available corresponding to each of the existing
linkages and thus not all linkages can be defined this way. A major shortcoming of applying glycosidases
digestions 1s that nonreactivity may not often necessarily be taken to establish the absence of that particular
targeted residues as it may be caused instead by steric hindrance, nonactive enzyme upon storage, incorrect
experimental conditions, and so on. Thus, a positive result is always more reliable than inference from a
negative result. Another common problem is incomplete digestion despite exhaustive treatment, which cannot
be distinguished from the presence of similar structures but with terminal residues different from the
targeted ones.

While chemical cleavage may be less affected by steric hindrance, it is likewise subjected to incomplete and/
or nondesirable side reactions. Mild acid hydrolysis is commonly used for removal of labile substituents or
glycosyl residues such as the fucose and sialic acids. Periodate oxidation, usually as the first step of the Smith
degradation procedure, is another commonly employed partial degradation method. It would cleave the
carbon—carbon bond between any two adjacent hydroxyl groups and render the cleaved glycosyl residues
labile to mild acid hydrolysis. Normally, the aldehyde groups created by oxidative cleavage are reduced back to
primary alcohol before subjecting the products with ring-open glycosyl residues to mild acid hydrolysis.
Another variation is to exploit the higher susceptibility of the side chain of sialic acids, or the reducing end
GalNAcitol on reduced O-glycans to periodate oxidation such that in the so-called mild periodate oxidation,
only these are cleaved, leaving all other residues intact. This 1s a very useful chemical cleavage as applied to
reduced O-glycans since it will cleave the GalNAcitol into two halves, retaining the substituents on the 3- and
6-arm, respectively. Importantly, the C2 and C4 remnants of the oxidatively cleaved GalNAcitol are of distinct
masses and thus one can identify the respective series of products by MS mapping.”® This is contrasted with
complete periodate oxidation in Smith degradation in which all terminal glycosyl residues including all the
fucose appendages on LacNAc-based glycan chains will be removed whereas the 3Gal 1-3/4GlcNAc unit
remains intact and thus the O-glycan backbone can be easily defined.

6.05.3.3.4 Qualitative versus quantitative MS mapping

All the above-described methods in further chemoenzymatic manipulations and the fragment ions produced
either directly or through true MS/MS are aimed toward establishing the exact glycan structures represented
by the peaks in the MS profile. With the knowledge of identity, a further need is often to provide a quantitative
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measure so as to detect up- or downregulated expression of a particular glycan or glycoform. Despite several
attempts in this direction, MS mapping of glycans (and glycopeptides) remains largely qualitative. At a crude
level and to a good approximation, the peak height or area afforded by MALDI-MS of the permethyl
derivatives can be a good indicative index for relative amount and their alterations from sample to sample.’
For nonmethylated glycans, it is necessary to at least methyl esterify or neutralize the carboxylic groups of sialic
acids by chemical means in order to provide a quantitative measure in positive ion mode. Otherwise, the sialic
acids would tend to be lost nonquantitatively and thus cannot be distinguished from those similar structures
with a lower degree of sialylation. Even without the MS-induced loss, analysis in positive ion mode would still
discriminate against negatively charged glycans, such as those with sulfates or phosphates. Conversely, the
response of neutral glycans will be biased against in negative ion mode analysis. There is at present no simple
way of efficiently detecting both the neutral and the negatively charged glycans in one measure and accurately
determining their relative amounts by simply registering their peak intensities.

Considered carefully, the problems of quantification by MS are not trivial. In general, glycans of similar
physicochemical properties but with a size distribution within a not-too-wide mass range may be assumed to
give similar response factors under MS ionization and detection. Thus, for example, the relative amount of high
mannose structures, Mans_oGlcNAc,, may be readily determined from their MS signal intensities as such. The
sample applies to hybrid and complex type glycans within roughly a narrow mass range, provided the
negatively charged sialic acids have been neutralized and stabilized as described above. It is, however, generally
true that much larger glycans would give poorer MS response at higher mass range, and how accurate is a direct
measurement of their signal intensities reflecting their actual abundance relative to lower molecular weight
components has not been carefully established. Added to that, in MALDI, still larger glycans may only be
detectable by switching to linear mode. In ESI, several differently charged species and thus signal series of
different m/z values for the same glycan may be produced and need to be all detected efficiently for them to be
summed together. At best, quantification by such only adds together all isobaric and isomeric components
represented by a single nonresolved peak, which often also produces a skewed isotopic distribution due to
signal overlapping and therefore imposes problems in delineating the respective isotopic signal clusters. The
choice has to be made in whether to take just the monoisotopic peak, if it can be accurately resolved and
determined, for quantification or whether deisotoping by any of the software would be needed to arrive at a
single deconvoluted peak.

Once all these issues have been adequately settled, additional normalization considerations need to be given
for comparing different samples. As in label-free quanttative proteomics, both biological and technical
replicates are needed. Spiking with internal standards will also be desirable to correct for sample-to-sample
variations even if one resorts solely to constant ‘housekeeping’ glycans for normalization. It is much simpler to
express all abundance relative to a single common glycan for rough comparative measure. A different approach
is to arbitrarily set the peak detection threshold to first filter out the low-level noise peak and then sum all
intensities of all remaining peaks as a measure of total abundance and the basis of normalized comparison. All
detected glycan components of interest can then be expressed as a percentage amount of this total for
comparison across different datasets. To date, different approaches have been adopted in a few application
examples but it is fair to say that no standard procedure has been systematically evaluated, let alone agreed
upon. [t nevertheless has caught the attention of the glycoanalysis community and the initiatives are underway.
Alternatively, few groups have proposed stable isotope approach, introduced within the reductively aminated
tag at the reducing end,””’” or through permethylation with isotope-labeled methyl iodide.”' ™" Again, none
has been widely adopted by the community and none is without its own pitfalls. Given the complexity of the
glycomic profile, mixing together populations of differentially labeled samples only adds extra complexities
through isobaric overlapping. The only conclusion that can be made at present is that the need for better
quantification has been widely recognized but the solution is far from simple and will need more development
work. In that respect, quantification of fluorescent-labeled glycans by HPLC is both simple and elegant by
comparison. The shortcomings however are already described, residing mostly in inadequate resolution by
one-dimensional separation and being unable to always identify all peaks. Multidimensional separation will be
time- and labor-consuming and it is best to attempt absolute quantification using suitable standards for
subsequent comparison across different samples.
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6.05.4 MS/MS Glycan Sequencing

Although sequential exo-glycosidase digestions coupled with MS detection is effective in defining not only the
glycan sequence in terms of Hex, HexNAc, and so on, but also its stereochemistry, its practical utility is
ultimately limited by the availability of a wide array of glycosidases that are robust and specific enough. In
addition, the entire process is lengthy and may require desalting considerations in between steps to facilitate
MS detection. While single-step confirmation of assigned nonreducing terminal residue can be readily
accomplished at high sensitivity, a full cycle of sequential trimming from the nonreducing end may not be.
Further ambiguity in data interpretation arises due to the branched nature of most N- and O-glycans, especially
since the sequential digestion often needs to be performed on a glycomic mixture rather than isolated
individual glycans. Thus, by far, the way forward for efficient glycan or glycomic sequencing depends on
high-sensitivity MS/MS analysis. Its success in turn relies on a sound knowledge of both the expected
repertoire of glycan structures (Section 6.05.2.2) and the characteristic fragment ions produced under different
modes of implementation (this section).

Early systematic studies of the fragmentation pattern afforded by glycans were mostly carried out on the
permethyl derivatives out of necessity for EI- and FAB-ionization sources. A body of historical work performed
then®*>"*7% has collectively provided a mechanistic basis for much of our current understanding. The
fundamental differences in the specific cleavages afforded by protonated versus other cationized parent ions,
or low (<100 eV) versus high (up to several kiloelectronvolts) collision energy, or different collision gases, Were
noted based on FAB-CID-MS/MS carried out on either a triple quadrupole or a four-sector MS instrument.”
The advent of ESI in the 1990s as fitted on the Q/TOFs and ion traps has since led to many MS/MS studies of
the permethyl derivatives along the line of low-energy CID’*** and, increasingly, is being extended to analyze
directly underivatized glycan samples,”** especially in negative ion mode (for references see Section 6.05.4.2.1),
or one that has been tagged at the reducing end® . In parallel, MALDI has evolved from initial dependence on
post-source decay (PSD) fragmentation””" to true MS/MS capability enabled on the Q/TOF”* and TOF/
TOF,”*” for low- and high-energy CID, respectively. These more recent developments in nanoESI and
MALDI along with a range of higher performance mass analyzers have practically overcome the sensitivity
problem of analyzing native glycans, which is now a viable option in both positive and negative ion modes,
particularly in high-throughput LC-ESI-MS/MS applications for rapid screening and sequencing,’*”'**%"%

On the other hand, detailed structural analysis, especially one that needs to critically define not only the
sequence but also the linkage positions, continues to rely much on the distinct advantages offered by MS/MS
analysis of the permethyl derivatives. Following a rapid profiling at the MS level, direct selection of a few of the
most prominent molecular ion signals of interest for low-energy CID-MS/MS would most efficiently establish
the overall core structures, peripheral extension, and terminal epitopes based on a complementary set of
sequence informative glycosidic cleavage ions (Section 6.05.4.1). This can then be followed up by further
isolating one or more of the primary fragment ions for additional stages of fragmentation until linkage-specific
ions can be identified (Section 6.05.4.2.2). Alternatively, such linkage-informative cleavage ions can also
be produced at the MS’ level by resorting to high-energy CID analysis on a MALDI-TOF/TOF
(Section 6.05.4.2.3).

6.05.4.1 Glycosidic Cleavages and Oxonium lons

MALDI- and ESI-MS analyses of glycans in positive ion mode afford mostly sodiated molecular ions, from
which the most readily produced fragment ions are those derived from glycosidic cleavages, referred to as the B,
C, Y, and Z ions according to the nomenclature proposed by Domon and Costello”” (Figure 4(a)). For a neutral
glycan without any amino sugar, charged residue, or labile substituent, glycosidic cleavage is expected to occur
randomly at each residue along the chain. However, in the case of N- and O-glycans, which carry HexNAc at
specific locations in the core moieties, along the peripheral chains, and at each branch point (Section 6.05.2.2;
Figure 1), as well as terminal sialic acids, a very distinctive fragmentation pattern is observed instead. Most
importantly, glycosidic cleavages are directed preferentally at HexNAc and NeuAc/NeuGe residues, giving
rise to dominant pairs of B and Y ions. This applies to both native and chemically derivatized glycans but is
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most pronounced for permethylated glycans, to the extent that cleavages at other sites are largely disfavored
under low-energy CID-MS/MS commonly performed on Q/TOF or ion trap.

6.05.4.1.1 Neutral loss and identification of core structures
Translated into practical terms, the sodiated molecular ions of N- and O-glycans are thus expected to
demonstrate the facile neutral losses of sialic acids and the entire nonreducing terminal epitopes delimited
by HexNAc to give abundant Y ions (Figure 5). Multiple losses of such antennary chains or substituents from
the parent ions are commonly observed in low-energy CID, particularly under MALDI-Q/TOF-MS/MS,
leading eventually to prominent fragment ions corresponding to the bare core structures (Figure 5(b)). For
native and reducing end-tagged glycans, such neutral losses are very useful in defining the presence of certain
terminal glycosyl substituents such as sialylation and fucosylation but critical information on their localization
to a particular terminal epitope may be missing. To illustrate this point, consider a biantennary N-glycan with a
terminal disialyl LacNAc, NeuAc-Hex-(NeuAc)HexNAc, on one antennae and a fucosylated LacNAc on the
other. Neutral losses of the sialic acids and Fuc are likely to be predominant, followed by subsequent losses of
LacNAg, in preference to direct loss of a disialyl LacNAc or Lewis X (LeX) moiety, the Y ions of which may or
may not be detected to unambiguously establish their presence.

In contrast, for permethylated glycans, direct losses of the entire sialylated and/or fucosylated epitopes are
always to be expected since the propensity for cleavage at HexNAc is much elevated to the level on par with that at
sialic acids and higher than that at Fuc. Importantly, since all OH groups not engaging in linkages are methylated,
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Figure 5 A typical low-energy CID-MS/MS spectrum for a permethylated biantennary N-glycan acquired under ESI as a
doubly charged protonated/sodiated molecular ion (a) or MALDI as a singly charged sodiated molecular ion (b). Note the
common as well as the different ions produced. The schematic drawings illustrate how successive neutral losses would give
rise to the ions corresponding to the trimannosyl core with a number of free OH groups. All cleavage ions drawn here are B
and Y ions.

subsequent loss of LacNAc through additional cleavages in this case example would be defined by the presence of
extra free OH groups, namely, (OH)Hex-(OH)HexNAc or Hex-(OH)HexNAc, which can be distinguished from a
bona fide Hex-HexNAc terminal epitope. This free OH tagging of each cleavage site enables one to readily define
the presence of branch point and constitutes one of the several distinct advantages in MS/MS analysis of permethyl
derivatives. It is very informative as well with respect to defining the presence of polyLacNAc versus distribution of
the extra LacNNAc units to additional antennae. Furthermore, the ion corresponding to the core structure after
losing all the antennary extension will be ‘tagged’ by multiple deficits of 14 mass units in its m/z values, each of
which denotes a cleavage site and therefore the number of antennary branchings.

6.05.4.1.2 Nonreducing terminal oxonium and B ions

As described above, identification of the facile neutral losses from the sodiated molecular ions are often sufficient to
define the kind of antennary structures extending from the core, which will be further corroborated by detecting
the corresponding B ions at the low-mass region. Since the #/z values of these B ions depend only on the glycosyl
constituents of the nonreducing terminal epitope, they truly qualify as one of the most useful sets of diagnostic
fragment ions that are reliably produced at high abundance. It should be noted that similar but nonsodiated B ions
are in fact the predominant fragment ions afforded by protonated parents, be it glycans or glycopeptides.'” Dated
back to the days of FAB-MS,“** these B ions are the single most important fragment ions, and sometimes the only
ones, that are produced directly in-source during the ionization process. The proposed mechanism invoked the
formation of an oxonium ion (Figure 4(b)) and was named as the A-type ion in the nomenclature popularized by
Dell.®*'*" This designation should however be now discouraged as it is easily confused with the widely adopted
Domon and Costello nomenclature.” Nonetheless, the mechanism underlying the formation of the oxonium ions
are likely to be different from that of the sodiated B ions produced from sodiated parents and thus there is merit in
retaining the distinction. Interestingly, despite the propensity in forming sodiated molecular ions, prompt in-source
fragmentation under MALDI likewise produces mostly the low-mass nonsodiated oxonium ions. In addition,
MALDI-MS/MS of sodiated parents performed on TOF/TOF and ESI-MS/MS of multiply charged parent ions,
which are both sodiated and protonated, frequently afford both sodiated B ions and the corresponding oxonium
ions, at variable relative intensities from run to run.
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The B ions and/or the oxonium ions reliably inform the ensemble of nonreducing terminal epitopes that are
presented by the particular glycan serving as the parent ion in MS/MS analysis. When induced as direct in-
source fragment ions, be it implemented under FAB-; MALDI-, or ESI-MS,; they serve equally well to map the
nonreducing termini of a glycomic sample. In the case of permethylated N-glycans, the glycosidic bond
between the HexNAcs in the chitobiose core represents another site that is prone to cleavage. The resulting
Y, ion is informative with respect to whether there is a core fucosylation, whereas the corresponding B ion often
forms another series of ions parallel to those Y 1ons produced through successive neutral losses from the parent
ions (Figure 5(b)).'"” Thus, the B ion itself can exhibit further neutral loss and likewise will benefit from being
permethylated to allow discrimination between primary fragment ions and those arising from additional
cleavages. Taken all these into consideration, mapping of nonreducing terminal epitopes through a comple-
mentary set of abundant B and Y ions is thus relatively straightforward. The remaining task and the more
difficult aspects are further definitions of the specific linkages among the constituent residues of the
epitopes defined by the diagnostic B ions. For example, a terminal epitope identified as Fuc,Hex,HexNAc,
may correspond to H type 1 or 2 (Fuc-2Gal-3/4GlcNAc) or Lewis X/A (Gal-(Fuc)GlcNAc); a
NeuAc;Hex;HexNAc; can be NeuAc2-3/6Gal-3/4GlcNAc. These are important issues of glycobiological
significance, but less readily resolved by identifying the abundant B and Y ions alone.

6.05.4.1.3 Elimination and linkage-specific Z ions

For the sodiated permethylated glycans, the sodiated C ions at 18 mass units higher than the corresponding B
ions can, in principle, be less restricted to HexNAc sites but are normally less abundant and often not detected
at all, with two notable exceptions.'’” First, the C ion derived from cleavage at the Hex of the nonreducing
terminal Hex-HexNAc unit in N- and O-glycans is readily formed. It can be nonsubstituted or further
glycosylated, giving rise to another set of prominent diagnostic ions corresponding to, for example,
Hex-Hex-OH (from Galal-3Gal epitope), Fuc-Hex-OH (from H epitope or Lewis B/Y), and NeuAc-Hex-
OH (from sialylated LacNAc), which inform the presence of these terminal epitopes. Second, in cases where an
internal Hex 1s 3-linked to HexNAc, the sodiated C ions originating from glycosidic cleavage at the respective
Hex residues become more prominent. Important instances where this fragmentation applies and proves to be
extremely useful are those R-Gal-OH ions from internal type 1 chain (R-Gal31-3GlcNAcf1-), the presence of
which is indicative of the respective 3-linkages, but care should be taken as similar C ions can also be produced
from a terminal type 2 unit, as described above, albeit less abundant.

Of better diagnostic values are the Z ions corresponding to elimination of substituents at position 3 in place
of the more commonly seen Y ions.'"*'"* For example, further elimination of either a 3-linked Fuc or a 3-linked
Gal from the sodiated B ion, Gal-(Fuc)GlcNAc, affords an easy way to differentiate between a terminal Lewis
X and A epitopes. This is in analogy with the further elimination of substituents at C3 of HexNAc in the
oxonum ion, extensively used in FAB-MS to define type 1 and 2 linkages (Figure 4(b)).** In addition, only
glycan structures containing a 3-linked Fuc will readily give Z ion corresponding to its elimination from the
respective parents whereas neutral loss of 2-linked Fuc as in H antigen (Fucal-2Gal), or 4-linked Fuc as in
Lewis A, would give Y ions. For cores 1 and 2 of O-glycans, Z, ions are characteristically produced from the
elimination of the glycosyl substituent from the 3-arm of GalNAc, be it a single Gal residue or an entire
chain.'™ This would give a Z, ion corresponding to a AGalNAcitol residue for a core 1 structure, or one at 14
mass units lower carrying an extra free OH group for a core 2 structure (Figure 4(a)).

6.05.4.2 Cross-Ring and Other Linkage-Specific Cleavages

Overall, the advantages and usefulness of HexNAc-driven glycosidic cleavages afforded by permethyl deriva-
tives (Section 6.05.4.1) are their reliability and sequence informative character, matching nicely the basic
architecture of mammalian N- and O-glycans that are founded on Hex-HexNAc extension from limited sets of
core structures (Section 6.05.2.1). The B and Y ions are the most consistently observed fragment ions afforded
by different MS instruments from one laboratory to another. By restricting the fragmentation to a few key sites,
a low-energy CID-MS/MS spectrum is elegantly simple and all major fragment ion signals can be readily
assigned. However, the consequential drawback is the lack of cleavages at nonamino sugars and thus sequence
information 1s lacking in between HexNAc residues. This is normally not a problem unless one has to deal with
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Figure 6 The most commonly observed cross-ring cleavage ions with the proposed mechanism for their formation. The
subscript denotes that the cleavages occur at the reducing end (A ions) or nonreducing end (X ions) of the nth residue from
either end. Other cleavages are possible and can be named accordingly but their mechanistic basis is less clear.

unusual terminal epitopes that carry extra Hex residue(s), for example, NeuAc,Fuc;Hex,HexNAc; from
zebrafish.”> A more critical shortcoming, as noted before, is the lack of linkage information. In general,
glycosidic cleavages, except for the Z ions described above (Section 6.05.4.1.3), are only sequence informative
and not linkage specific.

The key to securing linkage information is to induce the so-called cross-ring cleavage ions (Figure 6) and
other concerted cleavages around the ring that would eliminate only the glycosyl substituents at specific
positions (Figure 7) under specific modes of CID implementation. Often the mechanistic basis for these latter
cleavages is not well understood and not readily proven, and the same ion may even be assigned differently by
different groups. However, as long as they are well verified against standards under similar MS/MS conditions
and found to be consistently produced where expected, they can be elevated to the status of key fragment ions
supportive of inferred linkages. With low-energy CID commonly acquired on the Q/TOFs and ion traps in
positive ion mode, these fragment ions are normally present only in relatively very low abundance for them to
be reliably useful, but can be effectively promoted by switching to MS/MS analysis of native glycans in
negative ion mode (Section 6.054.2.1) or by subjecting a few primary fragment ions of interest through
successive stages of fragmentation (Section 6.054.2.2). Alternatvely, MALDI-TOF/TOF, which alone
among the current generation of MS instruments affords true high-energy CID-MS/MS, has also been
capitalized to provide the much-needed linkage information (Section 6.05.4.2.3).

6.05.4.2.1 Negative ion mode sequencing of native glycans

As noted before, MS/MS analysis of nonderivatized glycans in positive ion mode is generally less effective and
therefore not recommended. First, the sialic acids need to be stabilized by one of the several chemical methods
that neutralize the negative charge,” " to render those sialylated glycans more amenable to positive ion mode
MS detection in the first place before they can be isolated for MS/MS. Even so, the neutral loss of the sialic acid
is normally the most preferred cleavage at the expense of other useful ions. Its removal by chemical means or
sialidase 1s therefore commonly practiced, which has the added advantage of using an a2—3-specific sialidase to
provide an easy way of determining linkage. Second, without an effective O-Me tag, single cleavages are not
distinguishable from multiple cleavages and the assignment is problematic with respect to branching pattern
and localizing the terminal sialylation and fucosylation. With additional facile loss of a H,O moiety, internal
fragment ions can often be confused with those primary ions retaining either terminus of the glycans. It is thus
useful only for confirming certain aspects of the initial compositional assignment derived from MS mapping
and the structures thereby inferred. Similar range of diagnostic B ions can be detected along with some
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Figure 7 The most consistently observed cleavage ions under high-energy CID-MS/MS as performed on a MALDI-
TOF/TOF, which are grouped into either the reducing terminal or the nonreducing terminal ions. Their interrelationship in
terms of mass increment for a permethyl derivative is also illustrated.

characteristic neutral losses. In most cases, definitive sequencing is not attainable and linkage-specific fragment
1ons are not reliably obtained or assigned.

Switching to negative ion mode analysis, however, provides a better solution, which has been extensively
studied and applied to a range of native glycans.'”''* Collectively, these works showed that the B and Y ions
that are so dominant in positive ion mode can be significantly suppressed, except for those resulting from the
loss of terminal sialic acids in sialylated glycans. Interestingly, the a2—3 versus a2—6 linkage of the terminal
sialic acids can be distinguished by virtue of an additional ion occurring at 16 mass units higher than the B, ion
for NeuAc at m/z 290, which are only present at m/z 306 if the NeuAc is a2—6-linked."'”'"” In general,
however, this linkage-specific ion is weak in intensity and a productive negative ion mode MS/MS analysis of
underivatized multisialylated glycans with unstabilized sialic acid residues remains difficule.!*”'"?

The problem of sialic acids apart, MS/MS of native glycans in negative ion mode does produce more
nonreducing terminal fragment ions informative of sequence and/or linkage. Among the more consistently
noted are the glycosidic cleavage C ion, double-cleavage D ion, and various cross-ring cleavage A ions,
particularly the ®*A and **A ions. For the N-glycans, the ®*A and **A ions are most readily formed at the
reducing end GlcNAcs of the chitobiose core, which can inform the presence of core fucosylation. Other A ions
can also be detected but unfortunately for native glycans, the mass increment of an “*A ion from the
corresponding C ion is the same as those of **A and "’A ions, which renders them not specific enough to
distinguish a 6- from 3-linkage to a Hex. Thus, along with the ®A ion, these A ions are mostly only sequence
informative, whereas *’A ion is not normally observed.''*'"?

The D 1ons were originally designated for the specific cleavages observed under high-energy CID or PSD
for native N-glycans in positive ion mode,”"''* which correspond to a glycosidic cleavage at the reducing end of
the core branching B-mannose in concert with the elimination of the entire 3-arm substituent from its 3 position.
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Its m/z value thus informs the 6-arm extension and is inclusive of the bisecting GlcNAc at position 4, where
present. A companion ion at 221 mass units lower will additionally be observed and thought to correspond to
further elimination of the bisecting GIcNAc (203 4-18). In its absence, the D ion will be accompanied instead by
an ion at —18 mass units, corresponding to the elimination of a H,O moiety. Remarkably, this concerted
cleavage is reproduced in negative ion mode by mere low-energy CID.'*”''? In addition, it was found not to be
restricted to cleavages at the core mannose but will extend to other glycosyl residues that carry glycosyl
substituent at C3 position, such as the 3-linked GIcNAc in type 1 chain, as first noted by Chai er a/'” in their
negative ion mode low-energy CID-MS/MS analysis of milk oligosaccharides. It should however be cautioned
that since multiple cleavages at two or more distinct sites abound with instruments such as Q/TOF, a genuine
D ion that results from concomitant elimination of the 3-linked substituent of a particular glycosyl residue
undergoing glycosidic cleavage may not be distinguishable from a B/Y or C/Z double-cleavage ion resulting
from two unrelated cleavages at two distinct sites. More recent applications of high-energy CID-MS/MS by
MALDI-TOF /TOF’***?¢192193 haye since demonstrated that the D ions can indeed be formed at the core
mannose and other residues of the native and permethylated glycans and rank among the most prominent and
useful linkage-specific concerted cleavage ions afforded (see Section 6.05.4.2.3).

6.05.4.2.2 MS" of permethylated glycans

While analysis in negative ion mode additionally provides some useful linkage information, it does not fully
alleviate the common problems associated with MS and MS/MS analysis of native glycans, as discussed above.
By far more novel and/or biologically important structures are solved by analyzing the permethyl derivatives
in positive ion mode. The superiority of mass resolution and the accuracy afforded by Q/TOFs place these
mass analyzers as instrument of choice for implementing low-energy CID, with either MALDI or ESI,
compared to the highly popular and ever improving ion traps, due to the development in proteomics. While
coupling to fourier transformed-ion cyclotron resonance (FT-ICR) or Orbitraps has provided high mass
resolution and accuracy at the MS level, the quality of an MS” spectrum is still inherently inferior to one
obtained on a Q/TOF. Not only is it often dominated by fewer Y ions, the abundance of the low-mass B ions
additionally suffers from the low-mass cutoff rule associated with ion traps.

However, a very attractive feature of an ion trap is the ability to perform additional stages of MS/MS in an
MS” experiment. This is very compatible with the time scale of an offline nanoESI-MS, which often allows
analysis time approaching an hour in length, with only a few microliters of the analyte in solution. The practical
advantage of MS” resides in the ability to isolate any fragment ion corresponding to a structural motif of interest
and to induce on it cross-ring and other cleavages that would otherwise not occur when more favorable
fragmentation pathways are available. In principle, such an approach can be equally applied to native and
derivatized glycans alike but for reasons already described, it is more productively implemented on permethy-
lated glycans™*>'">'"° to take advantage of the O-Me versus free OH tags for branch sites and linkage
identification. Often this involves stripping down to a disaccharide backbone with only a single linkage site
to determine. Among the most useful ones are the various A ions including *’A, **A, and “*A ions that can be
used to define the site of attachment. This approach has been used to discriminate between Gal-3Gal-GlcNAc
versus Gal-4Gal-GlcNAc by further MS/MS on the isolated Gal-3/4Gal fragments''” or to define the
NeuAc2-3/6Gal linkages. At this level, other less commonly observed ions may be additionally detected and
some proved to be linkage-specific enough after careful evaluation against authentic standards. For example, an
innovative and alternative approach to the above case examples is to isolate instead the (HO)Gal-GlcNAc or
(OH)Gal ion for additional MS /MS, which produces linkage-specific ions depending on the location of the free
OH group and hence the original attachment site."'”""® Another useful case is to induce cleavages between the
nonamino sugars that would otherwise be difficult to obtain when cleavage at the delimiting HexNAc is
dominating. It is also useful to produce the bare core structures through successive stages of isolation and
activation, and finally to enumerate the number of antennary branchings by the number of free OH groups
carried.

Ironically, some of the information eventually obtained can often be obtained through a direct MS/MS
analysis on a Q/TOF, which promotes extensive multiple cleavages corresponding to clipping off the
antennary substituents (Section 6.05.4.1.1). Other linkage-specific cleavages are equally well produced by
high-energy CID MS/MS on a TOF/TOF (see Section 6.05.4.2.3). In contrast, the dominant neutral losses
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of sialic acids and the HexNAc-driven cleavages often render an ion trap MS® profile not informative enough
and further stages of MS” become a necessity. Since it involves sequential stages of intelligence-based selection
of the precursors among the many signals, which are often not the base peaks, productive MS” automation is not
apparent for high-throughput analysis. This problem may eventually be overcome either by experience and
knowledge as provided by an expert operator or by software development that would furnish the decision tree
operation and then collate all the acquired MS” data, possibly also for spectral matching against an extensive
library of standard MS” spectral collection.'””"** The extremely high sensitivity offered by the current
generation of high-performance ion traps and their hybrids has already made MS” beyond MS® and MS*
practically feasible,''® and many other innovative applications are constantly evolving, especially in coupling to
data-dependent LC-MS/MS analysis. It is also probably the only way to resolve an unassigned peak commonly
encountered in any MS/MS analysis by virtue of the capability to further isolate it for fragmentation. This would
help identifying novel or unexpected structures, as well as mining the depth of the glycome (Section 6.05.4.3).

6.05.4.2.3 High-energy CID-MS/MS on MALDI-TOF/TOF of permethylated glycans

Short of MS” implementation, high-energy CID MS? as acquired on MALDI-TOF /TOF represents the only
other practical solution to promote linkage-specific cleavages, which is much faster and efficient once one is
familiar with the anticipated range of key fragment ions (Figure 7). It should be noted that not all TOF/TOF
instruments work equally well to give the desirable high-energy CID characteristics. At lower or suboptimal
collision energy, the TOF /TOF-MS/MS spectra can be very similar to one that is acquired on a Q/TOF with
one notable exception; namely, most ions are primary fragment ions resulting from a single collision
event.'”*'** Thus, it does not produce successive losses nor the ion corresponding to trimannosyl core
structures be obtained. However, this empirical rule is not absolute as sialylated and/or smaller glycans may
additionally parade internal fragment ions that apparently can only be derived from double cleavages. This
apart, under optimum conditions, a high-energy CID spectrum can be distinctively different from a low-energy
CID spectrum, particularly for N-glycans.”®'"* For the O-glycans, milk oligosaccharides or glycans derived
from lactosylceramides, most of the single glycosidic cleavage fragment ions afforded by Q/TOF including the
linkage-specific Z ions are likewise observed but with additional ones that can only be produced through
high-energy CID.5693-95103.104125

MALDI-TOF/TOF has been applied to both derivatized and nonderivatized glycans but for reasons
already discussed above, fragment ions afforded by the sodiated permethyl derivatives are more distinctive
and only these will be further described here. About the most drastic change as one switches to high-energy
CID is the propensity to produce ring cleavage X ions at almost every glycosyl residue, which provides a
complete series of sequence-defining ions not delimited by HexNAcs. At HexNAcs, the corresponding Y ion at
28 units lower will also be formed and its reduced intensity in favor of the "X ion is indicative of the extent that
a true high-energy CID has occurred. For the N-glycans, the '’X,_; ions are important in identifying core
fucosylation, and the respective substituents on either arms of the trimannosyl core. The X ion itself is,
however, not linkage informative. The 6-arm versus 3-arm extension is better informed by the D ion formed at
the S-mannose, in a fashion similar to that already described for the negative mode MS/MS analysis of a native
N-glycan (Section 6.05.4.2.1). This D ion will normally be accompanied by the *’A and “*A ion pairs, albeit at
much lower intensity, to critically establish the 6-arm extension. Interestingly, while a bisecting GlcNAc is
identified by an ion at 221 units lower than the D ion for the natve glycans, the permethyl derivatives would
instead afford a diagnostic ion that is 321 units lower'® only if it is bisected. The bisecting GIcNAc will be
carried on the *’A but not the “*A ion. Further along the peripheral chain, the full sets of "X ions can be used
to define in detail the terminal epitopes, aided by the Y ions corresponding to its neutral loss in its entirety.
Conversely from the nonreducing end, sequence information will be given by the C ions or the C-2H ion at 2
mass units lower (C” ion), which can be coupled with a loss of the glycosyl substituent at C2 to give the
diagnostic C”/Y ion.'"

Spina er al.”’ were the first to note that high-energy CID MALDI-MS/MS additionally affords the concerted
elimination of the substituents from two adjacent carbons of the ring and coined the term E, F, and G ions to
extend the Domon and Costello nomenclature, taking into consideration also the D ions described by others. In
addition, an w ion arises through elimination of the C6, and its substituent concomitant with elimination of
another MeOH moiety, as noted by Lemoine ezal.’” in their analysis with high-energy CID-FAB-MS/MS, can
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. . . . . 2
be further incorporated to this series of ‘new’ fragment ions and properly referred to as the H ion'*

(Figure 7).
The reducing terminal G and H ions proved to be as useful as the complementary nonreducing terminal *”A,
%A, and "’A ions in providing linkage information. Where an adjacent glycosyl substituent is absent, elimina-
tion of the attached chain would be accompanied by elimination of the OMe group instead in forming the G
and H ions, which would differ by 14 units if only C4 is substituted but occurring at very different masses if
either C6 or C3 is also substituted. The F ion, which relates to elimination of substituents at C2 and C3, is less
useful as not many C2 glycosyl substituents are normally present in N- and O-glycans. Likewise, the E ions,
which can be found to accompany the B ions at either 71 or 30 units lower depending on whether it is a
HexNAc or Hex residue, are prominent where the otherwise characteristic B ions may be suppressed, but are
not linkage informative either.

