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Abstract: The structural diversity as well as the biological significance of N-acetyl-
glucosamine-containing glycans are exemplified. The problem of forming the respective
glycosidic bonds of synthetic targets is addressed. Special emphasis has been given to human
milk oligosaccharides (HMOs), in view of their biological relevance, and synthetic ap-
proaches of selected examples are reported.

Keywords: glycans; N-acetylglucosamine; glycoconjugates; glycoforms; human milk
oligosaccharides; dimethylmaleoyl; protecting groups.

INTRODUCTION

Carbohydrates are amongst the most abundant biomaterials in living matter. These extraordinary bio-
molecules are involved in countless biologically significant events in all living organisms. Their role is
essential for understanding the many biologically sophisticated pathways that have evolved into the sci-
ence of glycobiology [1]. By virtue of diversity of monosaccharides, besides their linkage to proteins
and lipids to give glycoconjugates and to sugars to give oligosaccharides, as well as the stereoselective
nature of the glycosidic bonds, carbohydrates manifest a huge spectrum of structural diversity. They
exist not only as polysaccharides but also as soluble ingredients in body fluids and as membrane-bound
oligosaccharides.

Amino sugars are widely distributed in nature and exist in many glycoforms which play signifi-
cant roles in vital processes with D-glucosamine being the most abundant one and existing in most of
the cases as the N-acetyl derivative with B-glycosidic linkage. The cell membrane of living organisms
is decorated with oligosaccharide, containing D-glucosamine, architectures known collectively as cell-
surface oligosaccharides. These antennary molecules in the extracellular matrices are bound to the
membrane via protein or lipid anchors, giving rise to glycoproteins and glycolipids, respectively. They
are involved in host cell communication events, including cell-cell adhesion and proliferation, as sig-
naling molecules, as ligands for proteins of all types, including enzymes, toxins, and antibodies. They
are involved also in many immunological interactions.

The isolation of these materials from nature in pure form and in reliable amounts to evaluate their
biological significance is really difficult. Therefore, synthetic approaches have been developed to prove
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the structure, to provide sufficient material in pure form for biological investigations, and to modify or
mimic these species for bioorganic applications. A cornerstone in any synthetic approach is the forma-
tion of B-linked N-acetylglucosamine (GlcNAc) as well as the less abundant GalNAc linkages.

In this article, we throw some light on the structural diversity of B-linked GlcNAc-containing gly-
cans and their biological relevance, and address the problem of forming the glycosidic bond of 2-amino
sugars during the synthesis of their glycosides. Special emphasis is given to the synthesis of human milk
oligosaccharides (HMOs), as significant soluble glycans for humans in their first steps of life.

SELECTED EXAMPLES OF BIOLOGICAL RELEVANCE

This section shows the structural diversity of the complex N-acetyl-B-D-glucosamine-containing carbo-
hydrates in biological systems. Examples are given below.

Structural polysaccharides

GlcNAc is incorporated in a series of structural polysaccharides. Chitin 1, for instance, is the most abun-
dant one and exists in the exoskeleton of invertebrates like insects, arthropods, nematodes, Plasmodium
falciparum and as a constituent of fungal cell walls. Chitin-hydrolyzing enzymes, known as chitinases,
occur in organisms such as bacteria, fungi, plants, and vertebrates, but humans are deficient in these en-
zymes. Therefore, chitinase inhibitors are promising targets for development of insecticides and drugs
against human pathogens such as Candida albicans and the human malaria parasite P. falciparum [2].
Natural chitinase inhibitors [3] as well as synthetic candidates [4] are rare, therefore, GlcNAc-based in-
hibitors [2,5