At first glance, the high-energy CID-MS/MS spectra are intimidatingly complex. However, by noting the
simple rules formulated through systematic studies, one can navigate through the spectra with ease. The best
approach 1s first to establish the overall sequence and core structures through a complementary low-energy
CID-MS/MS and then look specifically for the expected reducing terminal "X ions and the G /H ion pairs,
and the nonreducing terminal E/B 1on pairs and A ions. In principle, an expert can simply assign de novo without
resorting to another low-energy CID-MS/MS spectra but the two tend to be complementary and mutually
corroborative. From experience, it is noted that the D ions at each residue, particularly those expected to carry
glycosyl extension at C3, are among the most prominent key fragment ions that are readily assigned. For
example, the presence of a Lewis A type structure, irrespective of whether it is internal or at the nonreducing
terminal, would give a prominent ion at m/z 442, corresponding to sodiated Fuc-4GIlcNAc after eliminating the
R-Gal substituent from C3."”> An internal LeX would give instead a D ion corresponding to R-Gal-4GlcNAc
after eliminating the 3-linked Fuc. Both would additionally induce very prominent reducing terminal G ions
through elimination of both the 3 and 4 substituents.

In comparison with the MS” approach, high-energy CID-MS/MS, which is available only on TOF /TOF, is
relatively straightforward for data acquisition and assignment as it involves no further decision making in
precursor ion selection for subsequent stages of fragmentation. Its most notable two shortcomings are insuffi-
cient sensitivity in today’s term and inadequate resolution in both the precursor ion selection and the high mass
region of the resulting MS’ spectrum. Thus, powerful as it is, there is currently not much scope for further
improvement in performance, nor is it suitable for coupling to online LC-ESI-MS/MS. It is, however, very
useful for advanced structural analysis and any sample amount that is adequate for conventional linkage
analysis after permethylation is deemed sufficient for MALDI-TOF /TOF high-energy CID-MS/MS sequen-
cing, with linkage information to be derived for each individual residue.

6.05.4.3 Resolving the Glycomic Complexity by MS/MS

As discussed in the preceding sections, the fragmentation afforded by the glycans under different modes of
MS/MS can be summarized into a few distinctive pathways that would produce a number of sequence- or
linkage-informative key ions. Any MS/MS spectral signal assignment would start by identifying these few key
1ons and is often sufficient to thus arrive at a deduced structure. Any other signal that does not ‘fit’ the known
fragmentation pattern and/or assigned structures should ideally be subjected to further stages of MS/MS
analysis although this 1s not always feasible or productive. Instead, it is best to capitalize on those that can be
assigned based on the known fragmentation rules. The web-based Glyco-peakfinder program,'”’ for example,
can be used to calculate and assign all types of fragment ions including monosaccharide cross-ring cleavage
products and multiply charged ions. Any other minor peaks that are not identified then may be better left
unassigned instead of evoking some irrational multiple cleavages that would simply fit the mass. A more
common problem is to deal with two or more mutually exclusive fragment ions that cannot be derived from a
single unique structure and thus a need to invoke the presence of isobaric or isomeric structures. In fact, with
the precursor ion isolation window afforded by the ion traps or the timed-ion selector of a TOF /TOF, it is not
uncommon to let in precursors differing by 1 Da or more, particularly at higher mass, which would further
complicate the analysis. Thus, for a truly complex glycomic sample, one needs to bear in mind that MS/MS
analyses are often not performed on a single parent defined by a unique molecular mass and composition.



148 MS-Based Glycoanalysis

6.05.4.3.1 Identifying structural isomers by key diagnostic ions

The extreme heterogeneity of protein glycosylation would result in many isomeric structures differing in
branching pattern, location of terminal substituents, and their linkages. The more capable the MS/MS
technique to resolve these subtle structural differences, the more likely it is to reveal the extent of isomeric
variations. In fact, MS” technique has been employed to resolve N-glycan structural differences between
metastatic and nonmetastatic tumor cells that are apparent only after the third or fourth stage of fragmenta-
tion.""” Tn this context, fragment ions that would be produced at different relative intensities due to different
linkages or stereochemistry are normally not useful when both isomeric structures are present and isolated as a
single precursor ion. More useful are those linkage-specific fragment ions that occur at different m/z values.
Detection of as many such ions would inform the presence of as many structural isomers and hence evolved the
concept of mapping the biologically important structural motifs by identifying each of the diagnostic ions. For a
single 1solated precursor, it is not unusual that several tens of isomeric structures may thus be enumerated,
especially for mucin-derived larger O-glycans that vary not only in terminal glycosylation but also in core
structures. For the multiantennary complex-type N-glycans, it is usually more difficult to precisely resolve all
1somers differing only in positions of antennary substituents.

Suffice here to reiterate that the isomeric depth of each individual glycan can only be fully resolved if one
resorts to those advanced MS/MS techniques that can afford linkage-specific ions, rather than relying on just
the dominant primary B and Y 1ons. Collectively, the individual MS/MS data inform the true complexity of a
glycome beyond the simplistic MS-level mapping. It is also possible in some MS instruments to effect ‘total’
fragmentation of all precursors without the selection. The beauty of this approach is the ability to derive a ‘full’
complement of diagnostic marker ions indicative of all possible terminal glycotopes and core structures that
may be present. Conceptually, this may be all that is important for a glycomic mapping, although it is obviously
less useful for true sequencing in structural characterization since the causal relationship cannot be established
to attribute the observed fragment ions to a particular parent ion.

6.05.4.3.2 Glycosylation and glycomic mapping at MS? level

Conventional MS/MS analysis would require that a parent ion be detected in the first place for it to be isolated
for fragmentation. With increasing demand on sensitivity and resolution for glycomics, minor components are
often not detected above the background level sufficiently for them to be considered as signal at all. Even if
detected, one is still faced with the problem of having the need to manually select too many peaks for MS/MS
analysis within a limited life span of the analytes. The consequence is that only the major peaks or the targeted
peaks of interest will be analyzed further, whereas those rendered cryptic due to overlapping with the isotopic
clusters of major peaks or their usual array of satellite ions, or ‘well-recognized’ contaminant peaks, will be
conveniently neglected. Conceptually, for a more comprehensive and unbiased glycomic coverage, it would be
desirable to perform an automated global MS” analysis across the entire useful mass range where the glycans of
interest are expected to fall, irrespective of the occurrence of MS signals. In fact, the presence of some
components may be better detected at the MS” level based on the characteristic neutral loss and /or diagnostic
B ions. The extra selectivity introduced can increase the relative sensitivity of detection by discriminating
against noise. This has been elegantly demonstrated with real examples of applications using the built-in total
ion mapping (TTM) functionality provided by a linear ion trap MS system.*"**"?"

In principle, any MS instrument that is capable of true MS/MS can be used to perform such a global
glycomic mapping at the MS” level. The only caveat is that it requires sufficiently high scan speed to cover the
desirable mass range and would be practically limited to offline nanoESI-based analysis, which would bring
down the effective m/z values of high mass components by virtue of multiple charges. At its current iteration,
TIM was acquired for every 2 Da with the overlapping precursor isolation window. The built-in software
would then allow a reconstruction of an MS”-based profile by registering only those signals that contain the
desirable neutral loss or product ions —in a way that a true parent ion or neutral loss scan would — except that a
full MS/MS data is available for each of the identified signals, which should be manually examined to further
filter out any false positives. TIM can be employed as a prescreen analysis to identify candidate signals
including those that are not obvious by MS mapping for subsequent in-depth MS” interrogation.
Alternatively, it could be used as an additional level of screening to ensure that components with a particular
structural motif of interest are not overlooked. Its completeness in glycomic coverage will, however, still be
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limited by suppression of ionization in the first place of those difficult classes of glycans unless they are
prefractionated. Furthermore, since it is only implemented at low-energy CID MS’ level, it has the same
limitation in not being able to filter specifically for epitopes that would require additional stages of MS/MS to
distinguish their linkages.

6.05.5 Targeted Glycomics, Glycoproteomics, and the Way Forward

It is fair to say that with the current range of advanced mass analyzers fitted with either ESI or MALDI for high-
precision and high-sensitivity MS and MS/MS analyses, protein glycosylation analysis at the level of a single
isolated glycoprotein is ultimately limited only by sensitivity and hence the available quantity. A different level
of complexity is introduced with systematic glycomics and glycoproteomics. One of the promises held by such
discovery sciences is identification of new and exciting targets or markers, but is this noble aim practically
feasible? Would such analysis lead to identification of more abundant components that have already been
described instead? Can, for example, an oncodevelopmental change in the relative intensity of a particular
structural or stereoisomer be sensibly identified by a systematic global-scale mapping either at the MS or MS*
level? In the case of glycoproteomics, the mere prospect of resolving all site-specific glycoforms is daunting, if
not unattainable. Arguably, any such systematic screening may, at best, sketch out the broad landscape of the
glycoproteome so as to furnish the bearings for further navigation by a targeted approach.

6.05.5.1 Prospects for Targeted Glycomics

Targeted glycomics aims specifically to identify specific subsets of the glycome otherwise not detectable or
apparent by the initial systematic mapping. The total ion mapping approach described in Section 6.05.4.3.2 is an
attempt to comprehensively map the glycome at the MS* level, which allows subsequent interrogation of the
presence or otherwise of a particular epitope. It facilitates the identification of components that are prone to
neutral loss and produce abundant diagnostic fragment ions such that extra sensitivity is gained by the detection
at the MS” level. The major conceptual limitation is that all the targeted glycans need to be competently
ionized in the ESI source along with all other more abundant glycomic constituents, as well as any potential
contaminants, in the first place. No selectivity in target detection is actually imposed at data acquisition level
and it is unlikely to improve the odds of detecting those ‘problematic’ classes of glycans including the sulfated
ones and those larger ones that carry polysialic acid chains or polyLacNAc chains. For these, target enrichment
by judicious fractionation scheme is often the simplest and probably the best and only option available. In fact,
TIM is well suited to be placed at further downstream of the pipeline, following an offline fractionation and
enrichment scheme, as a final alternative step of comprehensive mapping.

For those less problematic glycans that are simply very low in abundance, the selected or multiple reaction
monitoring (SRM or MRM) MS technique being recently popularized as an alternative targeted approach to
global proteomic analysis'*’ may be likewise adopted for targeted glycomics. In essence, this relies on detecting
a predetermined, carefully selected, specific pair of precursor/fragment ion that would inform the presence of a
particular biomolecule. Thus, one can monitor specifically over elution time at much higher sensitivity if a
particular glycan carrying a particular epitope as defined by one or more diagnostic key ions is present among the
glycomic mixtures that are subjected to an LC-MS analysis. With the current generation of triple quadrupole
instrument needed for effective implementation of a scheduled SRM, hundreds of such pairs can be realistically
monitored in one run without sacrificing sensitivity, provided the targeted glycans can be evenly spaced out along
the LC elution time. Thus, one can program an LC-MS SRM run to seek out and quantify the presence of a large
number of desirable target glycans. This is much more efficient than the conventional data-dependent LC-MS/
MS acquisition, which is usually a random hit and miss for those low-abundance, underrepresented components.
However, if a specific epitope can only be resolved from its isomeric variants by virtue of MS® or even MS* one
would need to first somehow induce a total fragmentation at the MS level for a pseudo-MS? ion to be selected for
MS’. Alternatively, the capillary LC resolution for glycans needs to be significantly improved by additional
dimensions of offline and online separation such that almost all components would be detected, triggered for MS?,
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and, if a targeted diagnostic ion representing a glycoepitope of interest be produced, further subjected to data-
dependent MS” for confirmation of true positives, as well as to further obtain linkage-specific fragment ions.

Successful micro- and nanoLC-MS/MS applications to native glycans are currently in place based on
negative ion mode,”"’** "33 or positive ion mode,’” or alternative positive and negative ion modes’’
analysis, on a porous graphitized carbon (PGC) column, or positive ion mode analysis on normal phase
amide column.” Impressive results have been obtained on analysis of both N- and O-glycans from single
glycoproteins, as well as the highly heterogeneous O-glycans from mucin, but true tests against cell- and tissue-
derived glycomic samples have yet to be demonstrated. The likely shortcomings would be insufficient one-
dimensional chromatographic resolution, insufficient dynamic range in detecting and selecting the least
abundant or the more ‘problematic’ classes of glycans for MS/MS, and insufficient MS/MS quality for
unambiguous sequencing and linkage determination, as common to most MS/MS analysis of native glycans
(Section 6.05.4.2.1). Successful glycomic applications of LC-MS/MS of permethylated glycans have yet to be
demonstrated mostly due to their poor chromatographic resolution on a C18 column. In contrast, LC
fractionation on PGC offers the advantage of resolving structural isomers by the elution time dimension,
which would alleviate the pressure on MS/MS alone to complete the task. In addition, it is conceivable that
with highly reproducible LC, collated analysis of the common repertoire of mammalian N- and O-glycans may
eventually contribute to a retention time and MS/MS spectral library. Thus, common and abundant glycans
may first be identified based on simple library matching search program, leaving only those unmatched for
additional stages of manual analysis. With parallel rapid developments in MS-based shotgun proteomics, such
LC-MS/MS-based glycomics along with implementation of label-free quantification would likely represent
the way forward for high-throughput and comprehensive analysis.

6.05.5.2 Prospects for Targeted Glycoproteomics

While targeted glycomics is to extract the extra-targeted information from the glycome otherwise not readily
obtained by a preceding systematic analysis, targeted glycoproteomics is essentially to first narrow down the
scale to better focus on a glycoproteomic subset that is most relevant to the biological questions in hand.
A separate glycomic analysis of the released glycans will always be needed (see Section 6.05.3.1) unless precise
information on the glycan structural details, complete with linkage position and full isomeric variations, is
already available or of no biological consequence to the intended research work. A quick targeted glycomic
mapping executed in between each successive steps of glycoprotein/glycopeptide enrichment would also be
most useful to determine the extent of enrichment efficiency and the remaining heterogeneity.

6.05.5.2.1 Current limitations in glycopeptide analysis
Ulumately, either systematic or targeted glycoproteomics, or even for a single glycoprotein of interest, analysis
of glycopeptides is limited by its poor MS and MS/MS characteristics in giving the single most important
information, namely, the peptide sequence ions that are of sufficient quality to allow online database search for
direct identification. The relatively large size of most tryptic glycopeptides and their poor ionization efficiency,
particularly those mulusialylated ones, as well as their low abundance compounded further by the usual
spreading of signal intensity across a range of glycoforms for each unique peptide, render them problematic for
MS and MS/MS analysis (reviews of glycopeptide analysis are available'®'*?). MALDI is usually applicable
only to isolated glycopeptides from single glycoproteins and better detection is often registered with linear
mode, which compromises mass accuracy and resolution particularly at high mass range, and the ability to
perform MS/MS. Thus, while it can be employed for rapid screening of the enriched fractions and for
occasional analysis of isolated, smaller glycopeptides,”'**™"*> most efforts for global-scale analysis of glyco-
proteomic mixtures are focused on positive ion mode ESI analysis in the form of LC-MS or MS/MS.
Current ESI-CID-MS/MS of glycopeptides by any means are dominated by fragmentation of the glycan
moiety in a fashion similar to that observed for positive ion mode MS/MS analysis of native glycans. Abundant
oxonium ions at the low mass end are diagnostic of the presence of glycopeptides and have been capitalized in
many ways to program precursor ion scans, data-dependent MS/MS acquisition of the glycopeptides, or at least
to inform their presence.'””"**""*? These are also relied on to filter out MS/MS data of glycopeptides from
those of peptides in a typical LC-MS/MS run'*’ and constitute an important input factor in most glycopeptide
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identification and scoring algorithm."*'™'* Apart from the ubiquitous #/z 204 and 366 ions corresponding to
HexNAc" and Hex-HexNAc™, respectively, other oxonium ions can inform the presence of specific terminal
epitopes, for example, NeuAc/NeuGe sialic acids and the fucosylated Lewis epitopes. On the other hand,
successive neutral loss from the parent ions may be of limited use in deducing sequence de 7ovo. Overall, these
glycan-related B and Y ions are sufficient to confirm the probable composition but not definitive enough in the
presence of potentially many isobaric structures and certainly not informative for determining linkage. An
important Y ion is one that arises from losing all glycosyl residues but the GIcNAc attached to the Asn. The m/z
of this (peptide core + GlcNac) 1on, if detected, can inform the molecular mass of the peptide core and thus
allows a rapid calculation of the glycan moiety as well as matches the peptide to potential tryptic peptides in the
subglycoproteome pool that carries a consensus N-glycosylation sequon. Better still, if this ion can somehow be
selected for further MS/MS,; it will generate the peptide sequence ions. Unfortunately, although its presence
among the MS” ion signals may be readily identified through manual or computer-assisted examination, there
is currently no way to automate an intelligent-based data-dependent MS® to target specifically this ion, which
can rank from being a strong signal to almost absent.

6.05.5.2.2 Prospects for emerging MS techniques and solutions

Much excitement has been generated by the advent of electron capture dissociation (ECD)'**'* and more
recently the electron transfer dissociation (ETD)'**'* modes of MS/MS, as applied to glycopeptides. Both are
known to produce a series of ¢ ion and z radical ion through cleavage of the N—Ca bond of the peptide
backbone while leaving the entire glycan moiety largely intact. In principle, this should be sufficient to allow
peptide identification but these ions are often of low abundance due to low fragmentation efficiency and much
ambiguity is associated with determining their accurate masses. To date, better success has been made with
applications to O-glycopeptides from mucin'*™"°? and the IgA hinge region,”""** with simple core 1 and 2
O-glycans, or the 0-GlcNAc-modified glycopeptides.'”® For applications of ETD on N-glycans, proof of
concept has been demonstrated against those glycopeptides with relatively simple truncated mannose
type' """ and recently extended to sialylated complex types."”* '’ However, incorporation of ETD-MS/
MS into the actual workflow of glycoproteomics, alternating with the normal CID-MS/MS scan to obtain both
glycan and peptide sequence for de #ovo identification glycopeptides in one single or two parallel LC-MS/MS
runs, has yet to be reported.

It is widely accepted that current ETD generally favors multiply charged precursor ions and is not effective
for ions exceeding m/z 1400 or so."”*"*” Multiply charged glycopeptides at #/z above this range when acted on
tend to give abundant charge-reduced species without the effective peptide backbone fragmentation much
coveted. A potential solution is to apply additional CID on the charged reduced species with reduced
normalized collision energy while lowering the ¢ value in an ion trap.'”> This has been demonstrated to
increase the efficiency in obtaining more complete ¢ and z ion series. Recent availability of the option to
measure the ETD ions with the high-resolution and high-accuracy Orbitrap'*® may help to improve the mass
measurement but its true application has yet to be tested. It remains to be seen if all these additional
manipulations may yet compromise the attainable sensitivity to render it not practically useful. It is never-
theless anticipated that coupling to additional mode of ETD analysis in an LC-MS/MS run of enriched
glycopeptides may represent the future norm. Bioinformatic software solutions better than that currently
available will also be needed to take advantage of both the ETD and CID inputs in the MS/MS data of
glycopeptides, along with the glycan and deglycosylated peptide data acquired separately, to score the best
match hits in the automated data analysis.

6.05.5.3 Concluding Remarks

Notwithstanding the many technical hurdles briefly outlined above and waiting to be solved, this section on the
prospects of MS-based protein glycosylation analysis would end with a highly optimistic tone in anticipation of
all those possible future developments. The enabling technologies have taken shape, waiting to be further
explored and put into real applications. Mammalian protein glycosylation analysis has rapidly evolved into
both targeted glycomics and glycoproteomics out of necessity, which is more on how to intelligently reduce
sample complexity while maintaining comprehensiveness of a global analysis to identify targets that matter
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most in glycobiology. The future appears to be better invested with LC-MS/MS-based techniques just as the
field of proteomics has over the past few years. Nonetheless, MALDI-MS- and MS/MS-based glycomics
should still hold their respective niches for their unmatched simplicity and throughput. For nonmammalian
protein glycosylation, where novel structures may continue to be uncovered, a complementary low- and high-
energy CID-MS/MS as implemented on MALDI systems is often sufficient and most effective to extract as
many structural details as possible by homing in on a few major components to get a representative overview of
the respective glycomic characteristics. There are probably no « priori reasons to dig deeper, unlike the case
with mammalian protein glycosylation, particularly of mice and humans, to which we have applied a host of
genetic manipulations and need to identify even the subtlest glycoproteomic changes that are of pathophysio-
logical consequence. Targeted analysis 1s most suited for such applications because we often anticipate what
needs to be identified, yet are frustrated enough in not finding it through global analysis.

Abbreviations

CID collision-induced dissociation
ECD electron capture dissociation
El electron impact

ER endoplasmic reticulum

ESI electrospray ionization

ETD electron transfer dissociation
FAB fast-atom bombardment
FT-ICR fourier transformed-ion cyclotron resonance
GC gas chromatography

GPI glycosyl phosphatidylinositol

HILIC hydrophilic interaction liquid chromatography
LacNAc N-acetyllactosamine

LC liquid chromatography
LeX Lewis X
LSIMS liquid secondary ionization MS
MALDI matrix-assisted laser desorption ionization
MRM multiple reaction monitoring
MS mass spectrometry
MS/MS tandem mass spectrometry, MS?
ms” multistages tandem MS
nanoESI nanospray
PGC porous graphitized carbon
PNGase peptide-N-glycosidase
PSD post-source decay
Q/TOF quadrupole/time-of-flight
SRM selected reaction monitoring
TIM total ion mapping
TOF time-of-flight
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6.06.1 Introduction

The bacterial glycome encompasses all the glycan structures present in a cell. Glycomics is the systematic study
of glycomes, including their genetic, physiologic, pathologic, and other aspects. Lipopolysaccharides (LPS) are
the major components of the outer membrane of Gram-negative bacteria. LPS contains O-linked
polysaccharides (O-PS) comprised of repeating oligosaccharide units. The O-PS repeating units can be referred
to as the O-antigens due to their immunogenicity. Some bacteria produce capsular polysaccharides (CPS),
which are referred to as the K-antigens to distinguish them from the O-antigens. Bacterial polysaccharides are
widespread and most often are found to be associated with diseases. Examples include the lipooligosaccharide
(LOS) produced by Campylobacter jejuni in Guillain—Barré syndrome (GBS) and the pneumococcal polysacchar-
ides, which are thought to be responsible for the virulence of encapsulated strains of Streprococcus prneumoniae.
The glycome of a cell also includes glycoproteins in addition to the cell surface polysaccharides. Proteins can
undergo co-translational and posttranslational modifications, divided into two categories, O- and N-linked
glycosylation. Protein glycosylation is an important determinant of many different biological processes,
including protein—protein interactions, protein trafficking and folding, immune recognition, cell adhesion
and migration, and intercellular signaling. In the context of bacterial glycomics, the identity of the entirety
of carbohydrates 1s thus collectively referred to as the glycome, including N- and O-linked glycans, smooth
(S-type LPS) and rough lipopolysaccharides (R-type LPS), and capsular polysaccharides. Hence, research in
bacterial glycomics has to deal with an inherent level of complexity compounded by the relatively small
amounts of material obtainable from biological sources. To this end, mass spectrometry (MS) has played an
important role as a sensitive structural tool in the elucidation of trace-level peptide, oligosaccharide, glycolipid,
and protein structures.

MS, especially in combination with advanced separation techniques, is one of the most powerful and
versatile techniques for the structural analysis of bacterial glycomes. Modern mass spectral ionization techni-
ques such as electrospray (ESI) and matrix-assisted laser desorption/ionization (MALDI) provide detection
limits in the high atto- to low femto-mole range for the identification of peptides and complex carbohydrates.
Structural characterization of these trace level components can be achieved using tandem MS. This provides a
number of specific scanning functions such as product, precursor ion, and constant neutral loss scanning to
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probe specific functionalities on target compounds. The power of ultrahigh sensitivity MS strategies for
defining the primary structures of highly complex mixtures of glycoprotein glycoforms is set to revolutionize
structural glycobiology in the coming postgenomic era.

6.06.2 Protein Glycosylation

Posttranslational glycosylation is a universal modification of proteins in eukaryotes, archaea, and bacteria.
Protein glycosylation was previously considered to be restricted to eukaryotes until recent reports of a bacterial
N-linked glycosylation pathway in C. jejuni”’ Through advances in analytical methods and genome sequen-
cing, there have been increasing reports of both O- and N-linked protein glycosylation pathways in bacteria,
particularly among mucosal-associated pathogens.”

6.06.2.1 O-Glycosylation

Compared to the N-glycosylation system (see Section 6.06.2.2), the molecular basis of O-glycosylation
processes are still not well understood. The attachment site of glycans does not appear to be a consensus
peptide sequence.5 Pilin from Neisseria meningitidis, N. gonorrhoeae, or some Psendomonas aeruginosa strains, and
flagella from C. jejuni are O-linked glycosylated proteins that have been extensively studied.

The bacterial flagellum has a remarkable structure, and can be found in both Gram-positive and Gram-
negative bacteria. It is a long, thin filament that protrudes from the cell body and is comprised of an engine and
a propeller that are joined by a flexible hook.® Flagellar glycosylation commonly occurs in numerous bacterial
pathogens.””'? Failure to glycosylate the flagellin protein leads to loss of bacterial motility, and the organisms
can no longer colonize their respective hosts."’

A ‘bottom-up’ approach is generally used to identify sites of flagellar glycosylation. Typically,
flagellins are digested with trypsin and analyzed using liquid chromatography—mass spectrometry (LC—
MS).5¥ 1% The analysis of suspected glycopeptides can be achieved via the detection of characteristic
oxonium ions from the cleavage of glycosidic bonds generated by in-source fragmentation or from
selected precursor ions in tandem MS experiments (MS/MS).%'*'" On the other hand, a ‘top-down’
strategy provides information on the extent of glycosylation, the molecular masses, and the structures of
oligosaccharide residues on bacterial flagella.'" In this approach, the intact proteins are analyzed first and
their molecular masses are obtained, which can indicate the extent of glycosylation when amino acid
sequences are available. The nature of the glycosylation can be obtained from MS/MS spectra of
multiply charged protein ions. Confirmation of the potential structure of the carbohydrate residues can
be achieved by acquiring second-generation MS/MS spectra of oxonium ions formed upon collisional
activation in the orifice region of the electrospray interface. The top-down strategy is a rapid and
relatively straightforward approach for routine screening of protein samples, and it can identify unusual
carbohydrate residues and glycosylation changes.

6.06.2.2 N-Glycosylation

Unul recent years, N-glycosylation was detected only in eukaryotes. T'wo studies have confirmed a bacterial
N-linked glycosylation pathway in the human gastrointestinal pathogen C. jejuni* The N-linked glycosylation
pathway in bacteria is less complex than in eukaryotes. In C. jejuni, a single gene cluster named pg/ (protein
glycosylation) is necessary and sufficient for the N-linked glycosylation pathway.’ The oligosaccharyltransfer-
ase PglIB is an integral membrane protein whose sequence is highly similar to its counterpart in eukaryotes,
STT3.” PglB transfers oligosaccharides (GaINAc5GlcBac) from a lipid-pyrophosphate donor to asparagine side
chains.” The precise role of glycosylation systems in mucosal bacterial pathogens has yet to be resolved, but
since many of these organisms dedicate a significant proportion of their relatively small genomes to glycosylat-
ing proteins, these modifications are likely to have crucial roles, similar to their eukaryotic counterparts.*
For eukaryotic systems, the specific functions and the relationship between their structure and functions
are commonly studied using the approach of exoglycosidase cleavage and permethylation, that is, releasing
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Figure 1 MALDI-TOF/TOF analysis of permethylated N-linked glycans from total protein extract of C. jejuni 11168H
(1.0mg). The protein extract was digested with pronase E for 24 h, and the digest was then purified using porous graphitic
carbon cartridges followed by permethylation.

N-glycans using peptide-N-glycosidase F (PNGase F).' This technique is not applicable to prokaryotic cells
because the carbohydrate—peptide linkages are different and the enzymes that release carbohydrate moieties
are rarely available. This difficulty was solved using a universal method of isolating N-linked glycans from
glycoproteins in complex bacterial and eukaryotic protein mixtures.'* This strategy relies on the MS of
permethylated glycopeptides from proteins digested with pronase E and results in the production of Asn-
linked glycans. This method enables the identification of the glycan structures of any glycoprotein. The
strategy was validated using well-characterized eukaryotic standard glycoproteins such as ribonuclease B,
ovalbumin, and avidin. The results indicate that glycans with a single amino acid were the major components
when a higher ratio of pronase E to protein (2:1) and incubation time of 48 h were used. The Asn-glycans were
further purified using porous graphitic carbon cartridges followed by permethylation. The MS data demon-
strated that hydroxyl groups were methylated, while the amino group in asparagine underwent -elimination.
Both modifications were confirmed by the evidence of a mass increase of 111 Da in the molecular masses of
permethylated Asn-glycans compared to the corresponding free oligosaccharides. This method was also
applied to N-glycan analysis from total protein extracts of C. jejuni 11168H, as shown in Figure 1.

In Figure 1, ions at m/z 1755.0 and 1866.1 correspond to Gle1GalNAc5 Bac and Gle1GalNAc5 Bac-Asn,
respectively. The ion at #/z 1498.9 is permethylated starch-like fragments. The MS/MS experiment for the ion
at m/z 1866.1 confirmed the Glc1GalNAcS Bac-Asn structure.'* In addition to the N-linked heptasaccharide in
the whole cell extract of C. jejuni, an unexpected free heptasaccharide (m/2z 1755.0) was detected, which was also
found in the total protein extract without pronase E digestion. This confirmed that the free glycans were not
artifacts due to the pronase E treatment or the permethylation process. Further studies revealed that the
quantity of free glycans was associated with growth conditions. Hence, the new method enables not only
N-linked glycan detection, but also the discovery of free glycans.

6.06.3 Lipopolysaccharide

LPS is the major component of the outer membrane of Gram-negative bacteria."”*” These outer surface
components are amphipathic molecules that consist of a hydrophilic oligosaccharide core linked to a hydro-
phobic glycolipid, referred to as lipid A. LPS from bacteria that colonize plates in a smooth form is called S-
type. S-type LPS has a polysaccharide chain referred to as the O-antigen, which is composed of repeating units
that are linked to the core region (Scheme 1). LPS from mucosal pathogens always lacks the O-polysaccharide
(O-antigen). This kind of LPS is called R (rough)-type, and is often referred to as short-chain LPS or LOS. The
polysaccharides have important structural and functional roles in the life of a bacterial cell. Probing the subtle
changes in LPS structure as a result of phase variation or as a consequence of site-directed mutation requires
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Scheme 1 Schematic structure of a lipopolysaccharide. Hexose, ; heptose, (); GlcNAc, N-acetylglucosamine; PEtn,

phosphoethanolamine; P, phosphate.

sensitive analytical tools.”® Structural characterization of this diverse population of glycolipids is not only
important for further understanding bacterial pathogenesis processes and biosynthetic mechanisms leading to
their expression, but also for the development of antibodies specifically targeted toward immuno-determinant
structures. Determining the composition and structures of complex carbohydrates is challenging because the
natural heterogeneity of glycolipid distribution and the presence of functional groups appended to different
sites result in a large number of related LPS isoforms.”*

Electrospray MS has played a key role in the characterization of these complex carbohydrates. However, the
lack of on-line separation techniques often precludes the determination of sample heterogeneity. For example,
isomeric glycoforms cannot be separated or identified by MS if they are not separated prior to MS identifica-
ton. Capillary electrophoresis—mass spectrometry (CE-MS) has demonstrated superb capability for the
determination of glycoform populations and the characterization of isomeric glycoforms.””*® For example,
the occurrence of isomeric LPS glycoforms differing by the location or presence of functional groups such as
phosphate (P), phosphoethanolamine (PEtn), or pyrophosphoethanolamine (PPEtn) are reflected by corre-
sponding changes in their electrophoretic mobilities.”” The characterization of oligosaccharide sequence and
branching information can be obtained using tandem MS.

6.06.3.1 R-Type LPS

Some bacteria, such as Haemophilus influenzae and N. meningitidis, express R-type LPS comprising a hetero-
geneous mixture of core oligosaccharides.”” >’ LPS can be subjected either to O-deacylation to remove
O-linked fatty acids from lipid A or to mild acid treatment to release the entire lipid A. These treatments
increase the solubility for MS analysis and simplify the MS data for the elucidation of the structure of
molecules.

6.06.3.1.1 Analysis of O-deacylated LPS

CE—-MS has been successfully used to characterize trace levels of O-deacylated LPS samples of H. influenzae and
N. meningitidis.”**7° In those applications, anhydrous hydrazine treatment under mild conditions was
employed to remove the O-linked fatty acids leaving only an N-linked fatty acid remaining attached to each
glucosamine. Hydrazinolysis along with the enzyme treatment provides a method to determine sample
impurity, and most importantly, improves the solubility and reduces the aggregation of LPS in aqueous
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solutions. CE-MS provides highly sensitive analysis of O-deacylated LPS.”* This hyphenated methodology
facilitates the determination of closely related LPS glycoforms and isoforms by exploiting differences in their
unique molecular conformations and ionic charge distributions by electrophoretic separation. Direct infusion of
LPS samples into the mass spectrometer without any front-end separation generally gives very complex mass
spectra, since LPS glycolipids often consist of a complex mixture of closely related glycoforms varying by the
length and the sites of attachment of the oligosaccharide chains. When a CE system is coupled to the mass
spectrometer, a contour profile of #/z vs time 1s obtained providing an additional dimension for the illumina-
tion of structural complexity.”’ For example, sialylated glycoforms were detected by direct analysis of ex vivo
organisms from a middle ear infection, although the sialylated glycoforms were undetectable in the inoculum."
CE-MS profiling of LPS-OH has been utilized for comparing the LPS glycoform populations of H. influenzae
and N. meningitidis in different strains. In addition, CE-MS is also a powerful technique for separation and
characterization of isomeric glycoforms.””*® Using the sheath-solution interface, we could separate LPS in
anionic forms and detect them with either negative or positive ion mode MS. The structural assignments
obtained from tandem MS and CE-MS analyses have enabled the identification of isomeric glycoforms. For
example, we have found that the variation in phosphoethanolamines resulted in different glycoforms with the
same composition in both H. influenzae and N. meningiridis>>>® The application of this technique to the analysis
of LPS from the ga/E mutants of N. meningitidis strain BZ157 B5+- revealed the presence of isomeric glycoforms,
in which the location of the functional group phosphoethanolamine was found to be either in the inner core or
lipid A regions (Scheme 2).*°

The total ion electropherogram (TIE) and reconstructed ion electropherogram (RIE) at m/z 795.0 are
presented in Figure 2(a), together with the extracted mass spectrum (XIE) at 10.3 and 11.0 min (Figures 2(b)
and 2(c)). From the XIE, two isoforms were well separated, one at 10.3 min and another at 11.0 min. The
molecular masses extracted were derived as 2388.0 Da, having the composition of HexNAc, Hex; PEtn, Hep,
Kdo, lipid A (2P). To characterize the structures of these two isomeric glycoforms, CE-MS/MS experiments
were first conducted in the negative ion detection mode (data not shown). The tandem mass spectrum at
11.0 min gave the fragment ion at m/z 951.5, together with a doubly charged ion at #/z 475.0, thus indicating
that the lipid A-OH had the expected molecular mass. In contrast, the extracted mass spectrum at 10.3 min
produced fragment ions at m/z 1074.5 and 536.5 (data not shown). The difference in the molecular mass
between the two lipid A-OH moieties implies an extra PEtn in the core region for the glycoform with a
migration time of 10.3 min.

The electropherogram shown in Figure 3(a) corresponds to the CE-MS/MS analysis of doubly charged
precursor ions at #/z 1195.0. The MS/MS spectrum (Figure 3(a)) showed a neutral loss of a lipid A at m/z 1436
(neutral moiety 952 Da) accompanied by consecutive losses of the Kdo residues at m/z 1216 and 996. Thus, the
additional PEtn group could be assigned to the core oligosaccharide region of the molecule although its exact
location was still unknown. Further structural details were obtained in an MS/MS experiment for the fragment
ion at m/z 996, generated with a high orifice voltage (Figure 3(b)). The tandem mass spectrum was dominated
by simple cleavage of each glycosidic bond enabling direct sequence assignment. The sequence consisting of
HexNAc-(PEtm)Hep(PEtn)-Hep-Hex was confirmed by the observation of fragment ions at /2 439, 631, and
793. Another series of fragment ions, m/2z 396, 587, and 750, corresponding to a loss of the ethanolamine moiety
(43 Da) also supported this assignment. Therefore, it was concluded that two PEtn residues were attached to the

Kdo P @ Kdo P P
I I | I I

Hex-Hep-Kdo -GlcN-GiIcN Hex-Hep-Kdo  -GlcN-GlcN
=0 =0 =0 =0
on o PEtn-Hep-PEtn OH OH
HexNAc HexNAc

Scheme 2 Structure of the core region from Neisseria meningitidis BZ157 B5+ showing the presence of isomeric
glycoforms. Hex, hexose; Hep, heptose; Kdo, 3-deoxy-p-manno-octulosonic acid; GIcN, glucosamine; HexNAc,
N-acetylhexosamine; PEtn, phosphoethanolamine; PPEtn, pyrophosphoethanolamine.
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Figure 2 CE-MS analysis of O-deacylated LPS from Neisseria meningitidis strain BZ157 B5+. (a) TIE (m/z 500-1500) and
RIE at m/z 795; (b) extracted mass spectrum at 10.3 min; (c) extracted mass spectrum at 11.0 min. Separation conditions:
10nl injection of 100 ug mi~" of O-deacylated LPS, 5% methanol in 30 mmol I~! morpholine at pH 9.0 and +30kV as
separation voltage. From J. Li; A. D. Cox; D. Hood; E. R. Moxon; J. C. Richards, Electrophoresis 2004, 25, 2017. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Figure 3 CE-MS/MS analysis of O-deacylated LPS from Neisseria meningitidis strain BZ157 B5+. (a) Extracted MS/MS
spectrum of ion at m/z 1195. MS conditions: orifice voltage was set at 30V, N, was used as collision gas and +100V was set
as collision energy; (b) extracted MS/MS/MS spectrum of ion at m/z 996. MS conditions: orifice was set at +180V, N, was
used as collision gas and +60V was set as collision energy. Separation conditions: 10 nl injection of 100 ug mi~" of
O-deacylated LPS, 5% methanol in 15 mmol I~! ammonium acetate at pH 9.0 and +20kV. From J. Li; A. D. Cox; D. Hood; E.
R. Moxon; J. C. Richards, Electrophoresis 2004, 25, 2017. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.
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HeplI residue of the LPS molecules.”” This observation is in agreement with a previous nuclear magnetic
resonance (NMR)study, which indicated that the HeplI residue was substituted with PEtn moieties at both the
3- and 6-positions.”

6.06.3.1.2 Core analysis

Compared to the highly variable O-antigens, the core region has limited variations. For example, there are five
types of core structures in E. coli, designated K1, R1, R2, R3, and R4. Core OS is conceptually divided into the
inner core and the outer core. Generally, core OS is not considered to be a virulent factor, but it has some
indirect roles in the adhesion of certain bacteria.’' The inner core plays an essential role in the stability and
integrity of the outer membrane, which may account for the conservation of the structure. The LPS of
N. meningitidis has a conserved inner-core structure that contains two Kdos, two Heps, and one GlcNAc.™
Additional heterogeneity can be found by the incorporation of noncarbohydrate substituents such as acetate
(Ac) and glycine (Gly). Conventional analysis of bacterial LPS by CE-MS has generally employed the prior
removal of O-acyl lipid chains, which is necessary for the effective solubilization and separation of the
heterogeneous ensemble of LPS species. However, O-deacylation also causes the undesired removal of important
glycan-associated O-linked modifications, such as O-acetate and O-linked amino acids. To overcome this
problem, mild acid hydrolysis is normally employed as a complementary sample preparation procedure.’” **
Typically, the core oligosaccharides can be prepared with mild acid hydrolysis of the LPS (1.5% acetic acid,
100°C, 2h), followed by cooling and removal of the insoluble lipid A moiety by centrifugation. The
carbohydrate-containing supernatant can later be lyophilized and analyzed by CE-MS.

Figure 4 shows the ESI-MS spectrum (positive ion detection mode) of oligosaccharides derived from
N. meningitidis strain NGH15.** The highlighted ions, 7/z 820, 841, and 870, correspond to the compositions of
Hex; HexNAc, Hep, PEtn anhydroKdo, Ac; Hex; HexNAc, Hep, PEtn anhydroKdo, and Ac; Gly, Hex;
HexNAc, Hep, PEtn anhydroKdo, respectively. The mass difference of 17 Da for each glycoform corresponds
to an ammonium adduct in positive detection mode. In addition, sodium adducts were also detected, that is, /2
832. The extracted tandem mass spectra for the precursor ions at m/z 820, 841, and 870 are shown in
Figures 4(b)—4(d), respectively. As indicated in the figures, the structural information was limited to the
consecutive losses of three Hex and one HexNAc residues. The positions of the acetates could not be obtained
by MS/MS experiments. The location assignments of acetate and glycine were only obtained in a separate set
of MS’ experiments in which the singly charged ions at m/z 949, 991, and 1049 were formed at a high orifice
voltage and selected as precursors (Figure 5). The tandem MS spectra for the oligosaccharide gave the
fragment ions at m/z 204, 316, 508, 711, and 949, corresponding to HexNAc, Hep-PEtn, Hep(PEwm)-
HexNAc, and Hep(PEtn)-HexNAc-Kdo, respectively. For the spectrum of the core oligosaccharide containing
one acetate residue, the fragment ion at m/z 204 disappeared and a new fragment ion was observed (/2 246).
A mass increment of 42 Da suggested the existence of an O-acetylated HexNAc. A similar result was obtained in
the spectrum of ion at #/z 1049, in which a high abundant ion at m/z 246 was detected. Furthermore, the
location of glycine could be obtained based on the detection of a fragment ion at m/z 373 and the disappearance
of the ion at m/z 316 (their corresponding difference was 57 Da). From these fragment patterns, the structure
was assigned as follows:

In general, information on the location of Gly and Ac can be obtained by tandem MS experiments in the
positive ion mode. In the MS’ spectra, the occurrence of marker ions corresponding to specific residues, that is,
m/z 246 vs m/z 204, and m/z 373 vs m/z 316, are of particular interest for the identification of the location of Ac
and Gly (Scheme 3).

Hex-HexNAc-Hex-Hex-Hep-Kdo

|
Gly-Hep-PEtn
|

Ac-HexNAc

Scheme 3 Derived structure of core region from Neisseria meningitidis strain NGH15. Hex, hexose; HexNAc,
N-acetylhexosamine; Hep, heptose; Kdo, 3-deoxy-b-manno-octulosonic acid; Gly, glycine; PEtn, phosphoethanolamine;
Ac, acetic acid.
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Figure 4 CE-MS analysis of core oligosaccharides from Neisseria meningitidis strain NGH15. (a) Extracted MS spectrum;
(b) extracted MS/MS spectrum of ion at m/z 820 (IM + H + NH4]>"; (c) extracted MS/MS spectrum of ion at m/z 841

(IM + H + NH,]J?*; (d) extracted MS/MS spectrum of ion at m/z 870 (M + H + NH4]?>". The experiments were performed using
an API 3000 mass spectrometer (Applied Biosystems/Sciex, Concord, Ontario, Canada) via a microspray interface coupling
to a CE system. A sheath solution (isopropanol-methanol, 2:1) was delivered at a flow rate of 1 ulmin~". The orifice voltage
was set at 30 V. Separations were obtained on approximately 90 cm length of bare fused-silica capillary using 15 mmol 1~
ammonium acetate in deionized water at pH 7.0.

6.06.3.1.3 Lipid A analysis

Lipid A is the primary immunostimulator of LPS and is responsible for most of its biological activities,
including, the toxicity of LPS, and the activation of innate immune responses in a structure-dependent manner.
Itis a highly diverse molecule.”” Its endotoxic activity strongly depends on the type of hexosamine residues, the
presence of phosphates and other negatively charged groups, and especially on the type, chain length, and
location of fatty acids. We have previously characterized lipid A species using a combination of MS and mild
acid hydrolysis.”” This technique provides information about the heterogeneity of different species in the lipid
A families and distribution of the fatty acids on each glucosamine unit. Recently, we developed a method for the
analysis of intact LPS, from which the structural information can be obtained for both core oligosaccharides and
lipid A moieties.”*® Using in-source collision-induced dissociation in combination with open tubular liquid
chromatography—mass spectrometry (OTLC-MS), intact LPS ions could be fragmented within the orifice-
skimmer region of an electrospray mass spectrometer, and the generated lipid A fragments could be analyzed.
Figure 6(a) shows the MS spectra of intact LPS from H. influenzae strain RM118. The ion at m/z 1824.9



Glycoanalysis of Bacterial Glycome 165

508
316
298 Hep HexNAc [ Kdo 949
273 |« > > < >
668
746
’ 931
| UL b ) ﬂ A
200 400 600 800 1000
(b) @ 753
508
- 991
316 He Ac-HexNAc o
o P 2 710 |, |
298| " ] S d
561 973
_ I Jl.‘_l
200 400 600 800 1000
(©) Gly-Hep-PE
/ l Hep Ac-HexNAc Kdo
312 <

200 400 600 800 1000
m/z

Figure 5 CE-MS analysis of core oligosaccharides from Neisseria meningitidis strain NGH15. In order to generate fragment
ions at m/z 949, 991, and 1049, the orifice potential was increased from +30V to +180V. (a) Extracted MS/MS spectrum of
ion at m/z 949; (b) extracted MS/MS spectrum of ion at m/z 991; (c) extracted MS/MS spectrum of ion at m/z 1049. Other
conditions are the same as in Figure 4.

corresponded to a hexa-acyl lipid A structure, which comprised a $-GlcpN-(1—6)-a-GlepN with phosphate
groups at C-1 and C-4' positions (inset). The N-2/N-2" and O-3/0-3" positions were substituted by amide-
linked and ester-linked 3-hydroxytetradecanoic acid chains (14:0(3-OH)), respectively, while the hydroxyl
group of 14:0(3-OH) fatty acid chains at N-2" and O-3' positions were further esterified by tetradecanoic acid
chains (14:0). The ions at #/z 1596.6 and 1388.4 correspond to penta- and tetra-acylated diphosphorylated lipid
A moieties, respectively.”® The structural information of lipid A could be obtained from MS’ experiments on
the ions at m/z 1824.9 (Figure 6(b)). Owing to the loss of an O-linked nonhydroxylated 14:0 or O-linked
14:0(3-OH) fatty acid, the parent ion produced fragment ions at m/z 1596.7 or 1580.9, respectively. The ion at
m/z 1726.9 was formed by the loss of a phosphate group from the weak anomeric C-1 position. The fragment
ions at m/z 1271.6 and 1253.6 were formed from the consecutive losses of a phosphate group from O-4" and two
O-linked 14:0 fatty acids, substituting the 3-hydroxy group of 14:0(3-OH) at the 3’ position and O-linked
3-hydroxylated 14:0(3-OH) at the O-3-position (Scheme 4, left panel). The ion at #/z 1045.6 corresponded to
the loss of a phosphate group at C-1, O-linked 14:0[3-O(14:0)] from 3'-position and not from N-2" position due
to the greater stability of acyl amide in the N-2' position, and unsubstituted 14:0(3-OH) from the O-3 position
(Scheme 4, right panel). The origins of other fragment ions are outlined in Scheme 4.

6.06.3.2 S-Type LPS

LPS and CPS represent the first line of defense against complement and bacteriophages.'””>*~*" In contrast to

R-type LPS, S-type LPS has an O-antigen, which consists of up to 50 repeated units, attached to the core region.
O-antigens contain the major antigenic determinants that distinguish various serotypes of bacteria, which may
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Figure 6 EA-OTLC-MS analysis of LPS from Haemophilus influenzae strain RM118 (negative ion mode), using a 4000
Q-Trap mass spectrometer (Applied Biosystems/Sciex, Concord, Ontario, Canada). (a) Extracted MS spectrum with high
orifice potential of —300V; (b) extracted MS/MS spectrum of ion at m/z 1824.9 ((M-H]"). A separation voltage of 20kV,
together with a pressure of 500 mbar, was employed. A measure of 1.0 pl of samples were injected for all the experiments. For
MS/MS analysis, N, was used as collision gas and —110V was set as collision energy. From M. Dzieciatkowska; E. K.
Schweda; E. R. Moxon; J. C. Richards; J. Li, Electrophoresis 2008, 29, 2171. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

be related to human diseases.*” This highlights the need for analytical techniques for the microscale isolation,
purification, and characterization of LPS to support research efforts in pathogenesis and vaccine development.
ESI-MS is not able to generate multiply charged ions for detecting intact O-PS or CPS.* A recent study
demonstrated that in-source collision-induced dissociation mass spectrometry (IS-CID-MS) could promote the
formation of structurally relevant repeating units of heterogeneous O-PS and CPS; otherwise, these units
would remain undetectable using conventional ESI conditions.” This approach has proved particularly useful
for probing the subtle structural differences in monosaccharide composition and functionalities arising across
bacterial serotypes.*'

In this section, we mainly discuss the characterization methods for the O-antigen region in S-type LPS. Mild
acid hydrolysis of the LPS expressed by Salmonella riogrande O:40 was examined using IS-CID-MS (Figure 7).
The structure of the S. riogrande O:40 antigen was first determined from an analysis of the antigenic
O-polysaccharide component of the LPS using 'H- and "?*C-NMR spectroscopy, methylation analysis, and
periodate degradation methods.”” The O-polysaccharide was found to be a high-molecular weight branched
polymer of repeating pentasaccharide units as shown in Scheme 5.

Under conventional MS experimental conditions, no ions associated with the O-chain were detected in the
spectra. When the orifice voltage of the mass spectrometer was increased to +400 V, the characteristic fragment
ions corresponding to the composition and sequence of the biopolymer were clearly detected. In the spectrum,
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Scheme 4 Derived structures of lipid A from Haemophilus influenza strain RM118.
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Figure 7 IS-CID-MS analysis of O-PS (1.0 ug pl~") from Salmonella riogrande O:40. The experiments were performed using
a 4000 Q-Trap mass spectrometer (Applied Biosystems/Sciex, Concord, Ontario, Canada) via a CE-MS interface. A sheath
solution (isopropanol—methanol, 2:1) was delivered at a flow rate of 1 ulmin~". The orifice voltage was set at +400V.
Separations were obtained on approximately 90 cm length of bare fused-silica capillary using 15 mmol I~ ammonium acetate
in deionized water at pH 7.0.

GalNAc—Man—Glc—GalNAc—,

I
GlIcNAc

Scheme 5 Derived structure of O-polysaccharide from Salmonella riogrande O:40. GalNAc, N-acetylgalactosamine; Man,
mannose; Glc, glucose; GIcNAc, N-acetylglucosamine.
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the major peaks were identified and the corresponding sugar sequences were assigned. The peaks m/z 204.3,
366.4,407.5,528.5, 731.8, and 935.0 represented the sugar compositions of HexNAc, Hex; HexNAc;, HexNAc,,
Hex, HexNAc,, and Hex, HexNAc;, respectively. These fragment ions could be used as fingerprints for
bacterial serological classification.*""**

6.06.4 Capsular Polysaccharides

Capsular polysaccharides are linked to the cell surface of bacteria through covalent attachment to phospho-
lipids. Similar to the O-polysaccharides, the capsular polysaccharides also are composed of repeating units
and can be either homo- or heteropolymers linked by glycosidic bonds. CPS molecules are known to play an
important role in bacterial survival in the environment and often contribute to pathogenesis, for instance, in
prevention of desiccation, adherence to each other or to the host cells, and resistance to host immunity. There
is interest in CPS structures because of the possible applications in vaccine development. Actinobacillus
pleuropnenmoniae 1s a Gram-negative bacterium causing contagious pleuropneumonia in pigs. Strains of
A. pleuropneumoniae have been assigned to 15 serotypes based on the unique structure of their corresponding
antigenic CPS and LPS components. The IS-CID-MS technique was successfully used to probe the subtle
structural differences in monosaccharide composition and functionalities arising from different serotypes.*’
As shown in Figure 8, the CPS from A. pleuropneumoniae serotypes 1 and 4 was composed of similar
repeating units. For A plenropneumoniae serotype 1, major signals corresponding to one repeating unit
(m/z 444.3, 486.3, and 504.3) or two repeating units (7/z 931.2, 949.3, 973.3, and 991.2) were observed. The
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Figure 8 S-CID-MS analysis of CPS (1.0 ug pl~") from Actinobacillus pleuropneumoniae. (a) Serotype 1; (b) serotype 4. The
experiments were performed using an API 3000 mass spectrometer (Applied Biosystems/Sciex, Concord, Ontario, Canada)
via a microspray interface coupling to a CE system. A sheath solution (isopropanol-methanol, 2:1) was delivered at a flow rate
of 1 ulmin~". The orifice voltage was set at 200V. Separations were obtained on approximately 90 cm length of bare fused-
silica capillary using 15 mmol =" ammonium acetate in deionized water at pH 7.0.
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existence of ions with 7/z 486.3 and m/z 504.3 (difference of 18 Da) suggested that the in-source fragmenta-
tion produced intact repeating units, with an Ac group attached (Figure 8(a)). The relative intensity ratios of
ions at m/z 444.3 and m/z 462.3 over ions at m/z 486.3 and m/z 504.3 suggested that at least more than half of
the GlcNAc residues were O-acetylated. This assumption was further supported by the observation of minor
intensity signals for ions at 7/z 889.3 or m/z 907.3 corresponding to two O-deacetylated repeating units. The
IS-CID-MS results clearly indicated the difference between CPS from serotype 1 and serotype 4. The ions at
m/z 486.3 and m/z 504.3, corresponding to the O-acetylated repeating unit of CPS of serotype 1, were totally
absent in the mass spectrum corresponding to the repeating unit of CPS of serotype 4 (Figure 8(b)). The ions
at m/z 462.3 and m/z 907.3 corresponded to one repeating unit and two repeating units, respectively.

6.06.5 Conclusions

Bacterial surface glycoconjugates control a variety of biological events, including cell differentiation, cell
adhesion, cell recognition, and immunological recognition. The heterogeneity and diversity of bacterial
glycans present a challenge in the elucidation of their functions and the association of their structures with
their functions. Characterizing glycans requires highly sensitive analytical techniques that are able to
handle small amounts of samples and that can provide sufficient structural information for identification
of the molecules. MS techniques have demonstrated their capability for sensitive bacterial glycome analysis
with tandem mass spectra providing the compositional information about glycoconjugates, such as LPS,
CPS, and glycoproteins. Recent advances have enabled studies of both the structures and the functions of
bacterial glycomes in a systematic manner. However, the applications of MS techniques are limited to
composition and sequence analysis. They cannot provide complete structural information about carbohy-
drates, such as linkage and conformation. Thus, integration of MS techniques with other methods and
technologies, such as enzymatic methods and NMR, will become essential to provide further structural
information.
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Abbreviations

CE-MS capillary electrophoresis—mass spectrometry
CID collision-induced dissociation

CPS capsular polysaccharide

EOF electroosmotic flow

LOS lipooligosaccharide

LPS lipopolysaccharide

MS mass spectrometry

MS/MS tandem mass spectrometry
O-PS O-linked polysaccharide
(03] oligosaccharide

P phosphate
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RIE reconstructed ion electropherogram
TIE total ion electropherogram

XIE extracted mass spectrum
Nomenclature

Gal galactose

GalNAc N-acetylgalactosamine

Glc glucose

GIcN 2-amino-2-deoxy-bp-glucose

Gly glycine

Hep L-glycero-p-manno-heptose

Hex hexose

Kdo 3-deoxy-p-manno-oct-2-ulosonic acid
NeubAc N-acetylneuraminic acid

OAc O-acetyl

PEtn phosphoethanolamine

PPEtn pyrophosphoethanolamine
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6.07.1 Introduction

Carbohydrates are fundamental molecules found in all forms of life. Glucose (Glc) and its stored forms,
glycogen and starch, are important energy sources. Pentoses are an essential component of nucleic acids.
Intracellular sugars, either as free monosaccharides or attached to proteins or other metabolites, are key
signaling molecules. Extracellular glycoconjugates are arbiters of cell-cell communication in multicel-
lular organisms, where glycan-mediated interactions are essential to normal processes, such as
development, and to disease states, such as metastatic cancers. Glycoconjugates are also an important
component of prokaryotes, where they function in cell wall assembly and in extracellular dialogs with
environmental cues.

Chemists’ ability to synthesize naturally occurring molecules and their analogs is important to elucidating
and manipulating the biological functions of these molecules. This is especially true for carbohydrates, where
the heterogeneity of naturally occurring molecules makes it extremely challenging to assign functions to
particular structures. The study of carbohydrates has a long history of being at the intersection of organic
chemistry and biology. Early on, Lavoisier’s experiments in chemical analysis revealed the elemental composi-
tion of sugar, and Emil Fisher’s studies established the stereochemistry of these molecules. Recent years have
seen great improvements in methodologies for synthesis of monosaccharide building blocks and their incor-
poration into glycoconjugates, including glycoproteins, glycolipids, and natural products. Access to these
molecules enables chemical glycobiology research, in which the products of organic synthesis can be used to
interrogate and control living systems.

This chapter focuses on the use of synthetically prepared molecules to study the function of glycans in the
biological world. Since the field of chemical glycobiology is immense, we have chosen to highlight topics of recent
interest rather than providing a comprehensive review. First, we present examples where syntheses of
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homogeneous forms of naturally occurring glycans have been used to understand their biological roles. Next, we
describe recent advances in chemoenzymatic synthesis that have expanded the library of monosaccharide building
blocks. From there, the discussion turns to applications of glycan metabolic engineering that have expanded our
knowledge of glycan function and metabolism. Finally, we narrate the utility of photoreactive functional groups in
the capture and characterization of glycan-mediated interactions. The examples described here demonstrate the
power and potential of chemical methods as they are brought to bear on the biology of glycosylation.

6.07.2 Synthetic Glycans with Biological Activity

Complex carbohydrates remain a daunting class of targets for synthetic chemistry." Part of this challenge arises
from the fact that each sugar molecule contains several hydroxyl groups of similar reactivity. The construction
of oligosaccharides, particularly branched structures, necessitates the use of complex protecting group schemes
that facilitate hydroxyl group differentiation. Along with hydroxyl group differentiation, another major hurdle
is the formation of glycosidic bonds in a stereospecific, high-yielding fashion. Notwithstanding these obstacles,
syntheses of quite complex, naturally occurring glycans and their analogs have been reported in recent years.
Access to homogeneous, chemically defined carbohydrates enables experiments aimed at deconvoluting the
biological roles of this class of molecules. In this section, we describe the biological utility of synthetically
prepared glycans. The molecules discussed here include cell adhesion molecules, glycosaminoglycans (GAGs),
glycolipids, and bacterial cell wall components.

6.07.2.1 Role of Glycan Epitopes in Mediating Cell-Cell Interactions

The ability of a cell to exchange information with its surroundings is dependent on the complex and
heterogeneous array of carbohydrates that decorates the cell surface. Interactions between glycans and their
protein ligands are essential in both normal and pathogenic states. For example, carbohydrates bearing
6-sulfated sialyl Lewis X (sLe™) epitopes participate in a high-affinity interaction with the adhesion molecule
L-selectin, a protein displayed on the surface of leukocytes.” The interaction between sLe™ carbohydrates and
L-selectin is a key element of the inflammatory response, mediating attachment of bloodstream leukocytes to
endothelial cells at the site of inflammation. Furthermore, interactions of sLe™ oligosaccharides with L-selectin
and other cell surface receptors direct metastasis of lymphomas and are involved in the regulation of tumor
growth. Due to their significant, yet incompletely understood, roles in cancer and the immune response, sLe™
and other glycan epitopes that regulate cell-cell adhesion are important targets for biological study and
eventual therapeutic use. This section will highlight examples in which synthetically prepared glycans have
been used to investigate cellular adhesion.

The Lewis blood group antigens are glycan structures commonly found on mammalian cell surfaces. They
include A, B, H, Lewis X (Le), and Lewis Y (Le") (Figure 1) antigens. Tumor cells often overexpress or
inappropriately express one or more of these glycans. For this reason, Lewis blood group antigens are important
synthetic targets that could be useful for elucidating mechanisms of biological processes and in cancer
immunotherapy. Danishefsky er 4/’ have synthesized immunogenic forms of cancer antigens, such as a keyhole
limpet hemocyanin (KLH)-conjugated Le". KLH is a complex, high-molecular-weight carrier protein com-
monly used in the production of antibodies due to its ability to elicit highly specific immunogenic responses to
attached antigens. In a phase 1 clinical trial, ovarian cancer patients who had been immunized with KLH-Le"
developed measurable titers of anti-Le” antibodies. However, these antibodies were not effective at recognizing
clustered Le", as it is normally displayed on mucins.* To improve the likelihood of eliciting a productive
immune response, the researchers synthesized polyvalent glycans, which array several Le" motifs on a single
molecule.””” Immunotherapies have also been pursued with other glycan epitopes, such as the globo-H
(globohexaosylceramide), Tn (a-GalNAc O-linked to Ser/Thr), and TF (Thomsen—Friedenreich) antigen.
Tumor cells often display a variety of glycan antigens, for example, prostate cancer cells typically express
globo-H, sTn, Tn, TF, and Le" antigens. To elicit more specific immune responses, Danishefsky and cow-
orkers prepared vaccines consisting of multivalent displays of antigens on a single peptide backbone conjugated
to KLH- or a Pam;Cys (tripalmitoyl-S-glyceryl cysteine)-scaffold (Figure 2). Reported molecules include
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Figure 1 The Le" antigen.

trivalent, pentavalent, and hexavalent structures that display globo-H, Le¥, GM2, sTn, TF, and Tn antigens.* "

These polyvalent vaccines are immunogenic in mice, leading to increased IgM and IgG titers, and the results of
these studies support carrying these types of molecules forward into human clinical trials. In addition, facile,
large-scale syntheses of these glycans are becoming more accessible through the advent of automated methods.'”
Both solution-phase and solid-phase synthetic approaches have been used to synthesize many of the blood group
antigens.'” '

Another potential strategy to interfere with carbohydrate-mediated cell adhesion events is the use of glycan
mimetics.'”"'® Adopting this approach, Wong and coworkers synthesized sLe™ mimics that bind selectins. These
glycan—peptide hybrids are designed to display the critical functional groups from sLe™ that are responsible for
selectin recognition (Figure 3).'""
the naturally occurring glycan.”>** Other inhibitors take advantage of multivalent display of glycan epitopes to
create high-affinity ligands. Applying this strategy, Kiessling and coworkers synthesized multivalent glycan
mimics that inhibited L-selectin-mediated leukocyte rolling, an essential step in the inflammatory response.
They used ring-opening metathesis polymerization (ROMP) to produce a multivalent display of sulfated
galactose (Gal) and Le™ analogs (Figure 4).”*** The most effective of these inhibitors utilized a disulfated
X 292830 that inhibited leukocyte rolling more efficiently than sLe™ or 6-sulfo-sLe™.*
Other groups have made use of scaffolds such as polymerized liposomes’' and dendrimer-like glycopolymers
to produce multivalent molecules with potential therapeutic properties.

Glycan-mediated interactions can also be inhibited by preventing production of the relevant glycan.
Toward this goal, Esko and coworkers made use of disaccharide-aglycon primers that interfere with the
synthesis of cells surface sLe™.”*** These molecules act as metabolic decoys because glycosyltransferases are
occupied with glycosylating the primer and fail to modify their normal substrates. A variety of disaccharide
primers were found to be effective inhibitors of sLe™ production.’®*” A peracylated version of GlcNAc(N-
acetylglucosamine)31,3Gal O-linked to a napthalenemethanol aglycone acts as a prodrug: once delivered to
L.S180 human colon carcinoma cells, the deacylated metabolite inhibited sLe™ expression and reduced the
carcinoma cells’ binding to thrombin-activated platelets and TNF-a activated endothelial cells (Figure 5).*
This primer increased tumor cell susceptibility to leukocyte-mediated lysis and also reduced metastasis to the
lungs from a subcutaneous tumor in a mouse model (see Chapter 6.04).”%*

*! The most potent inhibitor was found to bind selectins 10*-fold better than

trisaccharide mimic of Le
32

6.07.2.2 Glycosaminoglycans

GAGs are linear polysaccharide chains composed of repeating hexosamine disaccharide units. Commonly
occurring GAGs include heparin, heparan sulfate (HS), chondroitin sulfate (CS), and dermatan sulfate (DS).
GAGs play essential roles in neuronal growth, cancer, and angiogenesis. The biological activity of this diverse
group of molecules is likely to derive from the array of functional groups that they present, the three-
dimensional structure they adopt, and their mechanical properties. This section will highlight examples
where synthetic GAG analogs are used to probe the biological function of these molecules. Numerous reviews

: : . 40,41
cover this topic more comprehensively.””
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Figure 5 Structure of a peracylated disaccharide primer that interferes with sLe* synthesis.

GAGs share a common core tetrasaccharide that links them to a protein. GAG biosynthesis begins with the
addition of xylose (Xyl) to specific serine (Ser) residues of core proteoglycans. This event is followed by
sequential addition of three more sugars to complete the core tetrasaccharide, GlcA51-3Gal31-3Gal 51-4Xyl-
Ser (where GlcA is glucuronic acid). The repeating polymers appended to this tetrasaccharide determine the
identity of the GAG: heparin and HS contain polymers of $1-4GlcAal—-4GlcNAc and S1-4ldoAal-
4GleNAc, respectively; CS is composed of S1-3GlcAB1-4GalNAc (N-acetylgalactosamine); and DS is made
up of f1-31doAF1-4GalNAc (where IdoA is iduronic acid). All of these polymers are heterogeneous and are
subject to a variety of sulfation events.
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Figure 6 Three lipophilic 5-p-xylosides that inhibit GAG synthesis: (a) 3-estradiol-/3-p-xyloside, (b) 2-naphthol-/3-p-xyloside,
and (c) 3-p-equilenin-3-p-xyloside.

HS has been implicated in the mechanism for cellular uptake of polyamines.*” Because cells depend on
polyamines for proper growth, depletion of cellsurface GAGs is a potential therapeutic approach to combat
uncontrolled tumor growth.* As described in Section 6.07.2.1, oligosaccharide primers can be used to divert
cellular glycosyltransferases, thereby interfering with the production of normal cellular glycoconjugates.
Similarly, B-p-xylosides function as primers for GAG synthesis. Simple (-pD-xylosides are preferentially
elongated as CS or DS chains and only weakly interfere with HS or heparin production. Esko and coworkers
improved the ability of §-p-xylosides to function as HS primers by using lipophilic substituents such as
estradiol,™ 2-naphthol,” and 3-p-equilenin® in the aglycone moiety (Figure 6). Disaccharide primers provide
even more selectivity toward GAG synthesis, but cellular delivery of these molecules requires the use of a
larger lipophilic aglycone™ or protection with acyl groups.* Using a naphthalenemethanol 3-p-xyloside in
combination with a polyamine biosynthesis inhibitor (DFMO —difluoromethylornithine), Esko and coworkers
showed a decrease in cell proliferation both 77 vitro and i vive, preventing tumor growth in a mouse model of
induced metastasis.*’ GAG synthesis has also been implicated in the transformation of cellular prion protein
(PrP%) into its pathogenic form (PrP*¢) in prion diseases. After treatment with an estradiol 3-p-xyloside, the
Esko group observed a strong reduction in the formation of PrP*°, demonstrating a link between HS
biosynthesis and the production of PrP**” These examples, among others, demonstrate the utility of soluble
primers in the study of GAG function.

CS plays important roles in neural development, functions as a recognition target for viral invasion, and assists in
mechanisms of recovery from spinal cord injuries.” " Due to the complexity and heterogeneity of naturally
occurring CS, deciphering its mechanistic roles remains a challenge. Recently, improved analytical techniques have
made it possible to identify the structures that mediate specific biological processes: the CS-E tetrasaccharide
(GlcAB1-3GalNAC(45,65)), was shown to directly interact with L- and P-selectins, while related structures were
implicated in neurite outgrowth.”"’* To better understand the role of specific GAG structures in neuronal growth,
Hsieh-Wilson and coworkers synthesized CS disaccharides and tetrasaccharides with defined sulfation patterns.
They showed that a CS-E tetrasaccharide (Figure 7) is the minimal motf required to promote neurite out-
growth.”” Using a microarray printed with immobilized CS oligosaccharides, they demonstrated CS-E
tetrasaccharide binding to several growth factors involved in neuronal development, including midkine,
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brain-derived neurotrophic factor (BDNF), and phospholipase C (PLC) 7 and discovered that CS-E binds
tumor necrosis factor o (TNF-a), a proinflammatory cytokine.’® To investigate the effects of multivalency,
Hsieh-Wilson and colleagues used ring-opening metathesis to polymerize CS disaccharides and tetrasaccharides.
As observed for many other glycan motifs, multivalent display of CS-E enhanced its potency: neuroactivity of
CS-E disaccharide polymers is enhanced by increases in polymer length (see Chapter 6.14).”

6.07.2.3 Glycolipids/Gangliosides

Glycolipids are essential membrane components found in most organisms, including humans and the pathogens
that infect us. Genetic defects in glycolipid metabolism are the cause of lysosomal storage diseases, a group of
progressive, and often fatal disorders and have been implicated in neurological conditions, including epilepsy.
Inappropriate glycolipid expression is characteristic of a number of malignancies and appears to play a role in
the metastatic behavior of transformed cells. In addition, pathogens often synthesize unusual glycolipids whose
antigenic determinants are essential for the development of host immunity. Here we review classes of
glycolipids and glycolipid analogs that have been prepared synthetically and describe the use of these
molecules in biological assays and therapeutic regimens.

The most commonly occurring lysosomal storage disorder is Gaucher’s disease. Gaucher’s disease is caused by
mutations in 3-glucosidase that impair its ability to catabolize glucosylceramide.” Inactive glucosylceramide
accumulates in the lysosome, leading to variety of debilitating symptoms. Even small increases in 3-glucosidase
activity can improve symptoms, allowing this disease to be better managed. A common treatment for Gaucher’s
disease consists of F-glucosidase enzyme replacement. However, this treatment is extremely expensive and not all
patients respond. An alternative strategy is to use chemical chaperones to facilitate folding of 3-glucosidase into
an active form. Toward this end, Kelly and coworkers have synthesized mimics of glucosylceramide (Figure 8).
Early work using the N-(#-nonyl)deoxynojirimycin (NN-DNJ) chaperone led to a twofold improvement in the
activity of a common disease-causing mutant, 3-glucosidase N370S.”” Adding a long adamantyl-modified alkyl
chain or changing the iminosugar core to isofagomine increased the potency of the chaperone,””®" and combining
these features further enhanced chaperone activity.”” Intriguingly, isofagomine itself restored correct folding and
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N-Adamantyl-4-((3R,4R,5R)-3,4-dihydroxy-5-
(hydroxymethyl)piperidin-1-by)butanamide

Figure 8 Glucosylceramide and two glucosylceramide mimics that function as chemical chaperones of 3-glucosidase. The
isofagomine core is shown in red.
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lysosomal activity to the N370S mutant®’ A crystal structure revealed that this molecule binds in the active site,
locking the enzyme in a substrate-bound conformation.®*

While most known glycolipid disorders are associated with ineffective catabolism of these molecules, emerging
evidence suggests that defects in glycolipid synthesis are the cause of some heritable diseases. Recently, a familial
form of epilepsy was shown to be associated with an inability to synthesize GM3 ganglioside.”” Administration of
synthetic forms of the missing glycolipids is being explored as a treatment for this disease. More work will be
required to determine whether there are other disorders of glycolipid synthesis that remain uncharacterized.

Glycophosphatidylinositols (GPIs) are complex glycolipids that are added posttranslationally to many
eukaryotic proteins, anchoring these molecules in the membrane.® GPIs comprise a phospholipid tail and a
pentasaccharide glycan core, which is modified with additional sugars and phosphoethanolamines and linked to
the C-terminus of the attached protein (Figure 9). The core glycan of GPIs is conserved and consists of three
mannose (Man) residues, a glucosamine, and a myo-inositol. Many functions have been ascribed to the GPI
anchor,’ but other than a clear significance in membrane targeting, its biological roles are not well understood.
The first chemical synthesis of a GPI was reported in 1991 by Murakata and Ogawa.®’ Since then a number of
other synthetic routes to GPI anchors and GPI-modified proteins have been explored.”” To understand the
functional significance of the conserved glycan core, Paulick er a.*’ recently prepared a panel of molecules that
lacked three, four, or five of the sugars of the conserved pentasaccharide. These analogs were conjugated to
green fluorescent protein (GFP) and incorporated into lipid bilayers or the plasma membrane of living cells.”’
Previous work had suggested that GPI-anchored molecules preferentially associate with lipid rafts, which are
membrane microdomains of decreased fluidity.”' With this in mind, Paulick ez a/. measured the diffusion rates of
these GPI analogs to learn more about their membrane environment. These researchers observed that deleting
sugars from the glycan core led to corresponding decreases in the lateral mobility of these molecules, indicating
that sugars contribute to the way in which GPI-anchored molecules interact with other membrane components.
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Figure 9 Structure of the GPI anchor found in eukaryotes (phosphoethanolamine linker shown in red, phospholipid tail
shown in black). Paulick and coworkers examined several truncated forms of the GPI anchor to examine the functional
significance of the core glycan structure. These include structures replacing three (cyan), four (orange and cyan), or five
(green, orange, and cyan) of the sugars in the conserved pentasaccharide structure with appropriate ethylene glycol
spacers.
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The malaria parasite Plasmodium falciparum also produces a cell surface GPL This molecule functions as a
proinflammatory toxin in malarial infection. Unlike mammalian GPIs, which are heavily modified, P. falciparum
GPIs display an exposed core glycan that is antigenic in animals. To investigate the immune response to this
molecule, Seeberger and coworkers prepared the P. falciparum GPI glycan synthetically and conjugated it to KLH
(Figure 10).”* Mice injected with this conjugate produced anti-GPI antibodies and demonstrated substantially
reduced mortality rates in a malarial infection model. Mice also exhibited a reduction in common malarial
symptoms, including pulmonary edema and acidosis, demonstrating that this vaccine may also have desirable
antitoxin properties. The convergent synthetic route developed by the Seeberger group provides access to fully
lipidated GPI"*"* and a variety of other analogs.””’® Using microarrays printed with these analogs, these
investigators discovered that high levels of IgGs against Man;-GPIs were present only in malaria-exposed
individuals.”” The Man;-GPI epitope may therefore be an important component of future malarial vaccines.

6.07.2.4 Carbohydrate Roles in Bacteria and Mycobacteria

Similar to eukaryotes, bacteria also rely on carbohydrates for many facets of extracellular communication.
Sugars serve as important signaling molecules for bacteria, indicating nutrient sources and inducing chemo-
tactic behavior.”® Bacteria also utilize carbohydrates to enclose and protect themselves. The cell wall of many
Gram-positive bacteria is composed of a dynamic peptidoglycan structure, whose biosynthesis is critical to
bacterial propagation. Many common antibiotics target the enzymes responsible for peptidoglycan synthesis. In
some bacteria, including Mycobacterium tuberculosis, peptidoglycan is decorated with an additional arabinoga-
lactan—mycolic acid complex that decreases the bacterium’s susceptibility to antibiotics. In this section, we
discuss some of the diverse applications of chemical glycobiology in examining prokaryotic biology.

The peptidoglycan cell wall that surrounds Gram-positive bacteria is a rigid polymer composed of G1—4-
linked glycans cross-linked through peptide chains. Biosynthesis of peptidoglycan occurs in stages (Figure 11).
Stage 1 culminates in the synthesis of UDP(uridine diphosphate)-MurNAc(N-acetylmuramic acid)-pentapep-
tde. Stage 2, which occurs on the cytosolic face of the membrane, consists of coupling to a membrane-anchored
undecaprenyl (Css), generating Lipid I, and the addition of another GIcNAc, generating Lipid II. In Stage 3,
Lipid II translocates to the extracellular face of the cell membrane, where it is subject to further polymerization
and cross-linking by various transglycosylases and transpeptidases. This results in the production of Lipid IV
and cross-linked peptidoglycan chains. Commonly used antibiotics, including (-lactams and glycopeptides,
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target enzymes involved in peptidoglycan biosynthesis. The rise of bacterial resistance to these antibiotics has
motivated the search for new strategies to interfere with this pathway.

MurG catalyzes the transfer of GIcNAc to the Lipid I substrate, assembling the disaccharide—pentapeptide
building block Lipid II. Due to the extreme lipophilic nature of the undecaprenyl chain, mechanistic
characterization of MurG has remained elusive. Several groups have reported syntheses of Lipid I,”""*" but
small yields have limited the use of these molecules in mechanistic studies. To aid this endeavor, Walker and
coworkers prepared several shorter-chain lipid analogs of Lipid I. An early analog replaced the 55-carbon chain
with a much shorter 10-carbon citronello chain,* and facilitated studies of MurG’s substrate selectivity.** Lipid
I analogs with other lipid substitutions have enabled further exploration of MurG’s activity.**

The product of MurG, Lipid II, has also been prepared synthetically®” and used in transpeptidation
reactions.”® Analogs of Lipid I have been used to study the activity of transglycosylases in peptidoglycan
biosynthesis® and to characterize the mechanism of action of nisin, a bacterial peptidoglycan antibiotic.”
Zhang er al”" reported the synthesis of a heptaprenyl-Lipid IV analog that could be incorporated into larger
peptidoglycan structures by Escherichia coli peptidoglycan glycosyltransferases. Using a version of this molecule
with a Gal-block on the nonreducing end, they demonstrated that the peptidoglycan chain grows from the
reducing end.”” These results are consistent with the mechanistic interpretations that have been proposed based
on crystal structures of the peptidoglycan glycosyltransferases.”””*

The peptidoglycan-based cell wall of M. ruberculosis is further modified by the addition of an arabinogalactan—
myecolic acid complex (Figure 12). This additional barrier poses an added challenge for antibiotic design. The
arabinogalactan chain is synthesized by two galactosyltransferases.”” Belanova er al”® prepared lipid-shortened
analogs of the rhamnose-GlcNAc linker and used them to demonstrate that the addition of the first two
galactofuranose units is controlled by galactofuranosyltransferase 1, while further growth of the galactofuranose
chain is regulated by galactofuranosyltransferase 2. Additional experiments demonstrated that two arabinofur-
anosyl transferases, EmbA and EmbB, catalyze the addition of the arabinan directly onto galactan before
incorporation into the peptidoglycan.”” In this way, synthetic access to glycan intermediates has provided insight
into mechanisms of M. tuberculosis galactan biosynthesis and may aid in the design of antimycobacterial agents.

Environmental carbohydrates also affect the behavior of prokaryotes. Bacteria move in response to gradients
of molecules in their surroundings. Chemotaxis occurs through a dynamic sensing mechanism that is regulated
by extracellular chemoreceptors. Stimuli can act as either attractants or repellants. Simple sugar molecules such
as Gal and Glc are known molecular attractants for bacteria. Kiessling and coworkers investigated the nature of
chemotactic responses in E. co/i using multivalent ligands of individual sugar molecules. Using ROMP, they
synthesized multivalent ligands displaying up to 50 individual sugar molecules (Figure 13). These multivalent
ligands elicited a more significant chemotactic response than Gal alone.” """ The investigators hypothesized
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Figure 12 Cartoon of the arabinogalactan-mycolic acid-modified Mycobacterium tuberculosis peptidoglycan structure.
Pyranose forms of sugars are indicated by p, furanose forms of sugars are indicated by f.
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Figure 13 Multivalent galactose polymer used to investigate chemotactic responses in bacteria.

that the increase in chemotactic response could be attributed to the ability of a single multivalent molecule to
simultaneously engage multiple cell surface chemoreceptors. Multivalent polymers were also shown to induce
chemoreceptor clustering, as demonstrated by fluorescence colocalization experiments.”” " Both targeted and
nontargeted receptors exhibited clustering.”* Moreover, increases in receptor clustering caused the nontargeted
receptors to become more sensitive to their own ligands.”® These responses indicate that inter-receptor
communication occurs during the chemotactic response. Analogous responses were also observed in Bacillus
subtilis, Vibrio furnissii, and Spirochaete aurantia (see Chapter 6.13).""!

6.07.2.5 Toxins

Many bacterial toxins and viruses bind and infect their hosts by recognizing host cell surface glycans. Since
protein—glycan interactions are typically weak and transient, toxins rely on multivalency to increase their
affinity for glycan targets. To attempt to interfere with these binding events, several groups have prepared
multivalent glycan structures optimized for toxin binding. This section describes multivalent glycan mimetics
that are designed to bind bacterial toxins and interfere with their toxic effects.

Shiga toxin is an ABs bacterial toxin. The five B subunits of the assembled toxin cooperatively recognize
glycolipids on the host cell surface, primarily the glycolipid GB; (globotriaosylceramide). Each of the
individual B subunits displays three potential binding sites for GB;. Following recognition, the catalytically
active subunit A is endocytosed, ultimately disrupting protein synthesis in the invaded cell. Bundle and
coworkers developed a decameric glycan display by attaching bivalent GB; ligands to each of the five hydroxyl
groups of Glc. They dubbed the resulting molecule STARFISH (Figure 14).'> STARFISH inhibited Shiga
toxin binding six orders of magnitude better than the GB; trisaccharide alone. STARFISH and a closely related
inhibitor, DAISY, which differ in linker composition (Figure 14),'"’ were tested as therapeutics in mice treated
with two forms of Shiga-like toxins (Shiga-like toxin 1 and Shiga-like toxin 2). STARFISH significantly
increased survival rates in mice treated with Shiga-like toxin 1, while DAISY was effective against both toxins.

In another strategy to develop reagents to treat Shiga intoxication,'”* Nishikawa er a/'">'% prepared a
carbosilane dendrimer scaffold bearing the GB; epitope in various valencies (for an example molecule, see
Figure 15). These ‘SUPER TWIG’ molecules were found to bind and inhibit both forms of Shiga-like toxin
and completely suppressed the lethal effects of Shiga-like toxin 2 in mice.'”>'" While these results were
promising, the molecules could only be administered intravenously. T'o develop an oral agent, the investigators
changed their scaffold to an acrylamide polymer backbone and generated copolymers with regularly spaced
pendant GB; glycans.'””'% The new glycopolymer was demonstrated to bind Shiga toxin 2 as well as SUPER
TWIG did and can be administered orally to mice, yielding similar suppression of the toxin’s effects.'”®

6.07.3 Chemoenzymatic Synthesis to Study Glycan Structure and Function

Methods to synthesize novel glycan-containing molecules are desirable for a variety of applications. For example,
new macrolide sugars may display attractive antibiotic properties, new polysaccharides may have unanticipated
pharmaceutical or industrial uses, and modifications to naturally occurring glycoconjugates could allow for
exploration of structure—function relationships. While synthetic chemistry represents one route to these molecules,
carbohydrate synthesis is notoriously difficult and not always generalizable. An alternative to synthetic chemistry is
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Figure 15 Structure of the SUPER TWIG 1(6) Shiga toxin inhibitor. The nomeclature is derived from the generation of the
dendrimer and the number of glycan displays. Here, the hexavalent glycan display (designated by R groups) is presented on a
first-generation carbosilane dendrimer scaffold.

to make use of glycan biosynthetic enzymes for chemoenzymatic synthesis of unnatural glycoconjugates. 1z vitro,
many of these enzymes will accept unnatural substrates; in other cases, enzymes have been engineered to expand
their substrate tolerance. Chemoenzymatic synthesis of glycoconjugates is a broad field and receives attention in
several other chapters in this volume. Here we focus on two important classes of targets for chemoenzymatic
synthesis: alternative nucleotide sugar donors and variant sialic acids (Sias).

6.07.3.1 Alternative Nucleotide Sugar Donors

High-energy nucleotide sugar donors are a key intermediate in glycan synthesis (Figure 16). Glycosyltransferases
transfer sugars from nucleotide sugar donors to glycan, protein, lipid, or metabolite substrates. Synthesis of
alternative nucleotide sugar donors that are accepted and utilized by glycosyltransferases is an essential step in
unnatural glycan production. Biosynthetically, nucleotide sugars are the products of nucleotidyltransferases.
Nucleotidyltransferases, also called sugar pyrophosphorylases, catalyze phosphodiester bond formation in the
reaction of sugar-1-phosphates with nucleotidetriphosphates (Figure 16). The iz vitro use of nucleotidyltransferases
and glycosyltransferases for chemoenzymatic synthesis of glycoconjugates was pioneered in the 1980s and 1990s
and is reviewed elsewhere.'””™"'? Preparative scale syntheses have been further enabled by methods to immobilize
and recycle the necessary enzymes.'"” In this section, we discuss how unnatural nucleotide sugars can be produced
using new chemoenzymatic strategies or adaptations of existing chemoenzymatic techniques. Approaches include
exploiting the permissivity of nucleotidyltransferases from bacterial and archaeal sources, mutagenesis of naturally
occurring nucleotidyltransferases, taking advantage of the reversibility of glycosyltransferase-catalyzed reactions,
and the introduction of azide functional groups for glycorandomization through click chemistry.

Although nucleotidyltransferases usually catalyze production of only one or a few nucleotide sugar products
in vivo, their substrate scope 1s often limited only by substrate availability. When presented with unnatural sugar-1-
phosphates or nucleotidetriphosphates, nucleotidyltransferases frequently accept these substrates, catalyzing pro-
duction of unnatural nucleotide sugars (Figure 17). Studies of nucleotidyltransferase permissivity have examined
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Figure 16 Enzymatic steps in glycoconjugate biosynthesis. Nucleotidyltransferases catalyze the reaction of sugar-1-
phosphates with nucleotidetriphosphates to produce nucleotide sugar donors. These activated sugars are transferred to
substrates by glycosyltransferases. The general structure of sugar-1-phosphate is meant to be applicable to all types of
nucleotide sugars. Commonly occurring nucleotide sugars include UDP-glucose, UDP-GIcNAc, UDP-GIcA, UDP-Gal,
UDP-GalNAc, UDP-xylose, GDP-fucose, and GDP-mannose. Sialic acid donors are monophosphates, e.g., CMP-NeuAc.
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Figure 17 Some examples of alternative nucleotide sugar donors that have been produced chemoenzymatically.
Differences from a natural nucleotide sugar donor structure, UDP-glucose, are highlighted in red.

enzymes from a variety of organisms. An early and extensive analysis of substrate scope was conducted with the
a-D-glucopyranosyl phosphate thymidylyltransferase from Salmonella enterica 1'T2 (E,). This permissive enzyme
produces appreciable quantities of unnatural TDP-sugars and UDP-sugars by accepting a number of deoxy
sugars,''* amino- and acetamidosugars,'”” and desosamine analogs."'® Escherichia coli enzymes also demonstrate
tolerance toward unnatural substrates: a glucose-1-phosphate uridylyltransferase is capable of producing carba-
cyclic UDP-glucose''” and several UDP- and dTDP(deoxythymidine diphosphate)-deoxyglucoses."'® Bacterial
thymidylyltransferases from Streptococcus pneumoniae R6 and Aneurinibacillus thermoaerophilus DSM 10155 are per-
missive for alternate nucleotides and can produce ADP(adenosine diphosphate)-, CDP(cytdine diphosphate)-, and
GDP(guanosine diphosphate)-sugars.''” The same thymidylyltransferases also accept 3-O-alkylated glucose-1-
phosphates, leading to the production of lipophilic nucleotide sugar donors.'*’ Furthermore, the S. preumoniae
enzyme is able to synthesize d TDP-furanoses.'”' Broad substrate scope has also been demonstrated for plant
enzymes, including UDP-sugar pyrophosphorylases from Pisum sativum L. (pea)'** and Arabidopsis thaliana.'*?
Nucleotidyltransferases from extremophiles often exhibit unusually broad substrate tolerance. Pohl and
coworkers have examined several enzymes from the thermophile Pyrococcus furiosus. One such nucleotidyl-
transferase accepts a variety of glycan-1-phosphates including Man, Gal, and, to a lesser extent, fucose,
glucosamine, galactosamine, and GlcNAc.'** Intriguingly, this enzyme also demonstrates acyltransferase
activity, catalyzing the N-acetylation of glucosamine-1-phosphate. When provided with alternative acyl
donors, the bifunctional enzyme can catalyze the two-step conversion of glucosamine into chloroacetyl- and
alkyne-tagged UDP-GlcNAc analogs.'”” Other extremophile enzymes with broad substrate tolerance include a
126

glucose-1-phosphate uridylyltransferase from the acidophile Helicobacter  pylori, a CMP(cyudine
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monophosphate)-Neu5Ac (N-acetylneuraminic acid) synthase from the thermophile Clostridium thermocellum,"”’

a nucleotidyltransferase from the thermophile Thermus caldophilus GK24,'** and a mannosylglycerate synthase
from the hypothermophile Rhodothermus marinus.'>

Notwithstanding the examples discussed above, there are limits to the natural permissivity of nucleotidyl-
transferases. To further expand the diversity of nucleotide sugar analogs, the Thorson group and others have
created mutant enzymes that exhibit broadened substrate scope. Relying on the crystal structure of the
Salmonella thymidylyltransferase,"* the Thorson and Nikolov groups prepared mutant thymidylyltransferases
that accept acetamido derivatives and epimers of the normal glucose-1-phosphate substrate."*”"*" Similarly,
mutations to the nucleotide-binding pocket yielded mutant enzymes that tolerated all eight naturally occurring
NTPs (nucleotide triphosphates)."** An analogous strategy has been used to expand the tolerance of the sugar
kinases that produce the sugar phosphate substrates of nucleotidyltransferases.'** '’

While much effort has focused on the nucleotidyltransferases, glycosyltransferases can also be utilized to
produce unusual nucleotide sugar donors. Glycosyltransferases are generally described as catalyzing the
transfer of a sugar from a nucleotide sugar donor to an acceptor, resulting in the formation of a new glycosidic
bond between the sugar and the acceptor (Figure 16). However, glycosyltransferases also catalyze the reverse
reaction: transfer of a sugar from a glycosylated molecule to a nucleotide, forming a nucleotide sugar. Recently,
the Eguchi group exploited the reversibility of the reaction catalyzed by a glycosyltransferase. These inves-
tigators used the VinC glycosyltransferase to transfer sugars from a glycosylated substrate to a nucleotide
diphosphate, resulting in nucleotide sugar formation."*® Similarly, the Thorson group used a reverse glycosyl-
transfer reaction to prepare novel diphosphate nucleotide sugar donors from glycosylated natural products
(Figure 18).""""*® Glycosyltransferase permissivity can be enhanced by mutagenesis, further expanding the
scope of sugars that can be transferred."”” By using natural products as sugar sources, this technology has the
potential to produce an immense variety of nucleotide sugars.

The utlity of alternative nucleotide sugar donors is dependent on their availability in large enough
quantities to be used in subsequent reactions. Wang and coworkers have reported the ‘superbead’ method for
large-scale syntheses of naturally occurring nucleotide sugar donors."'*'**'*' Their approach relies on
immobilizing and recycling the biosynthetic enzymes that produce these molecules. More recently, Errey
er al'™ took advantage of the permissivity of a Gal-1-phosphate uridyltransferase and showed that a similar
immobilization strategy could be used to produce a variety of UDP-Gal analogs in good yield. These data
suggest that a ‘superbead’ method could be an effective and scalable route to unnatural nucleotide sugar donors.

As a larger variety of unusual nucleotide sugars becomes available, chemoenzymatic methods are being
developed to use these molecules in the synthesis of diverse glycoconjugates. Using a technique termed 7 vitro
glycorandomization, Thorson and coworkers made use of permissive glycosyltransferases to transfer sugars
from nucleotide sugar donors to aglycon substrates, creating libraries of natural products bearing diverse
glycans. For example, the GftE glycosyltransferase was used to rapidly produce 21 vancomycin analogs;'*’
other natural products have been similarly diversified."**'* By using nucleotide azidosugar donors, further
diversification can be achieved rapidly: an azidosugar can be transferred to the vancomycin aglycon and then
reacted with various alkynes, producing an even larger array of vancomycin analogs (Figure 19).'*'*
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Figure 18 An aglycon exchange reaction can be used to produce unnatural nucleotide sugar donors. Shown here is an
example using vancomycin.
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Alternative nucleotide sugar donors have been used in the synthesis of a wide variety of novel glycosylated

products, too numerous to be treated comprehensively here. Some notable natural products that have been subjected

S 139,144 . 138 s 137 145047 .

to glycan diversification include novobiocin, calicheamicin, *° avermectins, " oleandomycin, vicenista-
- 136 - 147 - 147 o - 148 : 149 .

tin, ~ erythromycin,  tylosin, ~’ methomycin/pikromycin, "~ and spinosyns. " Several oleandomycin and

erythromycin analogs were shown to have improved antibacterial activity over their parent compound.'’ As the

availability of novel nucleotide sugar donors grows, we expect this list to expand rapidly (see Chapter 6.19).

6.07.3.2 Chemoenzymatic Synthesis of Sialic Acids

The term sialic acid (Sia) refers to a group of nine-carbon a-keto acids derived from Neu5Ac, 5-glycolylneur-
aminic acid (Neu5Gc), and deaminated neuraminic acid (KDN) (Figure 20). A closely related keto-deoxy acid,
3-deoxy-D-manno-octulosonic acid (KDO) is commonly found in plants and in the extracellular polysacchar-
ides that enclose capsulated bacteria. In vertebrates and some higher invertebrates, Sias are added to the
nonreducing terminus of cell surface glycoconjugates, where they mediate recognition events. Sias are also
found in the bacterial extracellular polysaccharides. Sia-containing glycoconjugates are commonly modified by
postglycosylational processing, leading to over 50 naturally occurring variants of Sia (Figure 21)."°”"*" In this
section we discuss chemoenzymatic methods in which Sia biosynthetic enzymes are used individually, or in
combination with one another. These enzymes can catalyze the synthesis of a variety of natural and unnatural
Sias and sialosides.'”” We also note some of the biological uses of these compounds.

The Sia synthase, or aldolase, is responsible for the reversible aldol reaction that occurs between six-carbon
mannosamines and pyruvate (Figure 22). In the forward direction, this condensation reaction creates a new
carbon—carbon bond to produce nine-carbon Sias."”* Aldolases capable of Sia synthesis are found in a variety of
bacteria. The E. coli enzyme has proven to be extremely adaptable in chemoenzymatic reactions. Its substrate
scope has been studied extensively and is described in a large body of literature published in the late 1980s and
early 1990s. Taken together, these reports indicate that the enzyme exhibits a strong preference for pyruvate as

CO,”

KDN KDO

Figure 20 Sialic acids include Neu5Ac, Neu5Gc, and KDN. KDO is a closely related eight-carbon keto-deoxy acid that is
found in several types of prokaryotes and plants.

R*=-H, -Ac
R5=-NHAc, -OH, -NHGc;
R7=-H, -Ac

R8=-H, -Ac, -SO32", -CH;
R9=-H, -Ac, -CH,(OH)CHg3, -PO,%"

Figure 21 Modifications to sialic acids result in over 50 different naturally occurring molecules.
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Figure 22 Biosynthesis of sialosides. Sialic acid aldolases catalyze the aldol condensation of N-substituted mannosamines with pyruvate to produce sialic acids. CMP-sialic
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Figure 23 Aldolase-catalyzed synthesis of oligosaccharides bearing sialic acid at the reducing end. In this example,
pyruvate (in red) was condensed with Glc a1-6 Man to produce Glc a1-9 KDN.

the donor, but a relaxed specificity toward acceptor molecules.”*'*” The E. coli aldolase accepts a variety of
naturally occurring hexoses and pentoses, as well as many unnatural ones. For example, this enzyme has been
used to prepare 5-azido and 7-azido Sia analogs from the corresponding mannosamine precursors.””*">" N-
substituted mannosamines are also well-tolerated by the aldolase.'”® Nonetheless, the enzyme does not accept
all sugars: aldoses lacking a C-3 hydroxyl group are particularly poor substrates."”* In addition, the reversibility
of the aldolase-catalyzed reaction has been exploited to convert Sias into their corresponding Man derivatives
and to interconvert Sias."””'%” More recently, the aldolase’s permissivity to substitutions on the sugar substrate
has been exploited by the Chen group to synthesize oligosaccharides that have Sia at the reducing end
(Figure 23): the enzyme accepts a variety of disaccharides that have a Man or a Man derivative at the reducing
terminus, and converts that terminal sugar into the corresponding KDN or Sia analog.'®"'®” These disacchar-
ides mimic structures found in some pathogenic bacteria and can be further elaborated by other
glycosyltransferases.

Mutagenesis of the aldolase has been employed to expand or redefine its substrate scope.'**'* The crystal
structure of £. coli Sia aldolase was reported in 1994 and has served as an important resource in efforts to evolve
this enzyme.'”” The Wong group reported the use of iz vitro directed evolution to alter the enantioselectivity of
Sia aldolase. Wild-type aldolase exhibits a strong bias for D-Sia and other D-sugars such as p-KDO (Figure 20).
However, Wong and coworkers were able to use directed evolution to select for a mutant enzyme with the
opposite enantioselectivity. The mutant enzyme, which contains eight amino acid substitutions, efficiently
synthesizes L.-KDO and has lost much of its activity toward p-sugars.'®>'®” Berry and colleagues used structure-
guided saturation mutagenesis to evolve an enzyme that accepts four-carbon aldehydes to produce seven-
carbon Sia analogs.'*'® This group also evolved a pair of enzymes that exhibit opposing preferences for the
stereochemistry of the C-4 position in the substrate.'”

To biosynthetically or chemoenzymatically prepare unnatural sialosides, the unnatural Sias must first be
converted to nucleotide sugar donors. CMP-Sia synthetases catalyze the reaction of Sia with CTP to yield
CMP-Sia and pyrophosphate (Figure 22). The E. coli synthetase is commonly used in chemoenzymatic
reactions,'”"'”* but its narrow substrate scope'”’ limits its use in the synthesis of variant CMP-Sias. The
Neisseria meningitidis enzyme exhibits a broader substrate tolerance,'”* while the synthetase from C. zhermocellum
offers the benefit of thermostability.'*” Recently, the Chen group has combined use of the N. meningitidis CMP-
Sia synthetase and the £. co/i Sia aldolase in a one-pot reaction to effect conversion of Man and ManNAc
(N-acetylmannosamine) analogs into their Sia counterparts. Using this enzyme pair, they were able to prepare a
wide variety of Sia derivatives with substitutions at C-3, C-5, C-8, and C-9.!73176

Transfer of Sias from CMP-Sia to an acceptor substrate requires the action of a sialyltransferase (Figure 22).
Formation of the glycosidic bond of Sia is a particularly challenging reaction, so even many otherwise
nonenzymatic syntheses rely on an enzymatic transformation to add Sia (e.g., see Blixt ez l'”’). While a
number of mammalian sialyltransferases are commonly used chemoenzymatically, these enzymes generally
exhibit a narrowly defined substrate scope, limiting their utility in chemoenzymatic reactions with unnatural
Sias. Sialyltransferases from prokaryotes can be more permissive. Yamamoto ez 4" have developed the use of
an a2—6 sialyltransferase from Photobacterium damsela for chemoenzymatic synthesis of a variety of sialosides.
This enzyme can be purified in good yield from its natural host and adds Sia in an a2—6 linkage to G-linked Gal
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found at the nonreducing end of glycans."””'™ The P. damsela enzyme tolerates acceptor galactosides that are
modified at C-2 or C-3, including galactosamines and glycopeptide substrates.'®”'®" Tt also has remarkable
permissivity for CMP-Sia donors, accepting molecules with a large variety of substituents at C-5, C-7, C-8, and
C-9."%'%% An a2-3 sialyltransferase from N. meningitidis demonstrates unusual acceptor tolerance, having the
ability to sialylate both a- and -linked galactosides and to accept several N-substituted CMP-Sia donors."** A
related proteobacterial pathogen, Neisseria gonorrheae, produces an o2—3 sialyltransferase that transfers Sias with
several different C-5 substituents to a broad range of a-linked galactoside and galactosoaminoside acceptors.'®’
Prokaryotic polysialyltransferases, responsible for synthesizing polymers of «2—8 or a2—9 polysialic acid (PSA),
may also prove to be useful for the chemoenzymatic syntheses.'**'®" Sialyltransferases have even been
identified in viral genomes: Palcic and coworkers described the i vitro use of an 23 sialyltransferase from
myxoma virus to transfer Sia residues onto several fucosylated acceptors, but the donor permissivity of this
enzyme has not yet been reported.'*®

Aldolases, CMP-Sia synthetases, and/or sialyltransferases have been combined in a number of one-pot,
chemoenzymatic syntheses of naturally occurring sialosides (e.g., see Ichikawa er a.'*). The use of permissive
enzymes broadens the scope of these one-pot methods and has facilitated the synthesis of a number of unnatural
sialosides. The Chen group reported a Pasteurella multocida sialyltransferase that can function as an a2-3
sialyltransferase, a2—6 sialyltransferase, a2—3 sialidase, or a2—3 runs-sialidase, depending on the pH of the
reaction mixture.'”’ Using this enzyme in a one-pot reaction in combination with E. co/i aldolase and
N. meningiridis CMP-Sia synthetase, they produced sialosides with a variety of substituents at C-5, including
alkynes and azides (Figure 24(a)). C-9 azido-sialosides were prepared in one-pot syntheses that made use of
N. meningitidis and mammalian sialyltransferases (Figure 24(b)).'”" The highly permissive P. damsela a2—6
sialyltransferase has been used in combination with the E. co/i aldolase and the N. meningitidis CMP-Sia
synthetase to transform Man and ManNAc analogs into sialosides modified at C-5, C-7, C-8, or C-9.1831%2
While most one-pot reactions make use of mixtures of purified enzymes, other strategies include the use of
gene fusions, such as one between CMP-Sia synthetase and 23 sialyltransferase,'”* or a mixture of crude
E. coli extracts from overexpressing strains.'”*

Once chemoenzymatically produced, these unnatural sialosides have demonstrated utility in a variety of
biological applications. A sialoside consisting of 9-O-acetylated sialyl Tn antigen (sTn) was produced by one-
pot synthesis and conjugated to human serum albumin to be used to evaluate the role of acetylation in
carbohydrate—protein interactions.'”” Para-nitrophenol-tagged sialosides can be used in a colorimetric assay
to evaluate sialidase specificity.'”® Biotin-tagged sialosides have been immobilized on a streptavidin-coated
surface to study protein—carbohydrate interactions with surface plasmon resonance techniques.'”’” Size-defined
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Figure 24 Examples of azide-modified sialosides prepared in one-pot syntheses. (a) A 9-azido-sialoside.
(b) A 5-azido-sialoside.
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polymers produced by a combination of chemoenzymatic methods and click chemistry have the potential to be
used to study the role of Sia-containing polymers in bacterial pathogenesis and biofilm formation.'”” In addition
to these representative examples, unnatural sialosides have the potential to be used to examine many other
biological problems (see Chapter 6.02).

6.07.4 Applications of Metabolic Oligosaccharide Engineering

Metabolic oligosaccharide engineering refers to the ability to introduce small changes into cellular glycans
through the use of unnatural monosaccharide analogs. To introduce these glycan modifications, synthetic
analogs of monosaccharides are added to the media of cultured cells'*”**” or injected into animals.”*" % Sugar
analogs enter cells where they are metabolized to activated nucleotide sugar donors, then transferred to
glycoconjugate substrates. Using this technique, a range of chemical modifications—extended alkyl chains,
azides, ketones, thiols, and alkynes — have been introduced into Sia, fucose, GlcNAc, and GalNAc and
displayed on cellular glycans.'” The uses of this technology are numerous and are reviewed at further length
in Chapter 6.09 entitled Molecular Probes for Protein Glycosylation, found in this volume. Here we have
selected three emerging applications for metabolic oligosaccharide engineering for further discussion: the study
of metabolic flux through carbohydrate assimilation pathways, elucidation of the neurobiological functions of
PSA, and the development of immunological reagents for cancer therapy.

6.07.4.1 Metabolic Flux of Unnatural Sugar Analogs and Effects on Cell Viability

In experiments dating back to the 1970s, unnatural sugars have been used to inhibit or modulate the cellular
synthesis of glyconjugates (see Goon and Bertozzi’”® for a review of early work in this field). More recently, the
advent of sophisticated analytical techniques has made it possible to pinpoint the cellular fate of exogenously
added monosaccharide analogs. As a result, the area of metabolic oligosaccharide engineering has enjoyed a
renaissance that began with a 1992 report by Reutter and coworkers demonstrating that N-acyl-substituted
mannosamines can be metabolized to the cell surface sialosides in a living rat.”*’ Further work established that
cellular Sia engineering can be accomplished either by the use of Sia analogs, which the cell converts into
CMP-Sia before transfer to glycoconjugates, or by intercepting the Sia biosynthetic pathway through the use of
ManNAc analogs, which are first metabolized to Sia in three enzymatic steps (Figure 25).°****° The growing
use of this technique has motvated recent studies to better understand the consequences of treating cells or
animals with these molecules. In this section we highlight the use of ManNAc analogs to study metabolic flux in
the Sia pathway and describe some unanticipated effects that these molecules have on cellular metabolism.

Based on the observation that the Sia biosynthetic pathway is permissive for N-acyl substitutions, a variety of
ManNAc analogs have been prepared (Figure 26). These molecules have been used to delineate the pathway’s
tolerance and to investigate analog-associated toxicity. Some ManNAc analogs bearing extended N-acyl chains
can be effectively converted into their sialoside analogs,”” but side chains longer than five carbons are poorly
metabolized.””” Furthermore, increasing N-acyl side chain length leads to decreased cell viability.”” The
observed toxicity bears the hallmarks of an apoptotic process. The addition of substituents, such as ketones, to
the N-acyl chain can also dramatically lower incorporation levels and increase toxicity (Figure 27). In contrast to
ManNAc analogs, Sia analogs with large N-acyl substituents can be effectively metabolized into cell surface
glycoconjugates.”””'” This suggests that ManNAc analog permissivity is limited by one of the three enzymatic
steps responsible for converting ManNAc into Sia. In fact, phosphorylation of ManNAc by ManNAc-6-kinase has
been identified as the bottleneck in metabolism of N-acyl-substituted ManNAc analogs.”"”

Many metabolic engineering experiments have utilized monosaccharide analogs that are acetylated on the free
hydroxyl groups. These peracetylated compounds enter cells easily and are believed to be converted into free
sugars by the action of nonspecific cellular esterases. As a result of their efficient uptake, peracetylated sugars can
be used at concentrations nearly three orders of magnitude lower than their unprotected analogs.”'' However,
recent reports indicate that hydroxyl group modifications can have unanticipated effects on cell toxicity and
metabolic flux. ***"'*"" To further investigate this concept, Yarema and coworkers varied the size of
the protecting group and measured the resulting changes in metabolic conversion and cell toxicity
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through this pathway. R? and R® are both —H in naturally occurring ManNAc and sialic acid, but compounds with protecting groups at these positions enter the cell more readily.
Protected compounds commonly have an acetyl at R? and a -CH3 at R%. ManNAc (1) and sialic acid (3) analogs enter the cell. If protecting groups are present, they are removed
by nonspecific esterases to yield de-acylated sugars (2) and (4), respectively. Compound (2) is phosphorylated and converted into sialic acid (4) by a series of enzymatic
transformations. The activated nucleotide sugar CMP-sialic acid is then produced by CMP-NeuAc-synthase. Finally, a sialyltransferase appends sialic acid (or an analog) to a

growing glycan chain on a lipid or protein, yielding a sialoside (5). Compound (5) is then either inserted into the cell membrane or secreted.
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Figure 26 Structure of ManNAc and several common analogs used in sialic acid biosynthetic engineering (R =H or Ac):
(@) ManNAc, (b) ManProp, (c) ManBut, (d) ManPent, (e) ManLev.
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Figure 27 N-acyl modifications to ManNAc affect its cellular toxicity. Changes in chain length and the addition of

ketones affect metabolic incorporation of the compounds as well as cell viability. The lethal dose for the analogs
decreases from left to right.
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Figure 28 Increasing the size of ManNAc’s protecting groups affects cellular viability. When the compounds are used
at 150 umol | ~", toxicity increases with protecting group size. When the compounds are used at 500 pmol | ~", toxicity
decreases with protecting group size.

(Figure 28).°" When protected compounds were added to the cellular media at low concentrations
(150 umol 17", the addition of methylene units onto the protecting group improved the incorporation of Sia,
with perbutyrylated ManNAc being most efficiently incorporated. This trend was reversed with a higher
concentration of sugar analog (500 tmol 17"), suggesting that multiple processes were at work. Cellular viability
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Figure 29 Protected ManNAc analogs with C-1 or C-6 free hydroxyls (R = acetyl or butyryl groups). A free hydroxyl
at the C-1 position has little effect on metabolic flux but negatively impacts cell viability. A free hydroxyl at the C-6 position
improves metabolic flux and increases cell viability.

also varied with larger protecting groups leading to increased toxicity. More toxic analogs not only failed to be
incorporated into sialosides, but also inhibited overall flux through the Sia pathway.

Yarema and coworkers sought to deconvolute the complicated effects of ManNAc peracylation by inves-
tigating the roles of acyl groups placed at specific positions.”"* They prepared acylated ManNAc analogs with
free hydroxyl groups at either C-1 or C-6 and measured their effects on metabolic flux through the Sia pathway
and on cell growth (Figure 29). Molecules with a free hydroxyl group at C-1 demonstrated increased toxicity
effects, while metabolic flux remained relatively unaffected. When the free hydroxyl was at the C-6 position,
toxicity effects were relieved and metabolic flux improved. Similar effects were observed with protected
GlcNAc molecules. These experiments provide a strategic guide for maximizing metabolic incorporation of
analogs and also offer a cautionary message about the off-target effects that sugar analogs can cause.

Toxicity effects have been associated with metabolic oligosaccharide engineering since the earliest experi-
ments were performed.”’’ In some instances, these effects may be mediated by the sugar analogs themselves, but
removable protecting groups also have the potential to exhibit bioactivity. Recently, Yarema and coworkers
investigated the effects that perbutyrylated ManNAc has on metabolic flux and cell viability.*'* Short-chain
fatty acids, such as the #-butyrate esters found on perbutyrylated ManNAc, can act as histone deacetylase
(HDAC) inhibitors, inducing apoptosis in transformed cells. However, #-butyrate suffers from poor pharma-
cokinetic properties and high concentrations (up to 50mmoll™") are usually required for activity.
Sampathkumar ez 4/. found that 80 pmoll~" of perbutyrylated ManNAc was sufficient to cause cell death.
Moreover, the cells displayed many characteristics commonly seen during apoptosis. Notably, neither separate
administration of #-butyrate and ManNAc, nor treatment with other butyryl protected sugars was able to
reproduce the toxicity effects observed with perbutyrylated ManNAc. These results point to a potential use of
protected sugars as prodrugs for the delivery of short-chain fatty acids in cells.

Metabolic oligosaccharide engineering has also been exploited to obtain information about metabolic
pathways that would be difficult to discern using other techniques. For example, Luchansky er 4/”'* made
use of ManNAc analogs to show GlcNAc 2-epimerase, which interconverts ManNAc and GlcNAc, functions
both anabolically and catabolically, and its primary role may be to divert sugars from the Sia biosynthesis
pathway. In another example, Yarema ez a/”"” used a ManNAc analog, ManLev (N-levulinolmannosamine), to
select for T-cell lines that displayed phenotypes of low or high cell surface expression of Sia analogs. Cells that
expressed low levels of the Sia analog were found to have accumulated mutations in the UDP-GIcNAc
2-epimerase genes that were remarkably similar to those found in patients with sialuria, a severe congenital
glycosylation disorder. Cells expressing high levels of Sia analogs had activated neo-expression of a2—8-linked
PSA, a change often observed in highly invasive tumors. In this way, metabolic oligosaccharide engineering
might be used to develop model systems that phenocopy naturally occurring disorders and diseases.

6.07.4.2 Polysialic Acid Function

Metabolic oligosaccharide engineering has also been exploited for the study of PSA. PSA is a linear homo-
polymer of a2-8-linked Sia residues that can extend to over 50 residues (Figure 30).”'>*'” PSA is synthesized
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Figure 30 PSA chains are linear homopolymers of a2-8-linked sialic acid residues, extending to over 50 residues. They are
attached to the NCAM polypeptide.

by two a2-8 sialyltransferases, PST (ST8S1a4 polysialyltransferase) and STX (ST8Sia2 polysialyltransferase),
and is displayed exclusively on the neural cell adhesion molecule (NCAM). Normal expression of polysialy-
lated NCAM (PSA-NCAM) occurs primarily on neuronal cells, where it plays essential roles in early
development and in maintaining synaptic plasticity in adults. Abnormal expression of PSA-NCAM in non-
neuronal cells is a characteristic of several human cancers. Metabolic oligosaccharide engineering provides an
avenue for studying the function of PSA and the substrate specificity of the two sialyltransferases involved in its
synthesis. In addition, metabolically engineered PSA can be recognized i vivo using antibodies that target the
modified polymer.

Metabolic oligosaccharide engineering of PSA has been attempted with four different ManNAc
analogs: ManLev, ManProp (N-propanoylmannosamine), ManBut (N-butanoylmannosamine), and
ManPent (N-pentanoylmannosamine) (Figure 30). In 2000, Bertozzi and coworkers reported that N'T2
neuronal cells cultured with ManLev produced PSA chains containing Sialev (5-N-levulinoylneuraminic
acid).”"® In these experiments, overall PSA expression levels were unaffected, but the modified N-acyl
chains rendered unnatural PSA molecules resistant to sialidase cleavage. In analogous experiments, using
the ManProp and ManBut precursors, Mahal er #/°'" found that N-propanoyl Sia was incorporated
efficiently into PSA polymers, while ManBut treatment resulted in premature PSA chain termination.
Furthermore, ManBut-treated neurons exhibited decreased neurite outgrowth, consistent with inhibition
of PSA synthesis.””” More recently, two additional groups have examined the effects of unnatural N-acyl
mannosamines on PSA synthesis, with divergent results. Horstkorte er al**' reported that ManProp,
ManBut, and ManPent all inhibited PSA synthesis in N'T2 cells. Confoundingly, Jennings and colleagues
found that ManProp and ManBut were both effectively metabolized into Sia analogs that were incorpo-
rated into PSA displayed on N'T2 neurons.””> Furthermore, incorporation results varied when other cell
lines were examined.
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These three groups used different analytical techniques and reagents to evaluate unnatural sugar
incorporation in PSA. This makes a direct comparison of results difficult. Nonetheless, conflicting observa-
tions about PSA incorporation may result from a variety of sources. Variable cell culture conditions may
contribute to the discrepancies observed: Jennings and coworkers noted that ManNAc analogs were
effectively incorporated in immature cells, but more mature neurons displayed limited de novo PSA
synthesis.””> In addition, the two polysialyltransferases, PST and STX, may be unequally capable of
utilizing unnatural precursors. /# vitro experiments conducted by Mahal er 4l suggest that PST readily
accepts unnatural sugars, while STX is less promiscuous. Similarly, Horstkorte er a/**" found that cells
expressing PST readily incorporated unnatural N-acyl mannosamines into PSA, while treatment with these
analogs inhibits PSA production in cells expressing STX. Finally, unnatural N-acyl mannosamines may
exhibit as-yet uncharacterized off-target effects (e.g,, on growth or maturation rates) that affect NCAM or
PSA production through other mechanisms.

Regardless of the disparities noted above, N-acyl modifications to PSA chains do not appear to alter the
adhesive properties of cells. Incorporation of N-propanoyl sugars did not affect neurite outgrowth in
neurons derived from chick dorsal root ganglia,220 nor did modifications affect induced neuronal clustering
in rat tissue culture.””’ These results suggest that ManNAc analogs could be used to specifically target
PSA-expressing cells, while having little effect on normal neuronal cell behavior, including outgrowth and
clustering.

In fact, several groups have used ManProp in the development of prototype therapeutic reagents. Gagiannis
et al”** reported the production of N-propionylated PSA in the brains of mice treated with peracetylated
ManProp by intraperitoneal injection, indicating that peracetylated ManProp has some ability to cross the
blood-brain barrier. These mice also exhibited a dramatic reduction in PSA levels, but the mechanism behind
this change remains to be elucidated. In another example, Jennings and coworkers reported a method to
immunotarget tumor cells using a therapy that combines sugar analog and antibody administration. Using an
antibody, mAb 13D9, that specifically recognizes N-propionylated PSA,”* these investigators demonstrated
selective targeting and killing of cells expressing the modified PSA.**® Furthermore, mice harboring PSA-
expressing tumor cells showed decreased tumor growth following coadministration of ManProp and mAb
13D9.7*° Although this report is preliminary, a small molecule-dependent immunotherapy could provide a
powerful strategy for controlling metastases (see Chapter 6.09).

6.07.4.3 Metabolically Engineered Gangliosides for Cancer Inmunotherapy

Changes in cell surface glycosylation are a hallmark of cancer. Specifically, all tumor cells exhibit altered
ganglioside expression, commonly including overexpression of GM1, GM2, GM3, GD2, or GD3. Only low
levels of these molecules can be detected in normal cells. These distinct changes in ganglioside expression offer a
potential target for cancer therapeutics.”””*** As described in Section 6.07.2.1, ganglioside-based reagents have
been explored as potential cancer vaccines, but can suffer from poor immunogenicity and have the potential to
induce autoimmune effects. Alternatively, humanized antibodies that specifically recognize gangliosides have
been used in passive immunotherapy, but challenges remain with this therapeutic approach. Another strategy
takes advantage of oligosaccharide metabolic engineering to introduce slight structural changes into gangliosides.
Even small changes can be sufficient to make the modified ganglioside appear foreign and immunogenic. In
addition to improving a ganglioside’s immunogenicity, a metabolic engineering approach ensures that the
antiganglioside immune response will be active only when a modified sugar precursor is administered. In this
way, the risk of an autoimmune response is minimized. In this section, we describe the use of metabolic
engineering to convert GD3 and GM3 into effective immunotargets for cancer therapy.

GD3 expression is a marker for several types of human cancer. Anti-GD3 immunotherapies have shown
promise in patients with metastatic melanoma and small cell lung cancer. However, not all treated individuals
mount an anti-GD3 immune response.”*””*" To attempt to improve GD3 immunogenicity, Jennings and cow-
orkers have used metabolic engineering to introduce changes into the two Sia residues found in this molecule.”*!
These researchers synthesized GD3 analogs that contained Sia residues bearing N-propionyl, N-butyryl,
or N-benzoyl groups in place of the normally occurring N-acetyl. The GD3 analogs were conjugated to



Chemical Glycobiology 203

(a)
HO OH
co,
HO::- o

\/\H’HN HO
o)

Ho P OH
CO,™ OH OH
HO! o
HN 7™ Ao Q i S—KLH
\/\H/ HO OH HO o\/\/N\ﬂ/\/\N
o OH I
o

(b)
Ho  OH
OH
wz@& : C
HQO::
(@] 0
HN o 0
0 S—KLH
HO Hﬁo

m o OH Y\/\

Figure 31 Structures of immunogenic ganglioside analogs. (a) Structure of GD3Bu-KLH (butyryl groups in red, KLH in blue).
(b) Structure of GM3PAc-KLH (PAc in red, KLH in blue).

KLH to enhance their immunogenicity. Mice were injected with the conjugates and the resulting antisera were
harvested for analysis. The N-butyryl analog (N-butanoyl GD3 —GD3Bu, Figure 31(a)) generated the strongest
response and, as desired, the anu-GD3Bu serum did not cross-react with unmodified GD3. Jennings and coworkers
also isolated a monoclonal antibody (mAb), 2A, that specifically recognizes GD3Bu. These investigators demon-
strated that this antibody can specifically target melanoma cells that had been cultured with the N-butyrylated
ManNAc precursor, ManBut (Figure 26(c)). More remarkably, mice harboring SK-MEL-28-derived tumors
demonstrated suppressed tumor growth when treated with combination therapy comprised of the anu-GD3Bu
antibody and ManBut. Unfortunately, the treatment did not eliminate established tumors. Nonetheless, these
experiments provide a strong precedent for future work utilizing metabolic engineering in cancer immunotherapy.

Guo and coworkers employed a similar approach for development of an immunotherapy directed against
another ganglioside, GM3.”*7>** GM3 is a monosialylated ganglioside that is overexpressed in a variety of
cancers, including breast cancer and melanoma. These researchers synthesized GM3-KLH analogs bearing
N-propionyl, N-butyryl, N-isobutyryl, or N-phenylacetyl-modified Sia, injected these compounds into mice,
and harvested the resulting antisera. Using an ELISA (enzyme-linked immunosorbent assay), they discovered
that the antiserum against N-phenylacetyl GM3 contained the highest level of antigen-reactive antibodies and
the lowest level of cross-reactivity toward natural GM3 (Figure 31(b)).””* These investigators then showed
that this antiserum could specifically recognize melanoma cells that had been cultured with N-phenylacetyl-
mannosamine), the metabolic precursor of N-phenylacetyl Sia. These results indicate that the cells were
producing N-phenylacetyl GM3.”*” Strikingly, ManNPhAc was efficiently incorporated, even at micromolar
concentrations, which bodes well for the use of this analog in metabolic labeling conducted 7z vivo. More
recently, Guo and coworkers reported a mAb that specifically recognizes N-phenylacetyl GM3.>** This
antibody has been shown to mediate ManNPhAc-dependent cytotoxicity. Most notably, a melanoma cell
line expressing high levels of GM3 was found to be highly sensitive to the antibody, while an embryonic cell
line expressing low levels of GM3 required a 200-fold higher antibody concentration to display the same
cytotoxic effects. These results suggest that immunotherapy directed toward metabolically engineered gang-
liosides could provide an effective treatment with minimal toxic side effects.
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6.07.5 Covalently Trapping Glycan Interactions with Photocross-linkers

Photoaffinity reagents are useful tools for probing molecular interactions that occur in complex mixtures. Latently
reactive functional groups can be incorporated into biological reaction mixtures in a test tube, a cell, or an organism.
Upon irradiation with light of an appropriate wavelength, the photoactive groups become highly reactive, forming
new covalent bonds with nearby molecules. By isolating and characterizing these covalent adducts, one can obtain
information about the environment surrounding the photoactive probe. Photoactive probes offer particular promise
in the study of glycan-mediated interactions because of the transient nature of these binding events. Carbohydrate-
dependent binding events are typically low affinity, with high micromolar or even millimolar equilibrium binding
constants. As a result, the macromolecular complexes generally dissociate rapidly and do not survive the purifica-
tion steps necessary for analysis. By covalently capturing these low-affinity complexes, one can obtain important
information about ephemeral, yet essential, binding events.

Commonly used photoreactive cross-linkers with demonstrated utility in biological settings include benzo-
phenones, aryl azides (AAzs), and diazirines (Figure 32).”*”*° Benzophenones offer the advantage of cross-
linking through a reactive diradical. If cross-linking does not occur, the diradical can relax back to the starting
material and be reactivated, leading to highly efficient cross-linking. Photoactivation of AAzs results in the
formation of a reactive nitrene, with concomitant loss of N,. The nitrene rapidly inserts in neighboring C-H,
N-H, or O-H bonds, forming covalent cross-links. Along with good photophysical properties, AAzs are
advantageous because they can participate in chemoselective reactions, such as the Staudinger ligation”*” or
azide-alkyne cycloaddition,”*® which can be exploited to track the incorporation of these photocross-linking
sugars. A third class of cross-linkers are the diazirines. These functional groups react by losing N, to form a
highly reactive carbene. Carbenes are nonselective cross-linkers and can insert in nearby C—H, N-H, or O-H
bonds. T'wo types of diazirines are frequently used: alkyl diazirines, which have the advantage of small size, and
trifluoromethyl phenyl diazirines, which are less susceptible to nonproductive rearrangement to diazo species.
Recently, the use of a diazocyclopentadien-3-yl-carbonyl functional group to generate reactive carbenes has
also been reported.”’” Each cross-linker has distinct advantages and disadvantages, so the optimal choice is
likely to be application-specific.
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Figure 32 Structures of three common photocross-linking moieties. Benzophenone is photoactivated to a reactive
diradical that can relax back to the starting material. Aryl azides and diazirines both irreversibly lose N, to react through
nitrene and carbene species, respectively.
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6.07.5.1 Sugar Probes for Lectin Characterization and Discovery

In important early work, Lee and Lee used photoaffinity probes to map sugar-binding sites on the asialogly-
coprotein receptor, a Gal/GalNAc-specific lectin found in mammalian liver. The asialoglycoprotein receptor
comprises multiple subunits, which reside in hepatocyte membranes and bind desialylated serum glycoproteins.
Lee and coworkers prepared photoaffinity probes semisynthetically, beginning with a desialylated triantennary
glycopeptide. This glycopeptide was isolated from bovine fetuin and was known to directly interact with the
receptor through three terminal Gal residues. The C-6 positions of the Gal residues were selectively modified
with AAzs and the peptide was '*’I-labeled through tyrosylation followed by radioiodination (Figure 33).”*
Using this probe, these investigators discovered multiple Gal-binding sites on different subunits.”****" To
investigate the contributions of each Gal residue in the triantennary structure, the researchers used glycopep-
tides in which individual Gal residues were selectively modified with AAzs. In this way, they were able to
demonstrate that two of the terminal residues were responsible for binding to the major subunit, while the third
bound to the minor subunit.”*** These results established that a precise geometry is required for binding
between the triantennary glycopeptide and the asialoglycoprotein receptor, and provided some of the only
information available regarding the supramolecular structure of this complex. Among the other early uses of
photocross-linking glycan probes, another notable success was the use of an AAz-modified UDP-Gal analog to
identify the donor-binding site in a 3-1,4-galactosyltransferase.”**

While experiments to define the Gal-binding sites on the asialoglycoprotein receptor exploited the natural
glycan ligand, other groups have prepared multivalent ligands synthetically and modified these probes with
photocross-linkers. For example, Hashimoto er 4/”* reported the synthesis of bis-glucose derivatives tagged with
diazirine and their utlity in labeling Glc transporters. Similarly, the Lindhorst group synthesized di- and trivalent
mannoside probes bearing the diazirine cross-linker and anticipates using them to define the Man-binding sites on
FimH, which is found in the type I fimbriae of pathogenic . coli”*® The multivalency of these probes is expected to
improve their affinity for their protein-binding partners. One can also imagine using multivalent molecules with
differing linker lengths to glean information about the spacing of carbohydrate-binding sites.
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Figure 33 An early glycan photoaffinity probe. This molecule was used to map galactose-binding sites on the
asialoglycoprotein receptor. The probe was prepared from a desialylated fetuin glycopeptide: galactose residues were
modified with aryl azides (shown in red) and the peptide was labeled by radioiodination (shown in blue).
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Figure 34 Panel of mannose-based photocross-linkers. The cross-linking activity of photoactive a-mannosides was
compared in a simple model system. The trifluoromethyl phenyl diazirine yielded the most effective cross-linking to a variety
of amino acids.

A key component of all photoreactive carbohydrates is the photocross-linking functional group. As mentioned
above, the ideal cross-linker will vary for different applications and cannot be predicted # priori. For this reason, it
may be advantageous to synthesize probes in a manner that allows for facile introduction of a variety of
photoreactive groups. Lindhorst and coworkers employed such an approach when they prepared mannosyl probes
designed to target lectin domains. These investigators functionalized the anomeric position of Man with either a
benzophenone, a tetrafluorinated AAz, or with a trifluoromethyl phenyl diazirine group (Figure 34).”*’ All three
reagents were capable of cross-linking to small peptides 7 vitro, but the most efficient photolabeling was observed
with the diazirine probe, suggesting that this molecule would be best suited for future experiments aimed at
mapping Man-binding sites. In this case, the superior performance of the diazirine was attributed to its relatively
long wavelength for photoexcitation, good solubility, and preference for insertion into amino and hydroxide
groups. Others have noted that diazirines produce more stable adducts than other cross-linkers.”**

Once glycoconjugate complexes are photocross-linked, it is often desirable to purify these complexes for further
analysis. A reagent that specifically recognizes one of the binding partners can be used to purify the cross-linked
complex. Alternatively, one might wish to introduce a purification tag into the cross-linked complex. Although not
widely used, the 5-azidonapthalene-1-sulfonyl cross-linker offers the advantage of functioning both as a photo-
cross-linking agent and as a fluorescent label. Pathak ez 4/***** prepared a series of disaccharides and tagged each
with the 5-azidonapthalene-1-sulfonyl group. The molecules function as substrates for mycobacterial glycosyl-
transferases and could potentially be used to fluorescently tag these enzymes. Another approach involves
incorporating separate photocross-linkers and fluorophores into glycan probes. For example, Pieters and coworkers
prepared a lactose reagent that includes a benzophenone at the C-6 position of Gal and an azide attached to the
reducing end of the disaccharide through an ethylene glycol linker (Figure 35(a)).””" Irradiation leads to covalent
attachment of the probe and a protein-binding partner. Following cross-linking, the azide can engage in a
chemoselective reaction with an alkyne-functionalized rhodamine tag, thereby fluorescently labeling the protein.
In a proof-of-principle experiment conducted in a small protein mixture, rhodamine labeling of two lactose-
binding galectins was demonstrated. A multivalent probe of similar design demonstrated improved specificity and
improved detection levels (Figure 35(b)).”*” This new probe selectively labeled galectin-3 with fluorescein in the
presence of other carbohydrate-binding proteins (CBPs) and in bacterial and mammalian cell lysates. Similarly,
Shin and coworkers prepared monovalent and trivalent probes comprising sugars (either Man or fucose), a
benzophenone cross-linker, and a fluorophore (Figure 35(c)).””’ These reagents were used to selectively label
known lectins even in the presence of competing E. coli proteins. The same molecules may also find utility in
protein microarray analysis. Shin and coworkers covalently labeled a microarray surface with 20 proteins, a number
of which had known glycan-binding properties. The microarray surface was interrogated with trivalent glycan
probes functionalized with benzophenone and Cy3.”* Visualization of known protein—glycan interactions was
greatly enhanced by irradiation, suggesting that cross-linking by the benzophenone aided in the capture of
transient, yet specific binding events.

Other mulafunctional probes incorporate both a photocross-linker and a purification tag. These reagents have
the potential to be used to identify the portion of the lectin that functions in glycan recognition. For example,
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Figure 35 Glycan photocross-linking probes for fluorescent labeling. Photocross-linkers are shown in red and fluorophores
are in blue. (a and b) Lactose molecules modified with a benzophenone cross-linker and a functional group that can react
through ‘click’ chemistry. After photocross-linking, the adducts are reacted with an azide or alkyne-functionalized fluorophore
to fluorescently label the protein-binding partner. (c) Multivalent mannose or fucose (represented in green) probes bear a

benzophenone cross-linker and a Cy3 or Cy5 fluorescent label.
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information about substrate-binding sites in bovine 31,4-galactosyltransferase has been obtained through the use of
a GIcNAc probe modified with a diazirine cross-linker and a biotin affinity tag.”” Additional examples of affinity-
tagged photocross-linking probes have been reported: the Lee group’s latest designs uses an AAz for cross-linking
and a digoxigenin tag for detection or purification with commercially available antibodies (Figure 36(a)),”°
Lindhorst and coworkers prepared mannosides that bear both a benzophenone cross-linker and a biotin affinity tag
(Figure 36(b))**" and Lee er 4l”>* have reported trivalent sugar probes that incorporate benzophenone and biotin.
Probes containing more complex glycan structures have been prepared by Hatanaka er 4/°°7 in 2000, this group
reported the use of a biotinyl diazirine reagent (AffiLight-CHO) to label the reducing end of unprotected di-, tri-,
and tetrasaccharides (Figure 36(c)). The same reagent has been used to modify large naturally occurring
oligosaccharides.””® In one application of this technology, the resulting probes were used to covalently tag and
identfy the carbohydrate-binding subunit of sophoragin, a heterotetrameric protein found in the bark of the
Japanese pagoda tree.””’

Affinity-tagged, photocross-linking glycan probes also have the potential to be used for de rovo identification
of carbohydrate-binding probes. In an early use of this technology, Lauc e 4>’ identified a novel Gle-binding
lectin, CBP33, which is a stress-induced protein expressed in rat liver nuclei. To conduct these experiments,
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Figure 36 Glycan photocross-linking probes with purification tags. Photocross-linkers are shown in red. (a) Glycan probe
utilizing nitrophenyl azide and a digoxigenin tag. (b) Mannoside-based probe bearing a benzophenone and a biotin tag.
(c) AffiLight-CHO labeling reagent.
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the investigators modified a-D-glucose at the anomeric position with a lysyl-lysine backbone bearing both an
AAz and digoxigenin tag. Using this probe and an antidigoxigenin antibody, the researchers were able to collect
enough intact protein to generate antibodies and purify larger samples for characterization.

A significant advance for this class of reagents was the introduction of a cleavable linker between the photocross-
linker and the affinity tag. This feature allows for facile release of the cross-linked peptide or protein and is especially
important when the essentially irreversible biotin—streptavidin interaction is used for purification. For example, the
Hatanaka group recently reported a reagent that incorporates diazirine-modified LacNAc (N-acetyllactosamine) and
biotin on either side of an acylsulfonamide (Figure 37(a))."*" After photocross-linking to a LacNAc-binding lectin,
the cross-linked adduct was purified using immobilized streptavidin. The cross-linked protein was then released by
cleavage of the acylsulfonamide with a mild base in the presence of ammonia. Other types of cleavable linkers can also
be used in this manner, including a simple disulfide. Borén and coworkers demonstrated the use of a glycan probe to
discover a key adhesive lectin of H. pylori, the causative agent of peptic ulcer disease.*” H. pylori binds the Lewis b
blood group antigen (Le®). This interaction was known to be essential for colonization of human gastric mucosa but
prior to the work by Tlver ez4l*%? in 1998, the H. pylorilectin that recognized Le” remained unidentified. To identify the
Le"-binding protein, this group prepared a probe in which albumin was directly conjugated to Le® glycan and also
linked to a dual aryl-azide/biotin reagent through a disulfide linkage (Figure 37(b)). After incubating the probe with
H. pylori culture and performing UV irradiation, the researchers were able to isolate the Le’-binding lectin using
streptavidin-coated beads. Using this purification method, they obtained enough of this low abundance protein to
sequence its N-terminus and identify the encoding gene. This technique, termed ‘ReTagging’ by its practitioners, has
the potential for general use in the identification of glycan-recognizing proteins.
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Figure 37 Bifunctional photocross-linking affinity purification reagents with cleavable linkers. (a) Diazirine-modified
LacNAc probe with a biotin tag and a cleavable acylsulfonamide linker. (b) Aryl azide Le® probe with a biotin tag that contains
a cleavable disulfide linker.
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6.07.5.2 Cross-linking Glycolipids

Glycolipids play integral roles in many cellular processes, including cell growth and differentiation, cell adhesion
and recognition, and signal transduction. Despite the essential functions of these molecules, relatively little
structural detail is known about the interactions in which glycolipids engage. Photocross-linkers offer a potentially

263 .
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powerful approach for capturing glycolipid—protein complexes and mapping the binding surfaces.
groups have been incorporated in either the carbohydrate moiety, to detect glycan-based interactions, or in the
fatty acid chains, to detect lipid-based interactions. Here we present a variety of glycolipid-based photocross-
linking probes and describe how they have been used to characterize glycolipid—protein interactions.

Many pathogenic proteins recognize or invade host cells through interaction with cell surface glycolipids.
For example, cholera toxin specifically binds cells displaying the ganglioside GM1. Following binding, the
toxin is internalized and causes changes in ADP ribosylation that, in turn, lead to the dehydration that
characterizes cholera infection. To study GM1 binding by cholera toxin, Pacuszka and Fishman developed a
photoaffinity probe.”* They liberated the GM1 oligosaccharide from the glycolipid and performed reductive
amination on the terminal Glc molecule to generate an amine at the former anomeric position. This position
was functionalized with an aryl-azide photocross-linker and an '*’I radiolabel (Figure 38). Using this probe, the
investigators demonstrated specific cross-linking to the B subunit of cholera toxin, which is known to recognize
GM1, and not to the A subunit. This type of probe design has also been successful in detecting ganglioside
interaction partners on the surface of S20Y murine neuroblastoma cells.””’

A similar approach revealed even greater detail about the tetanus toxin—ganglioside interaction. Tetanus
toxin binds specifically to the GD1b ganglioside, this recognition event is believed to be essential for the toxin’s
entry into host motor neurons. To identify the ganglioside recognition domains of tetanus toxin, Schnaar and
coworkers used a GD1b-based photoaffinity probe.”*® Beginning with naturally occurring GD1b, they attached
an aryl-azide group radiolabeled with '*’T to the C-7 position of Sia through a cleavable disulfide linker
(Figure 39). Photocross-linking was induced by irradiating the probe—toxin complex, followed by enzymatic
digestion of the protein. MALDI-MS (matrix-assisted laser desorption—mass spectrometry) analysis revealed
that the probe had cross-linked to a 34 amino acid C-terminal peptide, which was found to be covalently
modified on a single residue, H1293. The location of the Sia-binding site was later confirmed by cocrystal
structures of the toxin bound to lactose and to a GT1b analog.**"*%

Many ganglioside—protein-binding events are mediated by hydrophobic interactions between the fatty acid
chains of gangliosides and hydrophobic residues of transmembrane proteins. Gangliosides that have been modified
with photoreactive groups in the fatty acid chains have proven useful for the study of these interactions. Toward
this end, Sonnino ez 4/°***"" have synthesized several photoaffinity probes based on GM1. Their general probe
design incorporated a photoreactive nitrophenyl azide group at the terminus of the fatty acid and a radioactive
isotope in the glycan, such as *H in C-5 acetyl of Sia (Figure 40(a)). In initial experiments, the researchers
demonstrated that these probes could be incorporated into cellular membranes by exogenous administration. At
short incubation times, that is, less than 2 h, the observed photocross-linking was limited to extracellular membrane
proteins. However, after a 24-h incubation, the GM1 reagent was internalized, as demonstrated by its metabolic
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Figure 38 A GM1 oligosaccharide functionalized with a radiolabeled aryl-azide photocross-linker.



Cross-linking reagent

Figure 39

HO HO
HO 5
0 Wikt HO
HO ©
NHAc o o}
OH o]
Cipetizabin o 2 JJ\/\/\/\/\/\/\/\/
OH O linker OH HO OH H _\HN
ror | o
s <
ﬁ/\_/ s \)Y\/\/\/\/\/\/\/
H OH
N3
I |

and radiolabel

A cleavable GD1 ganglioside probe functionalized with a radiolabeled aryl azide photocross-linker.



212 Chemical Glycobiology

HOHO HoHO
HO
% o % o HO
HO & 0
o HN*/\/\/\./\/\/NH N3
OH| H':
o\ - O,N
HS OH

0 o&o: o7 HO
e
OH

Figure 40 Radiolabeled GM1 ganglioside probes with photoreactive nitrophenyl azides. Photocross-linkers are shown
in red, radiolabeled atoms are highlighted with green circles. (a and b) GM1 probes with the photoreactive probe incorporated
at the terminus of the fatty acid. (c) GM1 probe with the photoreactive group incorporated on the terminal galactose at C-6.
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conversion into GM2, GM3, and GD1a analogs and by detectable photocross-linking to intracellular proteins.
These experiments provide a foundation for future use of these probes to study cellular ganglioside metabolism.

In subsequent experiments, similar radiolabeled, photocross-linking gangliosides were used to study the
composition of caveolae. Caveolae are plasma membrane invaginations that have been implicated in endocy-
tosis and signal transduction pathways. Using a GM1 probe®”” *H-labeled at the C-6 position of the terminal
Gal (Figure 40(b)), Fra er al’’’ demonstrated selective cross-linking toward VIP21-caveolin, an essential
structural component of caveolae. These experiments confirmed the presence of GM1 in caveolae, consistent
with microscopy studies. Using a similar approach, Pitto ez a/’”* investigated the lipid environment surrounding
caveolar GMI1. The investigators prepared a GMI-based probe that incorporated an '*’I-labeled trifluoro-
methyl aryl diazirine photoreactive group at the terminus of the fatty acid. This probe was incorporated into
A431 cells, which were subsequently irradiated to introduce cross-linking between GM1 and neighboring
molecules. The detergent-resistant caveolae fraction was isolated and radioactive photocross-linked complexes
were identified. Significant amounts of GM1-sphingomyelin cross-linking were observed, suggesting that these
two lipids cosegregate in the caveolae membranes. In contrast, a later study using a radiolabeled, photoactive
GM3 derivative demonstrated little presence of GM3 in the caveolae.””* After a 24-h incubation period, no
cross-linking between GM3 and caveolae proteins was detected. These results suggest that, unlike GM1, GM3
segregates into a glycosphingolipid-rich region that is distinct from caveolae.

Another important role for glycolipids is in the regulation of signal transduction events. In investigations of
the relevant glycosphingolipid—protein interactions, photocross-linking probes have been important tools.
Using a radiolabeled, photoactivable GD1b probe, Prinetti er a/’” studied interactions between GD1b and
Src-family protein tyrosine kinases specifically those that have been previously shown to be found in glyco-
sphingolipid-enriched membrane domains. This group demonstrated a direct interaction between the
glycosphingolipid probe and both c-Src (cellular-Src) and Lyn. This interaction likely occurs between the
acyl chain of GD1b and the N-myristoyl chains that anchor c-Src and Lyn kinases in the lipid membrane. In
contrast, the Csk kinase failed to cross-link to GD1b, suggesting that its localization to glycosphingolipid-
enriched domains might be facilitated through protein—protein interactions rather than protein—glycosphingo-
lipid interactions. These investigators also discovered that, in cultured neuronal cells, GM3, GM1, and GD1b
interact with a GPI-anchored protein that they identified as TAG-1.**"" Cross-linking between GM1 and
TAG-1 was observed regardless of whether the GM1 photocross-linking group was placed in the fatty acid
(Figure 40(a)) or the oligosaccharide (Figure 40(c)), underscoring the close association between these
molecules. Another recent example by Kabayama e 4/. utilized photoaffinity probes to investigate ganglioside
binding to the insulin receptor. These interactions may influence signal transduction through the plasma
membrane. Using a radiolabeled, photoactivable GM3 probe, the researchers demonstrated that GM3 gang-
lioside specifically interacts with the (-subunit of the insulin receptor. Moreover, they found that a lysine
residue located proximal to the transmembrane region is required for this interaction.”’® A more surprising
discovery was made by Palestini ez 2/”"” using a radioactive and diazirine-modified GM1 molecule. This group
detected cross-links between the GM1 probe and - and B-tubulin. The complex was found to dissociate after
base treatment, suggesting that GM1 interacted with a fatty acid-modified form of tubulin. The presence of
lipid-anchored tubulin in glycosphingolipid-enriched membrane domains could have important implications
for signal transduction and structural remodeling of the cell, aspects that remain to be investigated.

As described above, photocross-linking glycolipids have been used to detect a number of glycolipid—
protein interactions. However, few of these studies provide molecular detail about the nature of these
interactions. One notable exception was the use of GM2-based photoaffinity probes to provide information
about the GM2-binding region of the GM2-activator protein (GM2AP), an essential cofactor needed for
the degradation of GM2 by lysosomal glycosidases. The GM2 probe used in these experiments contained a
trifluoromethyl phenyl diazirine in the fatty acid and '*C-labeled acetyl group at C-5 of Sia
(Figure 41).”* After efficient photolabeling of GM2AP, the protein was trypsinized and radio-labeled
fragments were isolated and identified by mass spectrometry (MS). This analysis revealed a direct
interaction between the ceramide of GM2 and a surface loop on GM2AP. Previously reported crystal
structures of GM2AP had shown that this loop was the most flexible surface of the protein and was likely

. . . . 281282
to act as a ligand-binding domain.**"**
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Figure 41 Radiolabeled GM2 ganglioside functionalized with an aryl-azide photocross-linker. Photocross-linker is
highlighted in red, radiolabeled atom is highlighted by a green circle.

6.07.5.3 Metabolic Incorporation of Cross-linking Sugars

Metabolic engineering is a powerful method that has given researchers the ability to introduce unnatural
functional groups at specific sites within cellular glycoconjugates. While the photocross-linking probes
described in the previous two sections can be used for iz vitro experiments or added exogenously to cells,
metabolic incorporation of photocross-linking sugars provides the possibility of performing cross-linking
experiments in relatively unperturbed cells or organisms. Metabolically incorporated photocross-linking
sugars can be used to capture and characterize the transient macromolecular interactions that underlie
essential cell-cell and cell-ligand-binding events.”’® Here we describe three recent examples of metabolic
incorporation of sugars bearing photocross-linking groups, and speculate upon the future utility of these
molecules.

Two different Sia analogs bearing the aryl-azide cross-linker have been reported. The analog reported
by the Bertozzi group places the AAz on the C-5 N-acyl chain (SiaNAAz—S5-aryl azide-N-acetylneur-
aminic acid, Figure 42(a)),”"" while the Paulson group installed the same cross-linker at C-9 (9-AAz-
NeuAc, Figure 42(b)).**’ Both of these molecules have been effectively incorporated into the cell surface
glycoconjugates of cultured lymphocyte cell lines. In addition to these two photocross-linking Sias, the
Bertozzi group reported a ManNAc analog (ManNAAz— N-aryl-azidemannosamine, Figure 42(c)) bearing
the AAz on the N-acyl chain.”” This Sia precursor could also be metabolized to SiaNAAz and incorpo-
rated into cell surface glycoproteins, although incorporation was found to be less efficient than when
SiaNAAz was used directly.

@ (b) N3 (©

SiaNAAz 9-AAz-NeuAc ManNAAz

Figure 42 Structures of aryl-azide mannosamine and sialic acid analogs: (a) SiaNAAz, (b) 9-AAz-NeuAc, (c) ManNAAz.

(a and c) SiaNAAz and ManNAAz bear an aryl azide on their N-acyl chain, are metabolized by cells, and incorporated into cell
surface glycoconjugates in places of naturally occurring sialic acid. SiaNAAz is incorporated much more efficiently than
ManNAAz. (b) When K20 BJAB cells are cultured with this sialic acid analog, it is efficiently incorporated into the cell surface
glycoprotein CD22, where it can be photocross-linked to CD22’s binding partners.
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Figure 43 Structures of ManNDAz and SiaDAz. Both ManNDAz and SiaDAz are metabolized by BJAB cells and
incorporated into the CD22 glycoprotein in the form of sialic acid, where they can be used as photocross-link CD22
multimers.

The modest incorporation efficiency of ManNAAz may be attributable to the size of the photocross-linker,
which has the potential to sterically interfere with one of the three enzymatic steps that convert ManNAc into
Sia (Figure 25). Indeed, we recently reported a ManNAc analog bearing the smaller diazirine photocross-
linker on the N-acyl chain (ManNDAz— N-(4,4'-azi)-butanoylmannosamine, Figure 43) and showed that this
molecule is efficiently incorporated into cell surface glycoproteins where it can be used to photocross-link
glycoprotein multimers.”**

Metabolically incorporated photocross-linking sugars offer a way to covalently capture the transient
complexes formed by cellular glycoconjugates. The Paulson group utilized this technology to define the cis
ligands of the CD22 (cluster of differentiation-22) glycoprotein found on the surface of B cells. 7z vitro assays
had demonstrated that CD22 binds to a number of other glycoproteins, including CD45 and surface IgM, in a
glycan-dependent manner. However, CD22’s cellular binding partners remained ill-defined. The Paulson
group cultured a B-cell line with 9-AAz-NeuAc and UV irradiated the cells to cross-link CD22 to its
glycoprotein-binding partners. By analyzing the cross-linked complexes, the researchers were able to analyze
CD22 in 1ts normal cellular context and show that this glycoprotein preferentially self-associates, binding to the
glycans of other CD22 molecules, but not to glycans attached to CD45 or surface IgM. Similar cross-linking has
been observed with Sia bearing a diazirine cross-linking moiety (5-SiaDAz, Figure 43).”* These results
suggest the presence of a membrane microdomain structure where CD22 is effectively sequestered, information
that would have been difficult to obtain using more traditional immunoprecipitation techniques.

While 9-AAz-NeuAc was an effective reagent to study the binding partners of CD22, a larger panel of
photocross-linking sugars will be required to study other glycoconjugate-binding events. Naturally occurring
Sias are subject to a wide range of posttranslational modifications including acetylation, sulfation, phosphor-
ylation, methylation, lactylation, and sialylation (Figure 21). Since these modifications can have dramatic
effects on the binding properties of sialosides, photocross-linking sugars should be chosen appropriately to
allow physiologically relevant modifications to take place. At the same time, nonphysiological modifications,
such as the addition of aromatics to C-9 of Sia, have been demonstrated to enhance binding by several orders of
magnitude.”*>?* In some instances, it may be useful to conduct experiments with both C-9 and C-5 modified
Sias and compare the results. In addition, not all glycoconjugates contain Sia, or the Sia may not be positioned
in such a way that it can cross-link to a binding partner. Previous reports have demonstrated that it is possible to
use metabolic engineering to incorporate GlcNAc, GalNAc, and fucose analogs bearing azides and alkynes; one
can envision using a similar strategy to add photocross-linkers to these monosaccharides, providing tools to
study a wider range of glycan-mediated-binding events.

To date, metabolic incorporation of photocross-linking sugars has been used for 77 situ studies of how CD22
interacts, or fails to interact, with its known binding partners. One can also envision other uses for these
molecules. For example, it may be possible to discover the binding partners of a known (glyco)protein using
MS-based protein identification methods. In addition, information about the sites of cross-linking could
potentially be used to map the architecture of glycan-containing structures (Figure 44). The future develop-
ment of this technology will be facilitated by improvements in MS that make high sensitivity and high accuracy
measurements more routine (see Chapters 6.05 and 6.09).”%
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immunochemical or mass spectrometry methods.
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Abbreviations

AAz aryl azide

ADP adenosine diphosphate

BDNF brain-derived neurotrophic factor
CBP33 carbohydrate-binding protein (MW =33 kDa)
CD22 cluster of differentiation-22

CDP cytidine diphosphate

CMP cytidine monophosphate

CSs chondroitin sulfate

c-Src cellular Src

DFMO difluoromethylornithine

DS dermatan sulfate

dTDP deoxythymidine diphosphate
ELISA enzyme-linked immunosorbent assay
Gal galactose

GalNAc N-acetylgalactosamine

Glc glucose

GicA glucuronic acid

GlcNAc N-acetylglucosamine

Globo-H globohexaosylceramide

GAG glycosaminoglycan

GB3 globotriaosylceramide

GDP guanosine diphosphate

GFP green fluorescent protein

GD3Bu N-butanoyl GD3

GM2AP GM2-activator protein

GPI glycophosphatidylinositol

HDAC histone deacetylase

HS heparan sulfate

IdoA iduronic acid

KDN deaminated neuraminic acid
KDO 3-deoxy-p-manno-octulosonic acid
KLH keyhole limpet hemocyanin
LacNAc N-acetyllactosamine

LeP Lewis b antigen

Le¥ Lewis Y antigen

mAb monoclonal antibody
MALDI-MS matrix-assisted laser desorption ionization-mass spectrometry
Man mannose

ManBut N-butanoylmannosamine
ManLev N-levulinolmannosamine
ManPent N-pentanoylmannosamine

ManNAAz N-aryl-azidemannosamine
ManNDAz N-(4,4'-azi)-butanoylmannosamine
ManNPAc N-phenylacetylmannosamine

ManProp N-propanoylmannosamine
ManNAc N-acetylmannosamine
MurNAc N-acetylmuramic acid

NCAM neural cell adhesion molecule
NeubAc N-acetylneuraminic acid

Neu5Gc N-glycolylneuraminic acid
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NN-DNJ N-(n-nonyl)deoxynojirimycin

NTP nucleotide triphosphate
Pam;Cys tripalmitoyl-S-glyceryl cysteine
PLC phospholipase C
PrpP® cellular prion protein, normal form
PrpS° cellular prion protein, pathogenic form
PSA polysialic acid
PST ST8Sia4 polysialyltransferase
ROMP ring-opening metathesis polymerization
Ser serine
Sia sialic acid
SialLev 5-N-levulinoylneuraminic acid
SiaNAAz 5-aryl azide-N-acetylneuraminic acid
SiaPhAc 5-N-phenylacetylneuraminic acid
sLe* sialyl Lewis X antigen
sTn sialyl Tn antigen
STX ST8Sia2 polysialyltransferase
TF Thomsen-Friedenreich antigen
Tn a-GalNAc O-linked to Ser/Thr
TNF-« tumor necrosis factor «
UbP uridine diphosphate
Xyl xylose
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6.08.1 Introduction

At the time of the previous review' polyhydroxy alkaloids with glycosidase inhibitory properties were a
relatively new class of compounds, comprising about 50 members. New alkaloids were being discovered with
some regularity and the group was rapidly expanding. Since 1999, the pace of discovery has slowed down and
the research area has matured. Expansion has resulted primarily from new additions within the previously
known structural classes, through variations on the theme of the number, distribution, and stereochemistry of
hydroxyl groups or other moieties. Significant advances have come especially from discovery of new sources,
better understanding of structure—activity relationships to glycosidase inhibitory properties, biological activ-
ity, and therapeutic potential. As with many classes of natural products, the polyhydroxy alkaloids have
provided structural templates for a large number of synthetic analogues, now far exceeding in number those
isolated from biological sources. Details of synthetic approaches and critical assessments of specific routes can
be found in the comprehensive volume on glycosidase inhibitors edited by Stiitz* and the valuable series of
reviews on indolizidine and quinolizidine alkaloids by Michael.” This chapter is confined to chemistry and
bioactivity of the naturally occurring alkaloids, their occurrence and distribution, glycosidase inhibitory
properties and effects on glycoprotein processing, and consequent biological properties. In order to avoid

225
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reiteration of information incorporated in the previous review,' the alkaloids known at that time will not be
discussed in detail unless significant new discoveries have been made with respect to their sources or
biological activities.

Given the disparate structural skeletons incorporated into these alkaloids, it is not surprising that several
different names have been used to describe them, including polyhydroxy alkaloids, iminosugars or azasugars,
and nitrogenous glycomimetics. Imino- (or aza-) sugars should only be properly applied to the monocyclic
members of the group, and glycomimetics does not imply any natural occurrence, so polyhydroxy alkaloids
appear to be the most suitable and inclusive term for this class of alkaloids.

6.08.2 Chemistry of Alkaloid Glycosidase Inhibitors
6.08.2.1 Structural Classes

Alkaloid glycosidase inhibitors can be broadly defined as monocyclic or bicyclic natural products possessing a
heterocyclic nitrogen atom and at least two (but generally more) hydroxyl groups, falling into five different
subclasses. The ability to inhibit one or more glycosidases, and consequently glycoprotein processing, is a
common feature of their bioactivity which unites them within the broader class.

6.08.2.1.1 Monocyclic alkaloids

The monocyclic members of the polyhydroxy alkaloid group possess either five- or six-membered ring systems
with a heterocyclic secondary nitrogen atom and fall into the pyrrolidine and piperidine classes, respectively.
They have structural affinities to aminosugars and therefore are often referred to as iminosugars.

6.08.2.1.1(i) Pyrrolidines and piperidines Representative pyrrolidines are 2,5-dihydroxymethyl-3,4-
dihydroxypyrrolidine (DMDP) (1, R = a-OH)" and 6-deoxy-DMDP (1, R = H),” whereas typical piperidines
are 1-deoxynojirimycin (DNJ) (2, R = OH)® and its N-methyl derivative,” and 1-deoxymannojirimycin (DM])
(2, R=-OH). Further complexity is introduced by glycosylation of the hydroxyl groups, as in homoDMDP
7-apioside (3, R = apiose)® and the gluco- and galacto-pyranosides of DNJ and DM].”

The number of members in the pyrrolidine class has been expanded by the isolation of 6-deoxy-6-C-
(2,5-dihydroxyhexyl)-DMDP (4) and homoDMDP-7-0-3-p-xylopyranoside (3, R =xylose) from members
of the plant family Hyacinthaceae,” and DMDP-1-0-3-p-fructofuranoside (5, R = fructose) from Baphia
nitida (Leguminosae),'’ all of which co-occur with known polyhydroxy pyrrolidines and piperidines. Scilla
sibirica (Hyacinthaceae) has proven to be a rich source of new pyrrolidine and piperidine alkaloids,
including 7-deoxy-homoDMDP (6), 2,5-dideoxy-2,5-imino-glycero-p-galacto-heptitol (7), the 4-O-3-p-man-
noside (8, R=mannose) and the 4-O-F-pD-mannobioside (8, R =mannobiose) of 6-deoxy-homoDMDP
(8, R=H), 7-deoxyhomonojirimycin (9, R =a-OH), and 7-deoxyhomomannojirimycin (9, R = 3-OH),""
whereas S. socialis contains 3-1-C-ethyldeoxymannojirimycin (10)."” A member of the closely related family
Campanulaceae, Adenophora triphylla var. japonica, contains 6-C-butyl-DMDP (11) and «-1-C-ethylfagomine
(12), DAB, DNJ, and DMJ."* However, the pyrrolidine and piperidine alkaloids in Seilla species co-occur with a
number of polyhydroxypyrrolizidines; none of these bicyclic alkaloids were isolated from A. triphylla.
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The fruits, leaves, and root bark of white mulberry trees (Morus alba; Moraceae) have yielded many
polyhydroxy pyrrolidines and piperidines,”'*"” especially DNJ and its glycosides. One unusual alkaloid
i1s the N-propionamide derivative of (2R,3R4R)-2-hydroxymethyl-3,4-dihydroxypyrrolidine (13) or its

: 15
enantiomer.

Investigation of three Thai medicinal plants, ‘Non tai yak’ (Stemona tuberosa; Stemonaceae), “T'hopthaep’
(Connarus ferrugineus; Connaraceae), and ‘Cha em that’ (Albizzia myriophylla; Leguminosae) showed that all
contained polyhydroxypiperidine alkaloids, several of which were new compounds.'® Stemona tuberosa roots
contained 0.1% dry weight of a-homonojirimycin, accompanied by the lesser amounts of a-1-C-hydroxy-
methylfagomine and the pyrrolidine alkaloids 3-0-3-p-glucopyranosyl-DMDP and 2,5-dideoxy-2,5-imino-D-
glucitol. High yields of DM]J and its derivatives were characteristic of the other two drugs, with C. ferrugineus
yielding the new alkaloids 2-0-a-D-galactopyranosyl-DM], 3-0-3-pD-glucopyranosyl-DM]J, 1,4-dideoxyman-
nonojirimycin, 1,4-dideoxyallonojirimycin, and 1,4-dideoxyaltronojirimycin, whereas A. myriophylla produced
the previously unknown compounds 2-0-3-p-glucopyranosyl-DM]J and 4-0-(3-p-glucopyranosyl-DM].
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Comprehensive investigation of constituents of the Japanese tree Broussonetia kazinoki (Moraceae), com-
monly known as ‘kozo,” has led to the isolation and identification of broussonetines A—M and O-Z, M, Uy, J;,
and J,, an extraordinary series of 31 dihydroxy-hydroxymethyl-pyrrolidine (14-30) alkaloids bearing a
variously functionalized 13-carbon side chain at the 5-position of the pyrrolidine ring.'”*’ Confusingly,
broussonetines A (14, R=Glc) and B (15, R=Glc) are the 4-0-F-p-glucopyranosides of the aglycones,
designated broussonetinines A (14, R=H) and B (15, R =H), whereas all other aglycones and glycosides in
the series are named broussonetines.'” Furthermore, broussonetine N** is a pyrrolizidine alkaloid (vide infia),
whereas broussonetines U** and U,”” are the only members of the group having a double bond within the
pyrrolidine ring (i.e, a pyrroline). An additional problem is that the name broussonetine usurps that first used
for a bisquinolyl butyrolactone alkaloid isolated from Babylonia zeylanica.*® This situation demands a rationa-
lization of the trivial names for these compounds before discovery of new compounds in the series introduces
additional confusion. At the very least, broussonetinines A and B should be renamed as broussonetines A and B,
respectively, and the latter renamed as broussonetine glucosides. Also, the polyhydroxypyrrolizidine alkaloid,
broussonetine N, should be given a unique name that distinguishes it from all of the pyrrolidine alkaloids
1solated from B. kazinoki.
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The 29 broussonetines with a pyrrolidine ring system can be categorized on the basis of their side-chain
substitution patterns. The most common feature is a keto group in the side chain, at either C-9'or C-10, and a
terminal =OH at C-13’, which are present in broussonetines A, B, C (16, R' =R’ =H), D (17, R=R'=H), E
(16, R'=0H, R'=H), F (17, R'=0H, R'=H), K (16, R'=0H, R’ =glucose), L (17, R' =O0H,
R’ =glucose), O (18), P (19), T (20), and V (21); of these, broussonetines E, F, and T are all hydroxylated at
C-1', with broussonetine T corresponding to broussonetine E but having a second hydroxyl group at C-5'.
Broussonetines K and L are glucosylated at the terminal -OH position. Broussonetine Q_is the only diglycoside,
being the 4-O-glucoside of broussonetine K. Broussonetines O and P have unsaturation between the 3'- and
4’ -positions of the side chain.

4
5 OR’
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Four of the alkaloids, broussonetines M (22, R'=R’=R'""=H, RHZOH), S (22, R'"=R'""=0D,
R’=R'""=H), M, (22, R'=R'""=R" =H, R”=0H), and Y (22, R'=R" =H, R”=R'"=0H), lack a
eto group in the side chain, bearing either one or two roxyl groups at position C-1', C-9', C-10, or
keto group in the side chain, bearing eith hydroxyl groups at position C-1’, C-9', C-10’
C-11".

22

Broussonetines with heterocyclic oxygen functionalization are G (23) and H (24) that have terminal
spiroketal functionalities, whereas Z (25) has a dioxabicyclo[3.2.1]octane ring system encompassing C-5" to
C-10". Broussonetines W (26, R=0H, R'=H) and X (26, R=0H, R’=glucose) have terminal
cyclohexenone moieties, whereas in broussonetinine R (27), the same functionality is internal to the side
chain.
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Broussonetines I (28, R=H, R"'=Ac),J (28, R=R'=Ac),J; (28, R=Ac,R"=H), and J, (28, R=R’ =H)
have a terminal piperidine ring but this has no hydroxy groups appended, thus averting potential confusion as
to whether these four alkaloids should be classified as polyhydroxypiperidines. Broussonetines U (29) and U,
(30) are pyrrolines, carrying unsaturation within the pyrrolidine ring, and excluding these two alkaloids, 21
of the remaining 30 alkaloids have the same configuration (2R,3R4R,5R) of the substituents around the

pyrrolidine ring.

Two new trihydroxypyrrolidine alkaloids with an aromatic substituent, rather than an aliphatic side chain as in
the broussonetinines, have been isolated from Lobelia chinensis (Campanulaceae). These alkaloids, named radica-
mines A and B, were identified as 5-(3-hydroxy-4-methoxyphenyl)- and 5-(4-hydroxyphenyl)- derivatives of
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(28,35,45,58)-2-hydroxymethyl-3 4-dihydroxy-pyrrolidine, respectively, by spectroscopic analysis.”” The benzo-
ate chirality method was used to support the assigned absolute configurations but a subsequent enantioselective
synthesis established the absolute configurations of the pyrrolidine ring as (2R,3R,4R,5R), leading to the structures
for radicamine A as (31, R =OH) and radicamine B as (31, R = H).”® The radicamines have structural analogies
to the N-methylated dihydroxypyrrolidine alkaloids (—)-codonopsinine (32, R =H) and (—)-codonopsine (32,
R = OCHj3), which were isolated over 40 years ago from the Asian bellflower, Codonopsis clematidea, also a member
of the Campanulaceae.”””" The absolute stereochemistry of these two alkaloids was subsequently established as
(2R 3R4R,5R) by synthesis’"*’and X-ray crystallography.’’
HO OH HO OH
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Screening of a number of marine sponge species (primarily Haliclona and Raispalia spp.) exhibiting glyco-
sidase inhibitory activity of their extracts, from diverse locations in Western Australia, Florida, Bahamas, and
Micronesia, showed that they variously contained 1,4-dideoxy-1,4-imino-arabinitol (D-AB1) and its xylo
isomer.”* Two additional isomers, tentatively identified as the 7760 and lyxo diastereomers, were also isolated
and the configuration of the isolated D-AB1 was established by Marfey’s method.”” Additional polyhydroxy
alkaloids occurring in sponges are the two new piperidine alkaloid derivatives 1-deoxynojirimycin-6-phos-
phate (33, R=H) and N-methyl-1-deoxynojirimycin-6-phosphate (33, R=CHj;) recently isolated from
Lendenfeldia chondrodes collected from Yap, Micronesia.”® However, the phosphate derivative showed greatly
diminished a-glucosidase activity (~8000x less) relative to the parent compound.’’

OH
R, WOH
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6.08.2.1.2 Bicyclic alkaloids

The bicyclic alkaloids fall into three structural classes: pyrrolizidines, indolizidines, and nortropanes. The
pyrrolizidines have two fused five-membered rings with a bridgehead (tertiary) nitrogen atom; these may be
formally regarded as an amalgamation of two hydroxylated pyrrolidine ring systems with a common nitrogen
atom. In an analogous manner to the pyrrolizidine alkaloids, the indolizidine group may be formally regarded as
a pyrrolidine ring fused with a piperidine ring, yielding a bicyclic 5/6 ring system. In contrast, the nortropane
ring system can be visualized as fusion of a five-membered pyrrolidine ring with a six-membered piperidine
ring at the positions « to the nitrogen atom of each monocyclic system; the nitrogen atom is therefore
secondary, rather than tertiary, as in the pyrrolizidines and indolizidines.

Naturally occurring polyhydroxyquinolizidine alkaloids, analogous to the pyrrolizidines and indolizidines
but possessing a 6/6 fused ring system, have yet to be discovered. However, a number of members of this class
have been synthesized™ and shown to be glycosidase inhibitors,” and their ultimate discovery should not be
unexpected.

6.08.2.1.2(i) Pyrrolizidines In considering the polyhydroxypyrrolizidines, it is important to note that a
very large class of widely distributed plant-derived pyrrolizidine alkaloids exist but these are much more
complex in structure, consisting of a pyrrolizidine core (necine base) usually only dihydroxylated and
possessing a double bond, which occur naturally mono- or diesterified with a variety of aliphatic necic
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acids.”” There is no evidence that these necine bases, which can be obtained from the parent alkaloids by
hydrolysis, have any appreciable glycosidase inhibitory properties.

Polyhydroxypyrrolizidine alkaloid glycosidase inhibitors have either four or five hydroxyl groups.
Australine (34) was the first tetrahydroxylated pyrrolizidine isolated, co-occurring with the indolizidine
alkaloid castanospermine in the monotypic leguminous tree Castanospermum australe,® whereas alexine (35)
was isolated from the closely related Alexa species.’ Subsequently, the 1- and 3-epimers of australine were
reported,”* and 7-epi-australine tentatively identified," but the latter was ultimately shown to be identical to
australine by rigorous analysis of nuclear magnetic resonance (NMR) data™ for both synthetic*’ and natural
australines. This stmulated a careful search for other polyhydroxylated pyrrolizidines in C. australe seeds,
leading to the identification of 2,3-diepi-australine (36), 2,3,7-triepi-australine (37), and 1-epi-australine 2-0-3-
p-glucopyranoside (38).*
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Pentahydroxy pyrrolizidine alkaloids are typified by casuarine (39)* and 3-epi-casuarine (40), the latter
recently isolated from myrtle (Myrtus communis; Myrtaceae).” Uniflorine A from Eugenia uniflora (Myrtaceae),
commonly known as the Surinam cherry or pitanga, was originally formulated as the indolizidine alkaloid
(41)* but has recently been established as 6-¢pi-casuarine (42) by total synthesis.”’ Its congener uniflorine B,
originally defined as a structurally improbable 5-hydroxyindolizidine (43), has correspondingly been shown to
be spectroscopically identical to casuarine.”
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Other polyhydroxylated pyrrolizidines are the hyacinthacines, named after their occurrence in members of
the plant family Hyacinthaceae (Hyacinthoides non-seripta and Scilla campanulata).” The stereochemical disposi-
tion of substituents around the pyrrolizidine core was determined by nOe effects in the NMR spectra, but the
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specific enantiomers were not established. Subsequently, four additional structurally analogous alkaloids were
isolated from Muscari armeniacum,”” a close relative of H. non-seripta, and various epimeric hyacinthacines have
also been discovered in S. sibirica and Scilla socialis." "'’ The letter designations after the trivial name conform to
the convention used for the calystegines (vide infra), with ‘A’ corresponding to trihydroxylated, ‘B’ to tetra-
hydroxylated, and ‘C’ to pentahydroxylated alkaloids. Representative structures are hyacinthacines A; (44), B,
(45), and C; (46). The total number of alkaloids designated as hyacinthacines now numbers 18 (A;_;, B;_4, and
Ci_s), together with further four alkaloids bearing longer side chains at C-5, such as the 3-hydroxybutyl- (47,
R=R'=H, R’=O0OH), I13-dihydroxybutyl- (47, R=H, R'=R’=O0H), and 1,34-trihydroxybutyl-
(47, R=R'=R’=OH) derivatives of hyacinthacine A,, co-occurring with a-5-C-(3-hydroxybutyl)-7-epi-
australine in Scilla peruviana’® and a-5-C-3-hydroxybutylhyacinthacine A, found in S. socialis.
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These hyacinthacines and australines with C-5 side chains have structural features in common with
broussonetine N (48),” a pyrrolizidine alkaloid bearing a 10-carbon side chain at the same position isolated
from B. kazinoki. These 10 carbon atoms, in combination with the three carbon atoms of the nonhydroxylated
moiety of the pyrrolizidine core, would correspond to the 13 carbon atoms found in the pyrrolidine-based
broussonetines (14—30). This implies biosynthetic formation from a presently unknown precursor through
cyclization onto the nitrogen atom of the pyrrolidine ring. A possible candidate might be an analogue of
broussonetine V (21),”* possessing an appropriate stereochemistry of substituents on the pyrrolidine ring,
because this alkaloid has a double bond functionalizing the appropriate 3'-position of the 13-carbon side chain.

6.08.2.1.2(ii) Indolizidines Polyhydroxy alkaloids belonging to the indolizidine subclass are epitomized by
the dihydroxylated lentiginosine (49), trihydroxylated swainsonine (50), and tetrahydroxylated castanosper-
mine (51, R = —H); several epimers of the latter are known. Swainsonine and castanospermine have generated
considerable interest due to the specificity of their glycosidase inhibition and consequent therapeutic potential,
which is discussed later. Swainsonine is noteworthy within the indolizidine class as the only member with an
8a-R bridgehead configuration; although the lentiginosines co-occur with swainsonine, they have the opposite
configuration at this position. Castanospermine 8-0-(3-D-glucopyranoside (51, R = -3-p-glucopyranosyl) was
first prepared by synthesis’* but subsequently isolated from C. australe seeds.*
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There are no known naturally occurring pentahydroxyindolizidines, although several have been synthesized.
Uniflorines A and B from Eugenia uniflora were originally formulated as 1,2,6,7,8-pentahydroxyindolizidine (41)
and the structurally improbable 5-hydroxylated indolizidine (43), respectively, but these have now been shown
to be the polyhydroxypyrrolizidines, 6-¢pi-casuarine and casuarine (39).

6.08.2.1.2(iiij) Nortropanes The most recently discovered group of bicyclic polyhydroxy alkaloids are the
calystegines, based on the nortropane ring system, with a secondary nitrogen atom, rather than tertiary as in the
pyrrolizidine and indolizidine classes. The large number of known tropane alkaloids with a tertiary
N-methylated nitrogen atom adds a complication as to whether the calystegines should simply be regarded
as demethylated tropanes but it is likely that they are biosynthesized through a modification of the normal
tropane biosynthetic pathway and therefore constitute a unique class.”’ Furthermore, typical tropane alkaloids
such as scopolamine and hyoscine are less highly hydroxylated and occur as esters. In this respect, the situation
is somewhat reminiscent of the distinction between the widely distributed esterified pyrrolizidine alkaloids and
the polyhydroxypyrrolizidines. Another unique feature is the presence in the calystegines of a 1-hydroxy
group, leading to an aminoketal functionality. This functionality raises the question as to whether partial
equilibration with the aminocycloheptanone structural form could occur.

The calystegines may be tri-, tetra-, and pentahydroxylated and have been conveniently divided into the
calystegine A, B, and C subclasses, respectively, on the basis of the degree of hydroxylation. The most
commonly found within each of these groups are calystegines A; (52), B, (53, R=H) and B, (54, R=H),
and C; (55). Inspection of these structures reveals that a considerable diversity of compounds can theoretically
result from different positional and stereochemical distribution of the hydroxyl groups, and at least 13
calystegines have so far been isolated from a variety of plant sources, together with calystegine Ny, which
has a 1-amino substituent. However, there is a possibility that the latter could be an artifact of calystegine B,,
resulting from the use of ammonia in the isolation process, and its actual existence as a natural product needs to
be established by demonstration of its existence within the plant. Two calystegine glycosides have been
isolated, namely calystegine B; 3-(-glucoside (53, R =glucose) and calystegine B, 4-c-galactoside (54,
R = galactose).'® Various aspects of the chemistry, biosynthesis, and biological activity of calystegines have
been reviewed by Driger.”
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The question as to whether other polyhydroxy alkaloids with similar structures as the calystegines should be
properly regarded as nortropanes or merely as demethylated tropanes is difficult. Factors to be considered for
their inclusion might be occurrence in plant families known to produce calystegines or other glycosidase
inhibitors, lack of esterification, and glycosidase inhibitory activity. Evidence for their production by a
biosynthetic route different from that of the tropanes would be conclusive proof for their inclusion as
nortropanes. If the criterion is that they should also possess a 1-OH group, as in the calystegines, then all
other known di- and trihydroxy nortropanes would be excluded; therefore, it seems most appropriate that the
name calystegine be reserved for those alkaloids with the aminoketal functionality.
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6.08.2.2 Occurrence and Isolation from Natural Sources
6.08.2.2.1 Occurrence

Polyhydroxy alkaloid glycosidase inhibitors have been isolated primarily from plant sources, and to a lesser
extent microorganisms, but have occasionally been found in insects. The pyrrolidine alkaloidd DMDP
(1, R=0H) 1s particularly widely distributed and has been discovered in many disparate genera of the plant
families Araceae, Campanulaceae, Euphorbiaceae, Hyacinthaceae, and Leguminosae, as well as in a Streptomyces
species.’® It has also been found in the body, wings, pupae, and eggs of the neotropical day-flying moth (Urania
fulgens) together with HNJ, both being constituents of the insect’s food plant, Omphalea diandra’” The insect
appears to selectively concentrate these particular alkaloids, with levels 10-fold those in the plant, whereas
other polyhydroxy glycosidase inhibitors occurred at approximately the same concentrations in both the moth
and the plant. Similarly, silkworms (Bombyx mori) concentrate DNJ almost threefold relative to the levels in
mulberry leaves on which they feed.” Although DNJ is a potent inhibitor of the rat intestinal maltase, the
midgut maltase of the silkworm is 400 times less sensitive to inhibition by the alkaloid, suggesting adaption as a
specialized herbivore, little affected by antifeedant or growth inhibitory properties that the compound might
have. There is no evidence to date that insects produce such glycosidase-inhibitory alkaloids & priori and
acquisition through the food plants appears to be the most probable route. The aposematic coloring of U. fulgens
and 1its ability to fly during the day indicates that the acquired alkaloids serve a protective function against
predation by birds.

DNJ has also been isolated from the lichen Umbilicaria esculenta® and its phosphate derivative from the
marine sponge L. chrondrodes.’® Lichens are symbiotic associations of a fungus with a photosynthetic phycobiont
and sponges commonly have endophytic fungi associated with them, which raises a question as to whether or
not the alkaloid produced in these cases is a fungal metabolite. This possibility was proposed for the occurrence
of D-ABI and its diastereomers in other marine sponges.”*

At the time of the initial discovery of the first members of the bicyclic pyrrolizidine and indolizidine classes,
there appeared to be a taxonomic relationship with plant genera such as Swainsona, Astragalus, Oxytropis, and
Castanospermum in the family Leguminosae. This relationship can no longer be considered to exist, as the
alkaloids have been discovered in an increasingly diverse number of plant families. For example, among the
polyhydroxy pyrrolizidines, although the australines (34-38) are restricted to the legume C. australe, the
structurally closely related casuarines (39, 40, 42) occur in the Casuarinaceae and Myrtaceae and the
hyacinthacines (44—47) in the Hyacinthaceae. Similarly, the nortropanoid calystegines were initially found
in Calystegia species of the Convolvulaceae’”® but have now been identified in 14 additional genera of this
plant family," especially Ipomoea species.
Moraceae, and in both wild and cultivated Erythroxylum spp. of the Erythroxylaceae,”® and to be widespread in
the Solanaceae®” and Brassicaceae.”” The latter two plant families encompass important vegetable and fruit
species such as potatoes, eggplants, and cabbages, which when considered together with their presence in
mulberries and sweet potatoes (lpomoea batatas) raises questions as to the overall intake and relative safety of
calystegines in the human diet.”” Calystegines have also been isolated from the Death’s head hawkmoth
(Acherontia atropus), presumably by larval acquisition from its solanaceous food plants, especially nightshades
and potatoes, but preliminary evidence’’ suggests that the alkaloids consumed by larvae of the Convolvulus
hawkmoth (Agrius convolvuli) are excreted and that none are transferred to the adult. This is consistent with the
coloring of the two moth species, with the latter being much more cryptically colored, presumably because the
inability to accumulate the calystegines results in a lack of protection against predation.

The situation with regard to the indolizidine alkaloid swainsonine (50) is particularly intriguing. Following
its first discovery in the Australian legume genus Swainsona,”' it was subsequently found in North American
Astragalus and Oxytropis species, known as locoweeds, and then in other members of the same genera in South

Furthermore, they are now known to occur to some extent in

America and Asia.”>"”’ Tt therefore seemed reasonable to assume that swainsonine was a characteristic alkaloid
of certain genera of the Leguminosae. However, it was identified shortly thereafter in the unrelated micro-
organisms, Rbizoctonia leguminicola and Metarhizium anisopline. More recently, swainsonine has been shown to
co-occur with calystegines in Ipomoea species” "> and in the Brazilian plant species, Turbina cordata
(syn. Ipomoea martii) (Convolvulaceae)’® and Sida carpinifolia (Malvaceae),”” and even in the primitive plant
Lepidozamia peroffskyana, a cycad.”®
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Such widespread occurrence both geographically and across species from several different plant families,
together with its isolation from both plants and microorganisms, raises questions as to its taxonomic significance
as a phytochemical. Furthermore, its biosynthesis was shown to proceed by an identical pathway in both Diablo
locoweed (Astragalus oxyphysus) and R. leguminicola.”” Subsequent studies of its occurrence in white locoweed
(Oxytropis sericea) have shown that it occurs in some populations whereas others are completely devoid of the
alkaloid.* This led to the isolation of an endophyte from the locoweeds O. sericea, Oxytropis lambertii, and
Astragalus mollissimus containing the alkaloid but not from those in which swainsonine was absent.®*’ When
cultured iz vitro the fungus, initially tentatively identified as an Alternaria but subsequently as an Embellisia
species, produced significant quantities of swainsonine. In a comparative study, rats fed on the fungus and a
locoweed (O. lambertii) showed indistinguishable symptoms, indicating that the plant is not an essential
requirement for toxicity.*” A survey of major locoweed species has established the presence of the endophyte
in Astragalus lentiginosus, A. mollissimus, Astragalus pubentissimus, Astragalus wootoni, and O. sericea® Tt seems
unlikely that the same endophyte is responsible for production of the alkaloid in swainsonine-containing
plant species from diverse genera and in many other parts of the world, such as Australia, South America, and
Asia, suggesting that there are probably numerous species of endophytes with the capability to produce it.
Defining the endophytes and their plant associations may prove to be a fruitful area of future research.

The possibility that swainsonine is not a phytochemical metabolite raises questions as to the true source of
structurally related glycosidase inhibitors such as the castanospermines and australines. One major difference is
that the latter have so far been found to be highly restricted in their occurrence, having been isolated only from
C. australe and Alexa spp., both closely related genera in the Leguminosae. This chemotaxonomic evidence
suggests that castanospermines and australines are true phytochemicals and not endophytic metabolites. The
situation with regard to swainsonine and the nortropane calystegines is much more problematic, as both classes
of alkaloid can co-occur in Ipomoea species and are found at somewhat similar levels. In roots of Calystegia sepium
producing the alkaloids a calystegine-catabolizing strain of Rhizobium meliloti is found but this is not present
within plants that do not produce calystegines.** This suggests a strong symbiotic relationship but whether this
1s plant—fungal or inter-fungal is not known. On the contrary, the diversity of calystegine structures and
occurrence, and their structural similarities to the tropane alkaloids, leads to the first assumption that they are
true phytochemicals. This is supported by a recent comparative study of their content and composition in
potatoes (Solanum tuberosum) from the groups Phureja and Tuberosum.*” In whole tubers their concentration
was of a similar order of magnitude in both groups, and the most abundant were calystegines A; and B,.
Calystegine concentrations in the peel and sprouts were up to 13 and 100 times higher, respectively, than in the
flesh. Such considerations lead to the conclusion that calystegines are unlikely to be endophytic natural
products. The reason for a plant—endophyte association to produce structurally different polyhydroxy alka-
loids, each with specific glycosidase inhibitory properties remains subject to conjecture at the present time.

It now appears that alkaloidal glycosidase inhibitors may be widely distributed, and their discovery has been
limited by their high water solubility and consequent failure to isolate them by conventional alkaloid extraction
techniques. Although certain plant families such as Leguminosae, Solanaceae, and Convolvulaceae are obvious
sources, general taxonomic predictions as to their distribution are probably of little value at the moment, and the
possibility of endophyte involvement should always be considered. An alternative explanation for their widespread
occurrence, consistent with their high water solubility, could be that they are metabolites of microorganisms in the
rhizosphere that migrate to and are taken up by the roots and transported to other plant organs.

6.08.2.2.2 Isolation and structural determination

The polarity and hydrophilicity of polyhydroxy alkaloids require that different techniques be utilized for their
1solation and purification than those usually adopted for conventional alkaloids that are soluble in organic
solvents. These techniques have been extensively reviewed.”***® In general, the alkaloids are extracted from
the plant source by polar solvents such as water, methanol, or ethanol, then purified and at least partally
separated by ion-exchange chromatography. Typically, strongly acidic cationic exchange resins are used to
retain the basic alkaloids, whereas neutral and acidic compounds such as sugars and phenolics are eluted with
water. Subsequent separation can be achieved by further chromatography on either weakly acidic Amberlite
cationic CG50 (NH4 ™ form) or strongly basic anionic CG400 (OH™ form) resins, eluted with water/aqueous
ammonia or acetic acid, respectively. Specific adaptations of these resins and eluants may be required for each
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plant matrix and the publications of Asano and coworkers provide useful models for separation of large
numbers of co-occurring alkaloids from particular sources. Thin-layer chromatography (TLC), especially
the centrifugal radial modification, is an alternative to ion-exchange chromatography for obtaining usable
quantities of the alkaloids for biological testing.

One problem associated with the polyhydroxy alkaloids is that they are often not amenable to detection by
conventional alkaloid colorimetric reagents such as Dragendorff’s. In some cases, such as the indolizidines, their
elution can be monitored by specific spray reagents.”” Monitoring of eluants by glycosidase inhibition is
problematic since it is time-consuming and difficult to set up a battery of assays to cover all of the enzymes
that might be inhibited and other constituents, such as phenolic compounds, may have nonspecific inhibitory
properties. To avoid misleading results the best practice would seem to be to determine glycosidase inhibition
only with completely purified alkaloids.

Gas chromatography with mass spectrometric (GC-MS) detection has been a useful technique for establishing
purity and gross structural features of the polyhydroxy alkaloids. Because the alkaloids are so polar, they must be
derivatized to ensure that they are sufficiently volatile and for this purpose trimethylsilylaton has been most
successfully applied. Numerous reagents exist that are capable of forming trimethylsilyl (TMS1) derivatives of
hydroxyl groups and /or primary and secondary amino groups. The most commonly used are hexamethyldisilazane
(HMDS) /trimethylchlorosilane (TMCS) or N-methyl-N-trimethylchlorosilyl-fluoroacetamide (MSTFA), the
latter having the advantage that all of the reaction by-products are volatile. In general, the GC retention times
increase in proportion to the overall number of -OTMSi groups, and some fragmentation patterns are quite
diagnostic. For example, a peak at m/z 217 indicates the presence of three adjacent -OH groups.

Although high-performance liquid chromatography (HPLC) would appear to be well suited for analysis of
polyhydroxy alkaloids, the technique is limited by the difficulty of detecting the compounds because of their
lack of UV absorption. However, the interface with liquid chromatography—mass spectrometry (LC-MS) offers
much promise in surmounting this problem, in addition to providing fundamental information as to the
molecular size, ring configuration, and presence of glycoside derivatives which may have a high molecular
weight to survive GC-MS;, even when derivatized. Tandem mass spectrometry (LC-MS/MS) has been
investigated for analysis of a mixture of 12 polyhydroxy alkaloids and atmospheric pressure ionization
(APCI) compared to electrospray ionization (ESI).”” Negative mode APCI was found to be the most useful
as it generated deprotonated molecular ions, the collision-induced dissociation (CID) spectra of which were
particularly diagnostic of isomeric alkaloids. The technique has been successfully applied to a crude extract of
bluebells (H. non-seripta), indicating the presence of two glycosides that were not detected by GC-MS.”' LC~
MS with selected-ion monitoring has also been used to establish the configuration of isolated polyhydrox-
ypyrrolidines by discriminating between derivatives prepared with Marfey’s reagent.”

Although MS provides valuable information regarding the gross structure of the alkaloids, the density of
chiral centers in such relatively small molecules requires the power of NMR spectroscopy to elucidate the
relative stereochemistry of the substituent hydroxyl groups. Because chemical shift values are highly dependent
on pH of the NMR solution, this parameter has to be carefully controlled in measuring spectra and direct
comparison with literature data for authentic samples can often be misleading. However, extraction of '"H-'H
three-bond coupling constants (*Zy;;) has proved useful, particularly for five-membered ring systems for which
one-bond coupling constants (' ;) are unreliable. The value of this technique has been demonstrated with
australine diastereomers.”" Determination of the absolute stereochemistry is a more difficult problem and
usually depends upon X-ray crystallography, circular dichroism techniques, or stereospecific synthesis.
It should be recognized that published structures often only represent the most likely enantiomers, based on
biosynthetic considerations and congruence with previously isolated compounds in the particular class.

6.08.3 Gilycosidase Inhibition
6.08.3.1 Glycosidase Inhibitory Activity

The glycosidase inhibitory specificity and potency of polyhydroxy alkaloids is highly dependent on the origin
of any given enzyme, its purity, and conditions such as pH under which the assay is performed. For example,
alkaloids that strongly inhibit yeast a-glucosidase (amyloglucosidase) may show little or no activity against
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a-glucosidases from other sources and vice versa. Because of this it is often difficult to compare data for a newly
1solated alkaloid with that in the literature or with another laboratory. Ideally, comparison of alkaloids having
new or known structures with standards should be made side-by-side. It is also essential to ensure that assays are
only performed on carefully purified alkaloids, since the presence of a minor component with very potent
activity may greatly distort the inhibition profile. In spite of such inherent quantitative variation, in simple
qualitative screening assays the specific enzyme(s) against which an individual alkaloid shows activity will
usually be consistent from one laboratory to another. Nevertheless, it is important to examine all relevant
publications on a particular alkaloid before firm conclusions are drawn as to its glycosidase inhibitory
properties.

It is now recognized that relationships between alkaloid structure and enzyme inhibitory activity are
impossible to predict @ priori. This did not appear to be the case in the earliest phases of research on the
group. For example, among the indolizidine alkaloids, swainsonine (50) has the same stereochemical arrange-
ment of hydroxyl groups as in b-mannopyranose but with substitution of a nitrogen atom for the heterocyclic
oxygen of the sugar. Its ability to inhibit a-mannosidase” was therefore not unexpected. Similarly, castanos-
permine (51) appeared to be an aza-analogue of glucose and inhibited glucosidases as predicted.”* However,
this simplistic model soon failed when epimers of castanospermine and australines, the latter with a pyrroli-
zidine ring system, were isolated from C. australe, and all were found to inhibit amyloglucosidase regardless of
the stereochemistry of their hydroxyl groups.*****?*™* It is interesting to speculate why the plant would
biosynthesize so many isomers having the same inhibitory activity, with the major constituents of the
indolizidine and pyrrolizidine classes, castanospermine and australine, ultimately predominating and showing
the highest activity (K; 8 and 6 pumol 1™, respectively). A similar situation exists with regard to the calystegines,
in which in spite of differing numbers, disposition, and stereochemistry of hydroxyl groups, almost all members
of the group inhibit either 3-glucosidase and/or a- and (B-galactosidases.”® On the contrary, calystegine C, is
an aza-mannose (Man) analogue with respect to the six-membered ring moiety and is an inhibitor of
a-mannosidase.”’

In the absence of obvious structure—activity relationships, molecular modeling methods need to be applied
either to a series of structurally related alkaloids, such as the calystegines, or else to a group of inhibitors of a
particular enzyme that cover a number of structural classes. In general, either of these approaches will require
the synthesis of non-natural analogues to obtain a large enough library of compounds to draw substantive
conclusions. An early attempt in this direction was the glycosidase inhibition comparison of 20 natural and
synthetic analogues of DNJ, including some that were zwitterionic in character, and others in which the
nitrogen atom was substituted by sulfur at various oxidation states.”® This study indicated that for good activity
the inhibitor should have a high positive charge on the anomeric carbon and the heteroatom and a half-chair
conformation, or a chair conformation with the same orientation of hydroxyl groups as in the corresponding
monosaccharide. The significant influence of ring conformation and charge may explain why certain
structure—activity relationships are obvious from inspection of the alkaloid structure, whereas such simple
correlations do not exist for similar gross structures. For pyrrolidine alkaloids, it has been shown by comparison
of a series of enantiomers, epimers, and sulfur analogues of D-AB1 that N-alkylation and the presence of sulfate
in the side chain are important factors in the specificity of amyloglucosidase inhibition.”” Furthermore, L-AB1
was 24 times less effective than the D-enantiomer. The trend for pD-pyrrolidine alkaloids to be competitive
inhibitors of D-glycosidases in contrast to their L-enantiomers, which were noncompetitive inhibitors, whereas
for iminofuranoses the L-enantiomers were more potent than the D- enantiomers had been recognized ear-
lier'®»'°" and has been confirmed by synthesis of two-acetamido derivatives.'"?

Generally accepted models for glycosidase inhibition fit best for the calystegines, which is perhaps not
surprising since they provide a reasonable complete series of structurally related polyhydroxy alkaloids. This
model requires the presence of two carboxylic acid groups at the active site of the enzyme for S-glucosidase
inhibition, each with a specific function. The first is required for generation of the glycosyl cation intermediate,
and the other for its stabilization.” It appears that calystegines B, (53, R =—H) and C, (55) may be protonated
by the acidic group responsible for catalytic activity within the active site at the exo six-hydroxyl whereas
calystegine B, (54, R =—H), which also shows similar inhibitory activity toward (-glucosidase, is bound to
the glucosyl cation binding site through the four-hydroxyl group. Equatorial hydroxyl groups at the 2- and
3-positions are essential requirements. However, the mechanism of galactosidase inhibitory activity cannot be
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explained in a similar manner, particularly since calystegine B; is the closest configurational analogue to
p-galactose (Gal) but has no inhibitory activity against these enzymes.”® Synthesis of non-natural analogues has
provided some insight to the (—)-enantiomer of calystegine B, exhibiting no inhibition of any of the tested
glycosidases and N-methylation of natural (+)-calystegine B, suppressing inhibition of 3-glucosidase but with
retention of activity toward a-galactosidase.'’* Incorporation of information of this type with detailed knowl-
edge of the catalytic site for each of the enzymes will ultimately permit design and synthesis of the most
effective inhibitors.

6.08.4 Biological Activity of Glycosidase Inhibitors
6.08.4.1 Mammalian Toxicity

Most of the early research on glycosidase inhibitors was driven by a need to identify the plant toxins responsible
for poisoning of livestock.'™ A major stimulus was the isolation of swainsonine (50) from the poison peas
(Swainsona spp.) of Australia’' and its discovery, together with lentiginosine and 2-epi-lentiginosine, in the
locoweeds (Astragalus and Oxyrropis spp.) of North America.”'”” Subsequently, the alkaloid was identified in
Oxytropis spp. from South America'® and parts of Asia,'”’ thereby establishing ‘locoism’ as a worldwide
phenomenon. The primary symptom of locoweed poisoning is neurological damage and this is fully accounted
for biochemically and histopathologically by the potent a-mannosidase inhibitory activity of swainsonine, which
disrupts glycoprotein processing by mannosidase II in the Golgi and causes neuronal vacuolation due to
accumulation of mannose-rich oligosaccharides.'”™ The clinical effects associated with locoweed consumption
extend beyond neuronal damage and can vary markedly with animal species, sex, age, nutritional status, and
environment, although the involvement of swainsonine in such effects is much less clearly defined."” Commonly
observed signs of poisoning are emaciation, reproductive failure in both males and females, and congestive right-
heart failure in grazing at high altitude.''’ Maternal ingestion of swainsonine can have marked effects on the
behavior of the offspring,'"" and the alkaloid appears to be transferred to nursing animals in the milk.""”

The discovery of swainsonine in Ipomoea species of Australia,”” Mozambique,” and South America,
co-occuring with calystegines, presents a more complex scenario with respect to poisoning of livestock. The
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question arises as to the particular biochemical lesions and signs of poisoning specifically caused by swainsonine
and calystegines, respectively. Typical neurological damage and cytoplasmic vacuolation of neurons were
observed whenever swainsonine was detected in the plant but syndromes of Ipomoea poisoning also present a
‘star-gazing’ attitude, and muscle twitching, tremors, and epileptiform seizures, which are not characteristic of
locoweed poisoning. The latter signs are typical of phenocopies of the human genetic lysosomal storage defects
Gaucher’s disease and Fabry’s disease, which might be predicted to be produced by inhibition of 3-glucosidase
and a-galactosidase by the calystegines. Histological examination of animal tissues showed vacuolation of
Purkinje cells, also not seen in locoweed poisoning. However, feeding experiments in goats with L asarifolia
produced a tremorgenic syndrome, even though calystegines were absent from the plant and swainsonine
occurred only in trace amounts (<0.01%).""* This suggests that there may be additional unidentified neuro-
toxins in /[pomoea species other than the glycosidase inhibitory alkaloids. A recent study in mice of the
comparative pathology of swainsonine, castanospermine, and calystegines As, B,, and C; supports this finding
with swainsonine and castanospermine producing clinical and histological changes typical of their anticipated
toxicity, whereas calystegine A; at the highest dose (100 mgkg™') caused only minor hepatic changes.'”
However, rodents are resistant to induced lysosomal storage diseases and may therefore be a poor model for
such comparisons. It is possible that calystegines do not play a primary role in livestock poisonings but rather
have a secondary effect, perhaps by influencing the uptake and distribution of swainsonine or other glycosidase
inhibitors through alteration of the activity of enzymes in the digestive system. Nevertheless, it is important
that their precise influence be defined because they undoubtedly affect mammalian liver enzymes® in vitro and
their presence in commonly consumed fruits and vegetables may have cryptic deleterious effects on human
consumers.

Gastrointestinal problems are the most consistent feature of field cases of livestock (and occasional human)
poisoning by C. australe in Australia. This is a predictable outcome of the ability of castanospermine (51),
australine (34), and their isomers to inhibit a- and [-glucosidases. Although neurological damage has not been
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reported, rodent feeding experiments with castanospermine produced hepatic vacuolation and glycogen
accumulation, consistent with a phenotype of Pompe’s disease or type II glycogenesis.''® Problems with
digestion and ensuing lethargy have long been known to occur in livestock grazing English bluebells
(H. non-seripra),'’” and the presence of the glucosidase inhibitors, DMDP and homoDMDP, in the plant
could be responsible for the syndrome.” The hyacinthacines (44—47), more recently discovered in this plant,
are only moderate inhibitors of the same enzymes and may be minor contributors to the problem.

The polyhydroxy alkaloids usually occur in the plants consumed by livestock at relatively low levels. This
factor, in combination with their high water solubility, means that the ingested and absorbed dose is quite low,
so that symptoms of poisoning develop relatively slowly. In this regard toxicity is much less dramatic than with
many other alkaloidal toxins, where the animals may succumb within a few days or even hours of ingestion.
Clinical signs may therefore only develop after several weeks and association of toxicity with a particular plant
may be difficult or impossible. In other cases, consumption of the plant may be intermittent or short term with
overt changes lacking. Toxicity may then only manifest as failure to thrive, minor digestive disturbances, or
increased susceptibility to infection.

6.08.5 Structure and Biosynthesis of N-Linked Glycoproteins
6.08.5.1 Introduction

Glycoproteins represent a substantially large class of compounds since there are many different glycoproteins
in a given cell, and these glycoproteins occur in all eukaryotic cells as well as in a number of prokaryotes.''®
In addition, some of the individual glycoproteins may be present in significant amounts in a given cell. In fact,
many of the proteins that are components of cell membranes are glycoproteins, and they may have essential
functions as receptor molecules that capture various ligands for the cell, as transport proteins that are involved
in intake of various compounds, or as structures that mediate molecular recognition and interactions between
cells.""” Glycoproteins, of course, are proteins that contain covalently bound sugars, and these sugars may be
present as a single monosaccharide attached to the protein, but more commonly they occur as oligosaccharides
linked to the protein. The two most common types of linkages between protein and carbohydrate involve either
O-linked oligosaccharides or N-linked oligosaccharides.

In the first case, the oligosaccharide is attached to the protein in an O-glycosidic linkage, whereby the sugar
at the reducing end of the oligosaccharide is usually N-acetylgalactosamine (GalNAc), and it is attached to the
hydroxyl group of a serine or threonine in the protein.'” In the second case, called the N-glycosidic linkage,
the sugar at the reducing end of the oligosaccharide is N-acetylglucosamine (GlcNAc), and this sugar is bonded
to the amide nitrogen of an asparagine in the protein.'”' The N-linked glycoproteins are the topic of this
section since there are a number of naturally occurring, as well as synthetic, nitrogen-containing
(i.e., alkaloidal-type) compounds that are potent and biologically useful inhibitors of enzymes that participate
in the biosynthesis of these oligosaccharides.'*” Our earlier version of this topic reviewed the activities of a
number of these inhibitors on the synthesis of the N-linked-oligosaccharide chains." Thus in this section, we
will briefly review the structures and mechanisms of biosynthesis of these oligosaccharides, considering some of
the newer studies that demonstrate the role of sugars in directing these glycoproteins to various sites in the cell
and including the role of glucose and mannose in quality control in protein folding. Some of the alkaloid
inhibitors cause alterations in the targeting of proteins and also affect the quality control system. In subsequent
sections of this review, we point out how some of these inhibitors are tested as possible therapeutic agents
against other types of complex carbohydrates, such as animal glycosphingolipids (GSLs), and their associated
diseases, such as Gaucher and Tay—Sachs diseases.

The N-linked glycoproteins are involved, or play key roles, in many critical cellular functions including
protein folding, protein targeting, receptor function, cell—cell recognition, protein stability, signaling, and other
cellular functions. Although the carbohydrate portion of the glycoprotein does not play a key role in all of these
interactions, specific carbohydrate structures are necessary in a number of these cases, such as protein folding,
cell—cell recognition, protein degradation in the endoplasmic reticulum (ER), pathogenesis, and so on.'”* As
demonstrated below, a number of the alkaloid glycosidase inhibitors have profound effects on a number of these
physiological functions.
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Figure 1 Generalized structures of N-linked oligosaccharides of glycoproteins. (a) High mannose type of oligosaccharide
common in lower eukaryotes but also found in some mammalian glycoproteins. This oligosaccharide is the precursor to all
other N-linked oligosaccharides. (b) Complex type of oligosaccharide. Complex oligosaccharides can have two branches
(biantennary structure), three branches (triantennary), or four branches (tetraantennary). These types of structures are
prominent on mammalian glycoproteins. (c) Hybrid type of oligosaccharide. These structures arise when the Golgi
a-mannosidase |l is inhibited (such as by swainsonine) or is absent (as in Hempas disease).

Generalized structures of the N-linked oligosaccharides are presented in Figure 1. The upper structure
(Figure 1(a)) is referred to as a high mannose oligosaccharide since it contains nine mannose residues and two
GlceNAcs. Eight of these mannoses are a-linked and are joined to each other in 1—6, 1—3, and 1—2 glycosidic
linkages.'”"'** These mannoses are in a highly branched oligosaccharide that is then attached to the trisacchar-
ide, Manf3-1,4-GlcNAcB1,4-GlcNAc, which connects this high mannose structure to specific asparagine
residues in the N-linked glycoproteins.'”* These high mannose oligosaccharides are commonly found on
glycoproteins of lower eukaryotes (yeast and fungi) and also in some viral glycoproteins, but are not so common
in glycoproteins of mammalian cells.'*"'** However, the high mannose oligosaccharide is also the precursor to
all of the other N-linked oligosaccharides, and it is the structure that is initially synthesized in the ER and is
attached to protein.'”” As outlined below, this high mannose structure is processed in the ER and Golgi
apparatus of the cell by the sequential action of a number of glycosidases and glycosyltransferases that result in
the production of the complex types of oligosaccharide. A typical example of a biantennary (two branches)
complex oligosaccharide is shown in Figure 1(b). In this case, six of the mannoses have been removed by
glycosidases and replaced with other sugars, that 1s, GlcNAc, Gal, and sialic acid (NANA). Some complex
chains can have three (i.e., triantennary complex structure) or four (tetraantennary) of these branches, and they
can also contain other sugars, such as L-fucose (in place of sialic acid), or GalNAc, or other kinds of substitutions.
A large number of different complex oligosaccharides have been isolated from various glycoproteins, and their
structures have been determined.'*"*+!%¢
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Other N-linked oligosaccharide structures may also occur on specific glycoproteins or be produced under
certain conditions. One such example is the hybrid-type oligosaccharide, as shown in Figure 1(c). This
structure is found in certain disease conditions, such as HEMPAS disease, where individuals lack the Golgi
enzyme, mannosidase Il (see discussion below), and therefore cannot remove the mannoses on the «l1,6
branch.'”” In that case, that branch cannot be processed further. Hybrid types of oligosaccharides are also
produced in cultured animal cells when they are grown in the presence of the plant alkaloid, called swainso-
nine.'”® On the contrary, hybrid chains are not found on animal cell glycoproteins under normal conditions.

6.08.5.2 Biosynthesis of N-Linked Oligosaccharides

The biosynthesis of the N-linked oligosaccharide chain is initiated by the assembly of the high mannose type of

oligosaccharide on the ER membrane (Figure 2). This assembly process involves the participation of a carrier

molecule called dolichyl-phosphate (Dol-P), which is a component of the ER membrane, and 1s a lipid structure
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Figure 2 Pathway of biosynthesis of precursor lipid-linked oligosaccharide, GlcsMangGlcNAc,-P-P-dolichol. A series of
glycosyltransferases, located on the membranes of the ER, sequentially transfer two GIcNAcs, nine mannoses, and three
glucoses from their activated forms (UDP-GlcNAc, GDP-Man, dolichyl-P-Man, and dolichyl-P-glucose) to the membrane
lipid, Dol-P, to form the precursor molecule, GlcsMangGlcNAc,-PP-dolichol. The completed oligosaccharide is then
transferred to specific asparagine residues of proteins as they are being synthesized in the ER. This transfer of
oligosaccharides is cotranslational and is catalyzed by oligosaccharide transferase.
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composed of some 20 polyprenol units linked together in a long linear chain.'*’ Initially, this lipid is oriented

with its phosphate group directed toward the cytoplasm, and the first seven sugars (i.e., two GlcNAcs and five
mannoses) are added to the phosphate group of Dol-P through membrane-bound enzymes (glycosyltrans-
ferases), located on the cytoplasmic face of the ER. These enzymes utilize the sugar nucleotides, UDP-GlcNAc
(uridine diphosphate N-acetylglucosamine) and GDP-Man, as substrates and they transfer these sugars in a
sequential fashion to the Dol-P."*”"*" Thus, a GlcNAc-1-P is first transferred from UDP-GleNAc to form a
Dol-P-P-GlcNAc, followed by a second GleNAc to give Dol-P-P-GleNAc-GleNAc.**"*! This is followed by
the sequential transfer of five mannose residues that are added from GDP-Man by five different mannosyl-
transferases to give a MansGleNAc,-P-P-Dol."*! The transfer of GleNAc-1-P to Dol-P is strongly inhibited by
the highly useful N-linked glycosylation inhibitor tunicamycin, an antibiotic produced by several streptomy-
cetes.'*? Tunicamycin completely prevents the synthesis of N-linked oligosaccharides, thereby preventing
proteins that normally have N-linked oligosaccharides from having any sugars attached to them."”’

At the Man;GlcNAc,-PP-Dol stage of synthesis, the lipid carrier undergoes a ‘flip-flop,” such that the
oligosaccharide portion now becomes oriented in the lumen of the ER,"** and four additional mannoses, as
well as three glucoses, are added to form the completed oligosaccharide precursor, referred to as
GlcsMangGleNAc,-P-P-Dol.'** These seven sugars are transferred from the lipid carriers, Dol-P-glucose
and Dol-P-Man that are synthesized and utilized in the lumen of the ER."**"*” The purpose of the mannose
1s to complete the formation of the high mannose oligosaccharide (see Figure 1), whereas the addition of the
glucoses serve two other important functions. The first function is to insure that only completely synthesized
oligosaccharides will be transferred to proteins, since the oligosaccharide transferase (OST), which catalyzes
the transfer of completed oligosaccharides to asparagine residues on newly synthesized proteins, has a much
faster rate of transfer with oligosaccharides that contain the three terminal glucose residues."**'*" The addition
of glucose to the precursor oligosaccharide also has a very important second function in the synthesis of many
N-linked glycoproteins. Thus, many of these proteins, but not all, need help in folding into the proper and
biologically active conformation, and a single glucose on the N-linked oligosaccharide of these proteins is the
primary site to which the helper proteins (chaperones) bind (see below)."*"'* The glucose also plays a role in
quality control since misfolded proteins undergo ER-associated degradation (ERAD), which is largely regu-
lated by their N-linked polymannose oligosaccharides, but the chaperone interaction with the
Glc;ManoGleNAc,-protein sorts out persistently unfolded proteins for proteolysis.'*'**

6.08.5.3 Processing of N-Linked Glycoproteins and Effects of Glycosidase Inhibitors

Once the oligosaccharide is transferred to the asparagine residue on the protein and even before the protein has
folded into its native conformation, the oligosaccharide begins to undergo processing or trimming reactions.
Initially these reactions involve the removal of the glucose moieties by two ER glucosidases, called glucosidase
I and glucosidase II. Glucosidase T removes the outermost al,2-linked glucose,'"** whereas glucosidase 1T
removes the next two glucoses, both of which are linked in a1,3-glycosidic bonds.'*’ The second glucose is
removed by glucosidase II fairly rapidly, but the third glucose, that is, the glucose that is linked to the mannose,
is released much more slowly."*”'**'** Perhaps the reason for this slow release is to allow the oligosaccharide
tme to interact with calnexin if that glycoprotein needs a chaperone to help it fold. Several of the so-called
processing inhibitors (castanospermine, deoxynojirimycin, australine, etc.) inhibit both glucosidase I and
glucosidase IT and therefore either completely or partially prevent the removal of the glucoses." """ **'*" As a
result and as indicated above, these inhibitors prevent some proteins from leaving the ER at the normal rate,
since they only fold very slowly into the proper conformation without aid (e.g., the low-density lipoprotein
receptor'* and various viral glycoproteins'**'*. These proteins then ‘pile up’ in the ER and are usually
transferred to the cytoplasm and degraded by the ERAD system in combination with ubiquitin lyase and other
degrading enzymes in the cytosol."”

The role of glucose in this system is to help these proteins fold, and it does this by acting as a ‘beacon’ or
recognition site to allow helper proteins to recognize and bind to N-linked glycoproteins that have not yet
folded into the right conformation. These helper proteins or chaperones, called calnexin and calreticulum, are
located in the lumen or on the membranes of the ER, and their function is to help other proteins fold into
their proper and active conformation. Both of these chaperones are lectins that recognize and bind to
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oligosaccharides on unfolded proteins that still have a single glucose attached to the high-mannose chain. Once
bound, the chaperones utilize the energy of adenosine triphosphate to catalyze and expedite the folding of these
ER proteins.””' Castanospermine has been a valuable tool to demonstrate that the glucose residues, on these N-
linked glycoproteins, play an important role in a quality control system in the ER that is involved in degrading
improperly folded glycoproteins.'** Tt is essential for the cell to be able to remove and destroy misfolded or
unfolded proteins so that they do not interfere with the proper functioning of the ER. Thus, when castanos-
permine was given to cells producing various N-linked glycoproteins, it prevented (see Figure 3) the excision
of glucose molecules from the N-linked oligosaccharide chains, and these proteins underwent accelerated
degradation, that is, chaperones were not able to recognize and help these proteins fold."*'** 1z vitro studies on
the binding of calnexin and calreticulin to N-linked oligosaccharides demonstrated that this binding does not
occur with di- and tri-glucosylated polymannose chains.'’*'** These workers also showed that even after
extensive trimming of al,2-mannoses from the a1,6-branch of the oligosaccharides, calnexin still bound as long
as the other branch still retained the single glucose residue.
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Figure 3 Reactions involved in processing of the precursor oligosaccharide to produce the high-mannose complex and
hybrid types of oligosaccharides. Trimming of the protein-bound precursor oligosaccharide begins in the ER with the removal
of all three glucoses and one mannose residue (top frame). Glucosidases | and Il can be inhibited by the alkaloids
castanospermine and deoxynojirimycin. The ER-a-mannosidase | can be inhibited by kifunensine and deoxymannojirimycin.
If the protein has folded into its proper conformation, it is transported to the Golgi apparatus where additional mannoses are
removed to give a MansGIcNAc,-protein. This mannosidase is susceptible to inhibition by deoxymannojirimycin as well as by
kifunensine. A GIcNAc transferase then adds a GIcNAc to the mannose on the 1,3 branch and this signal activates the Golgi
a-mannosidase Il to remove the two mannoses attached to the a1,6-linked mannose. Other sugars can then be added in the
trans Golgi by various glycosyltransferases to give the complex types of oligosaccharides.




Alkaloid Glycosidase Inhibitors 245

As indicated above, the glucose on the polymannose chain plays an important role in folding and quality
control in the ER. However, another part of this ER quality control involves the mannose residues, especially
the terminal «1,2-mannose on the middle branch'* (referred to as Mgy as shown in Figure 3). Mannose
trimming is initiated in the ER of cells by the a-mannosidase called ER a1,2-mannosidase I, which specifically
removes a single mannose from the middle branch to produce a MangGlcNAc,-protein.””* Although this
enzyme can remove other mannose residues when incubated with the high mannose oligosaccharide 7z vitro, in
cells it appears to remove only a single mannose. However, this reaction is apparently essential to have properly
folded proteins transported to the Golgi apparatus. It is also an important step in the quality control of proteins
because once this mannose has been removed, calnexin loses its ability to interact with the oligosaccharide even
if it still contains a single glucose.'””"*® Thus, unfolded proteins with the Mang-B isomer can no longer be
helped by this chaperone, but now become susceptible to the interaction by a mannose lectin (or several in this
family) called EDEM (ER degradation-enhancing a-mannosidase-like protein), which binds to the oligosac-
charide chains of unfolded proteins and transports them from the ER to the cytosol for degradation by the
proteosome.'*®

Interaction of this putative ER lectin called EDEM promotes the release of misfolded glycoproteins from
calnexin.”’® Thus, when the ER-luminal concentration of EDEM was increased in mammalian cells by
overexpression of the protein, there was a corresponding increase in the ER-associated degradation of
misfolded glycoproteins and the release of mannose residues from these misfolded proteins.”” This release
of mannoses from these misfolded proteins was prevented by altering one amino acid, that is, E220Q, in the
EDEM protein structure. This glutamic acid is indicated as a catalytic residue that is preserved in the GH47
family of a-1,2-mannosidases.””” Interestingly, this substitution of the catalytic amino acid glutamic acid for a
glutamine did not affect the lectin activity of the EDEM 1, but it did inhibit the release of mannoses from these
proteins. In addition, the a1,2-mannosidase inhibitor, kifunensine, also blocked the increase in mannose release
in these overexpressed EDEM cells. These data suggest that EDEM(s) may have a-mannosidase activity."”’
The authors suggest that EDEM upregulation leads to accelerated removal of the mannose to which the single
glucose 1s attached and this removal leads to N-glycans that lack mannose A, the glucose acceptor. This results
in prevention of calnexin binding and accelerated degradation.

There is another ER mannosidase that is also involved in removing mannose from the ManoGlcNAc,-
protein and may also be involved in quality control.”” This ER al1,2-mannosidase I also removes a single
mannose residue to produce a MangGlcNAc,-protein, but in this case the mannose is removed from the a1,6-
branch to give isomer Mgc."”*"*? These two enzymes have a number of differences, but one that has been very
well used to differentiate the two mannosidases and to determine their action iz vive is their sensitivity to
kifuninsine.'*”"*” Kifuninsine is an alkaloid produced by the actinomycete Kitasatosporia kifunense that was
initially shown to inhibit the Golgi mannosidase I but not the ER mannosidase.'® More recent studies, showing
that there are several different mannosidases in the ER, have shown that kifunensine inhibits ER mannosidase I
but is inactive against ER mannosidase IL."°*'*” On the contrary, both of these mannosidases are sensitive to
inhibition by deoxymannojirimycin, another alkaloidal, synthetic mannosidase inhibitor."®' The primary action
of the ER mannosidase I is to remove a single al,2-mannose from the middle branch of the polymannose
oligosaccharide in order to generate the MangGlcNAc, B isomer, whereas the mannosidase Il enzyme also
produces a MangGlcNAc, structure, but it removes the terminal «1,2-mannose from the al,6 branch to
generate the C isomer. Thus, although both enzymes can theoretically release other mannose residues, their
major action, at least iz vivo, appears to be the removal of a single, and very specific, mannose residue."”* The
kifunensine-sensitive ER mannosidase I appears to be the enzyme that is involved in quality control.

The mannosidase inhibitors, kifunensine and deoxymannojirimycin, have been elegantly used to help solve
the structure of the catalytic domain of the human ER class I a1,2-mannosidase.'®” The crystal structure of the
catalytic domain of this enzyme was studied in the presence and in the absence of these two inhibitors. Both
inhibitors bind to the protein at the bottom of the active-site cavity with the required calcium ion coordinating
the O-2' and O-3’ hydroxyl groups and stabilizing the six-membered ring structure of both inhibitors in a 'Cy
conformation. The authors point out that this is the first direct evidence for the role of Ca*" for this
mannosidase. The absence of any change in conformation of the protein upon binding the inhibitors and the
comparisons with other mannosidase—product complexes suggested to these workers that this mannosidase has
a novel catalytic mechanism.'®’
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There is yet another ov1,2-mannosidase that is also in the ER as well as the Golgi apparatus, and this enzyme
may also be involved in early processing.'®® This enzyme is also inhibited by both kifunensine and deox-
ymannojirimycin, and it can remove three or four mannoses to produce MansGlcNAc,, It is undoubtedly
involved in processing but its role, if any, in quality control and ERAD is not clear. This enzyme may recycle
between these two compartments and may simply be involved in mannose processing. Finally there are at least
two other -mannosidases that have been localized to the Golgi, and these enzymes can cleave all four of the
al,2-mannoses to produce the Man5GlcNAc2—oligosa(:(:heuride.164

Once the glycoprotein has folded correctly and been transported to the Golgi apparatus, an «1,2-manno-
sidase can convert the high mannose oligosaccharide from the MangGlcNAc, (A-, B-, or C-isomer) into a
Man;GlcNAc,-protein. A GlcNAc transferase can then attach a single GlcNAc from UDP-GIcNAc to the
single mannose that is attached in an a1,3-linkage to the B-linked mannose.'® This GlcNAc acts as a signal for
another a-mannosidase called Golgi mannosidase II to remove the final two mannoses from the 1,6 branch.
These two mannoses are linked in «1,3- and a1,6-linkages, indicating that this enzyme is quite distinct from the
a-mannosidases.'”” Interestingly, the first of the glycoprotein-processing inhibitors, a plant alkaloid called

166,167 . .
12" Swainsonine was

swainsonine, was found to inhibit this mannosidase but none of the above mannosidases.
initially identified as the cause of locoism in animals'® and shown to be an inhibitor of the lysosomal
a-mannosidase that is involved in turnover of glycoproteins.”

Other processing reactions of these oligosaccharides occur in the trans-Golgi and include addition of other
sugars, such as GlcNAc, Gal, sialic acid, L-fucose, and so on. Of course, if the oligosaccharide processing is
blocked with the use of some of these inhibitors, then the protein may still fold into its native conformation and
be transported to the Golgi and to its proper location. If so, the question of whether that protein can function
normally will depend on whether a specific carbohydrate structure is involved in its function or is necessary for
its targeting to a specific site in the cell. Some of the effects of these processing inhibitors on glycoprotein
function were discussed in a previous review.' Section 6.08.7 also cites some of their effects on glycoprotein
function.

6.08.6 Structure and Synthesis of Glycosphingolipids
6.08.6.1 Introduction

Glycosidase inhibitors are proving to be useful tools for research dealing with GSL lysosomal storage diseases,
and such inhibitors may prove to be valuable in the therapy of these diseases as well.'”” GSL are ubiquitous
components of all the cellular membranes of eukaryotic cells, and some 300 different glycolipid structures have
now been identified.'”” Although these GSLs make only a small contribution to the total mass of the plasma
membrane, they do make major contributions to various physiological functions of cells, including cell—cell
adhesion, cell growth and its regulation, and differentiation, to name a few.'”"'”? All of the GSLs contain a
ceramide (Cer) as the basic structure to which is attached a fatty acid and one or more sugars. As shown in
Figure 4, Cer is a lipid-like structure formed initially by the condensation of palmitoyl-CoA and serine.
The resulting product is called ketosphinganine which is then reduced to form sphinganine. This
sphinganine is then acylated with a fatty acid to form dihydroceramide, and the dihydroceramide reduced
again to give Cer.

Thus, Cer is the common and basic component of all of the GSLs, as well as of sphingomyelin.'”* Figure 5
demonstrates how Cer is glycosylated with various sugars to produce a great variety of different glycolipids."™*
For example, the route for formation of gangliosides, that is, the sialic acid containing GSLs, involves the
addition of glucose from UDP-glucose to produce glucosyl-ceramide (GluCer), followed by transfer of a Gal
from UDP-Gal to the glucose to produce lactosyl-ceramide (LacCer). An N-acetylneuraminic acid (NeuNAc)
1s next added to form the first ganglioside, referred to as Gygs. As indicated in Figure 5, Gyy; can be lengthened
by addition of an GalNAc to produce Gy, and then another Gal can be added to give Gyyy, and so on. Each of
these glycolipids may have a specific physiological function in the cell, and each glycolipid turns over or is
degraded in the cell at an individual rate, that is, at its own rate.
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Figure 4 Pathway for the production of Cer, the lipid component of mammalian GSL. In the ER, palmitoyl-CoA is
condensed with L-serine to produce ketosphinganine, which is then reduced, and acylated to form Cer.
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|2 (Globoside)
NANA

:

(Gp1) GalB—GalNAc3—-Gals—Glcs—CER
|2
NANA
Figure 5 Pathways of biosynthesis of the GSL. Glycosyltransferases in the ER sequentially add sugars to produce the
various glycolipids. Gangliosides (i.e., glycosphingolipids containing sialic acid) are produced by the addition of NANA

to lactosyl-ceramide to form Gy, which can then be further glycosylated to Gy and then Gys. Globosides also come from
lactosyl-ceramide by addition of another Gal and then a GalNAc.

6.08.6.2 Degradation of Glycosphingolipids in the Lysosomes and Resulting Diseases

Sphingolipids are turned over or degraded in the lysosomes of cells, and this degradation mechanism involves
the stepwise removal of the sugars from the nonreducing end of the oligosaccharide chain, releasing one
monosaccharide (or other substituent such as sulfate) at each enzymatic step.'”” The degradation pathway of
Gy ganglioside is shown in Figure 6. In some respects, this pathway might appear to be a reversal of the
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Figure 6 Pathways of degradation of the glycosphingolipids in the lysosomes. Ganglioside G4 is degraded in the
lysosomes by sequential removal of sugars by various glycosidases. Thus, 5-galactosidase removes the terminal Gal to
produce G2 and this lipid is then the substrate for a hexosaminidase which removes GalNAc to produce Gy 1. Absence of
this hexosaminidase gives rise to the lipid storage disease called Tay-Sachs disease. Gy is then converted into lactosyl-
ceramide by action of the lysosomal neuraminidase that removes sialic acid. Another -galactosidase removes the Gal to
produce glucosyl-ceramide, the substrate that accumulates in Gaucher’s disease.

synthetic pathway (Figure 5), except, of course, for the fact that biosynthesis involves a series of glycosyl-
transferases that are located in the ER and that transfer activated sugars from their nucleoside diphosphate
sugar derivative to another sugar, or another acceptor, to produce an oligosaccharide or a GSL.

On the contrary, degradation occurs in the lysosome of the cell, where specific glycosidases remove one
sugar at a time from the nonreducing end of an oligosaccharide (or GSL) and release that sugar as a free
monosaccharide. Since degradation occurs at the nonreducing end of an oligosaccharide, if that terminal sugar,
for example, NeuNAg, is not released from Gyyy, then the next sugar, that is, Gal, also cannot be cleaved, the
therefore degradation stops at the Gy, stage. In these GSL storage diseases, the absence of activity of one of the
enzymes involved in release of a specific sugar results in the accumulation of the substrate of the missing
enzyme and causes lysosomal lipid storage diseases such as Tay—Sachs, Fabry’s, or Gaucher’s diseases.'’
Figure 6 presents a brief scheme showing the degradative pathway followed by most of these GSL derivatives
as they are turned over in the lysosome. This figure also points out the site of the lesion in the above-mentioned
lipid storage diseases.

6.08.6.3 Use of Glycosidase Inhibitors to Treat Lysosomal Lipid Storage Diseases

Thus far, there are relatively few options that are available for treating patients with GSL storage diseases.
Enzyme replacement is one option and has been used with good success in patients with Gaucher’s disease,'””
but may be much more problematic with some of the other storage diseases such as Fabry or Tay—Sachs. In the
case of Gaucher’s disease, this is primarily a disease of the macrophages. Of course, all of the cells of the
Gaucher patient degrade their GSLs to produce the substrate of the defective enzyme, that is, GlcCer.



Alkaloid Glycosidase Inhibitors 249

However, most of the defective cells in a Gaucher individual still produce enough residual enzyme, that is,
glucocerebrosidase (also called glucosylceramidase or (-glucosidase), to degrade the small amounts of
glucosyl-ceramide (GluCer) being produced in their turnover pathways.'”®

On the contrary, macrophages accumulate much more GlcCer than the other cells of this patient because
macrophages phagocytose senescent erythrocytes, leukocytes, and apoptotic cells, as well as their own GSLs.
This adds to their GSL burden and exceeds the capacity of their residual enzyme. Thus, macrophages of
Gaucher patients accumulate substantial GlcCer in their lysosomes. The therapy for these patients has
successfully involved intravenous injection of a placenta-derived [(-glucosidase (CEREDASE), which is
engineered to have its N-linked oligosaccharides terminate in mannose residues. Since macrophages have
mannose receptors on their plasma membranes, CEREDASE is specifically taken up by these cells in a
receptor-mediated fashion, which does not occur in other types of cells.'” The production of this recombinant
and engineered B-glucosidase is difficult and time-consuming, and therefore the therapy for treating Gaucher
patients is very expensive. This has highlighted the potential problem of dealing with the other glycolipid
storage diseases by enzyme replacement technology. Gaucher’s disease is the most common of the GSL diseases
and the cost for this treatment is almost prohibitive, so the cost and difficulty in developing similar therapies for
Fabry and Tay—Sachs diseases may make such therapy highly unlikely. Added to this is the fact that most of
these glycolipid storage diseases involve accumulation of GSL degradation products in cells of the central
nervous system. Unfortunately, glycoprotein enzymes do not cross the blood—brain barrier, and therefore they
cannot get into cells in the brain, indicating additional problems with enzyme replacement therapy. Therefore,
the Gaucher model may only apply in a few cases, adding additional excessive costs to the development of such
treatments.

The above problems have led to other strategies for therapy of these diseases. One such strategy is called
substrate deprivation."*”'®" The basis of this strategy is to reduce the biosynthesis of GSLs in these patients, so
that the amount of glycolipid being produced is nearly the same as the rate of degradation of these molecules in
the individual. In order to make this strategy work, one must identify compounds that block the biosynthesis of the
GSLs, preferably at an early step in the biosynthetic pathway. Several inhibitors that act on the glucosyltransferase
that catalyzes the transfer of glucose to Cer (ie., glucosyl-ceramide synthase) have been described.'® The
prototype molecule is PDMP (p,L-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol).

A second derivative of PPMP with a C fatty acid rather than the C,o of PDMP showed better activity with
an inhibitory constant on the isolated GlcCer synthase of 0.7 imol 1”". This inhibition of glucose transfer to Cer
showed mixed-type inhibition for Cer, but was noncompetitive for UDP-glucose. Radin suggested the use of
PDMP for the treatment of Gaucher’s disease.'”’

First, the problem with these compounds is that they are very hydrophobic and need to be in an organic
solvent or detergent to be solubilized for administration to cells or organisms. Second, PDMP is rapidly
metabolized in cells by the cytochrome P-450 detoxification system and therefore has a very short half-life in
cells. Therefore there is a need for other inhibitors that do not have these drawbacks. On the basis of the
similarities between these compounds and derivatives of deoxynojirimycin (DN]J), N-alkylated derivatives of
DNJ were prepared and tested on the isolated GlcCer synthase."® These compounds have previously been
shown to be potent inhibitors of the N-linked oligosaccharide processing enzymes, a-glucosidases I and 11, with
a K; of 0.22 pumol 17".'¥ Both the N-alkyl-DNJ and the N-alkyl-DGJ inhibited the Cer-specific glucosyltrans-
ferase with a K; of about 7.4 pmol 1", The inhibition by N-alkyl-DNJ was critically dependent on the N-alkyl
chain length with the minimum chain length being three, but activity was better with longer alkyl groups such
as the butyl derivative.'"™ 7z virro studies indicated that both N-buryl-DNJ (NB-DNJ) and N-buryl-DG]J
(deoxygalactonojirimycin) were competitive inhibitors for Cer as the substrate, but noncompetitive for
UDP-glucose. Molecular modeling studies indicated a structural homology between three or more of the
chiral centers in NB-DNJ (and NB-DGJ) with the #rans-alkenyl chain of Cer. The authors suggest that in
addition to mimicking the hydrophobic regions of Cer, N-alkylation of DNJ results in this compound being
able to enter into the lipid phase and thus allows it to interact more readily with the membrane-bound
glucosyltransferase."®” Interestingly, the mannose, fucose, and GlcNAc analogues of NB-DNJ did not inhibit
this enzyme indicating that the stereochemistry of the ring moiety is essential."®’

These inhibitors was tested in several i vivo systems to determine whether they did inhibit GSL synthesis in
a living system. In a Gaucher model system, mouse macrophages were induced to accumulate GlcCer, by
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incubating them with an inhibitor of the glucocerebrosidase (i.e., the lysosomal (3-glucosidase). Interestingly
when either NB-DN]J or NB-DGJ was added to the macrophages in the presence of the glucocerebrosidase
inhibitor, they prevented the accumulation of GlcCer, suggesting that they blocked the accumulation of GSLs
by inhibiting the synthetic route. Furthermore, when the lysosomes of these cells were examined in the electron
microscope, there was no evidence of the electron-dense material (accumulated GSLs) seen in the absence of
NB-DNJ, also indicating that there was no accumulation of GSL."®® Mice treated with NB-DG]J or NB-DNJ
showed an equivalent depletion of GSLs in their livers. However, NB-DN]J also inhibited glycogen catabolism
in the liver, as well as intestinal sucrase and maltase. On the contrary, NB-DGJ did not inhibit glycogen
metabolism or the activity of sucrase or maltase, although it inhibited GSL accumulation as well as NB-DN]J.
NB-DG]J did, however, inhibit lactase whereas NB-DN]J did not. These workers concluded that NB-DGJ is a
more selective inhibitor and should be evaluated for human therapy.'®’

Fabry’s disease is another lysosomal storage disease in which individuals have a deficiency in the
a-galactosidase and therefore cannot remove the terminal a-galactosyl residue from the globoside, trehex-
osylceramide (Gala4GalB4GlcCer). Therefore this lipid accumulates in their lysosomes. This lipid
accumulates in vascular endothelial cells and causes kidney failure with premature myocardial infarction
and strokes. Some individuals with Fabry’s disease still have some residual a-galactosidase activity, but
studies on the properties of the Fabry enzyme with a-galactosidase from normal individuals indicated that
although the kinetic properties of both were similar, the Fabry a-galactosidase was much less stable."®”'”
This instability has been found to exist in most Fabry patients that fall into the cardiac variant class where
clinical manifestations are limited to the heart.'”’ An a-galactosidase purified from Fabry patients with a
Q279E mutation had the same K, and /., as the normal enzyme. However, the mutant enzyme lost most of
its catalytic actvity after incubation at 37°C for 30 min whereas the enzyme from normal individuals was
stable to these conditions. In cells from these patients, the mutant enzyme formed an aggregrate in the ER and
was degraded.'®”'”?

Since the mutant enzymes from Fabry patients have normal catalytic activity but are present at only low levels in
the lysosomes and are also much less stable than the normal a-galactosidase, it appeared likely that the genetic
defect affected the folding and translocation of the enzyme from the ER to the lysosome.'”>'** Itis well documented
that improperly folded proteins are not transported, or are transported very poorly, to the Golgi apparatus, and the
majority of these proteins accumulate in the ER and are degraded by the ERAD and ubiquitin systems'**'”® (see
Section 6.08.5.2). On the basis of information on protein folding and targeting and studies presented below on the
effects of imino sugars, Asano et 4l. proposed a chemical chaperone theory to explain the effects of DGJ and other
imino sugars in enhancing the a-galactosidase activity of lymphoblasts from Fabry patients with the Q279E
mutation. They proposed that competitive inhibitors such as DGJ, when used at subinhibitory concentrations, act as
specific chemical chaperones that help the unstable protein fold into the proper conformation and/or help the
unstable protein to leave the ER and move to the Golgi apparatus.'”” These workers also tested a series of DGJ
derivatives for activity with both the isolated a-galactosidase and Fabry lymphoblasts. Their results indicated that
DGJ was the most potent inhibitor of the enzyme with an ICs, of 0.04 umoll~". Other inhibitors such as
a-galacto-homonojirimycin, a-allo-homonojirimycin, and 3-1-C-butyl-deoxygalactonojirimycin were also effec-
tve inhibitors, but so less than DGJ, with ICs, values of 0.21, 4.3, and 16 pmol | respectively. N-alkylation,
deoxygenation at C-2, and epimerization at C-3 of DGJ markedly lowered or abolished the inhibitory activity
against the «-galactosidase. When DGJ, «-galacto-homonojirimycin, c«-allo-homonojirimycin, and
B-1-C-butyl-DG]J were added to the culture media of Fabry lymphocytes at 100 umol 1", they increased the
intracellular activity of a-galactosidase by the following amounts: 14-, 5.2-, 2.4-, and 2.3-fold, respectively. There
was a direct correlation between inhibition of a-galactosidase and increasing the activity of this enzyme in
lymphocytes. The more potent the inhibitor was on the enzyme, the greater the effect on enhancing enzyme
activity in the cells.'"”” The authors indicate that these results show that the more potent inhibitors act as more
effective and specific chemical chaperones for the mutant enzyme and also that the potent competitiveness of
a-galactosidase are effective chaperones for Fabry’s disease. These data suggest another role for these imino sugars
as helper molecules to bind to specific glycosidases (and perhaps other proteins such as lectins) and help these
proteins assume a stable and effective conformation for targeting and activity.'”®
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6.08.7 Therapeutic Activities of Glycosidase Inhibitors
6.08.7.1 Introduction

The ability of polyhydroxy alkaloids to inhibit glycosidases has inevitably resulted in interest in the therapeutic
use of these compounds for the treatment of a number of diseases that result from disruption of glycoprotein
processing in animal cells, and their potential has been comprehensively reviewed.'”” %> An obvious applica-
tion 1s to induce a particular disease state in animal models and then to study various treatments to alleviate or
overcome the disease. Examples would be the genetic lysosomal storage disorders, mannosidosis, Pompe’s,
Fabry’s, and Gaucher’s diseases in humans. These are caused by complete absence, reduced activity, or
incomplete trafficking or folding of the enzymes a-mannosidase, a-glucosidase, a-galactosidase, and
(-glucocerebrosidase (a (B-glucosidase), respectively. A first choice for treatment of such diseases has been
enzyme replacement therapy, which has proven effective in many cases but is extremely expensive and must be
frequently and repeatedly infused throughout the patient’s lifetime.

6.08.7.2 Use of Inhibitors in Substrate Reduction Therapy

A less expensive and more convenient alternative in cases where there is some residual enzyme activity or mis-
folding would be the use of an orally available drug that could restore activity to a level sufficient to alleviate at
least the more severe symptoms; this process has been named substrate reduction therapy (SRT). As with most
carbohydrate-based drugs, there has been some skepticism as to whether the polyhydroxy alkaloids would have
appropriate pharmacokinetics, given their high water solubility, which could lead to rapid excretion. However
as discussed in the previous section on GSL metabolism, it has been shown that the preparation of relatively
simple alkyl derivatives of moderate chain length can lead to prodrugs with sufficient retention to be
effective but which are ultimately hydrolyzed to the active form. One example of a prodrug is N-nonyl-1-
deoxynojirimycin, which produces a twofold increase in activity of 3-glucocerebrosidase in cells derived from
Gaucher patients.””’ The alkaloid acts as a pharmacological chaperone, inducing correct folding of the protein
and recovery of lost function. Appropriate targets must have a mutation which renders the protein unstable but
not inactive so that the chaperone intercepts the mutated protein and stabilizes its fold, circumventing the
retrotranslocation machinery of the secretory pathway whereby it would be degraded by the proteasome in
the cytoplasm. Inhibitors of the targeted enzyme are able to act as chaperones either due to differences in the
destination of the target whereby the inhibitor is ejected or because a relatively high concentration of substrate
out-competes the inhibitor. Even in situations where the inhibitor is not ejected, for most lysosomal storage
diseases it 1s preferable for a small amount of enzyme to be inhibited than for it to be quantitatively degraded.
Miglustat (N-butyl-DNJ; Zavesca®) was approved for treatment of mild-to-moderate type 1 Gaucher’s disease
in 2002.°"* The pharmacokinetics of the drug in Gaucher patients are favorable, with time to maximum
observed plasma concentration ranging from 2 to 2.5h and an effective half-life of approximately 6-7h,
demonstrating that converting the natural alkaloid DNJ into a prodrug reduces hydrophilicity.

Another alternative for pharmacological chaperones in SRT is to permanently incorporate the aliphatic
side chain into the structure through synthesis so that it cannot be hydrolyzed; such compounds would be
drugs per se and not merely prodrugs. Examples that have shown promise iz vitro are a-1-C<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>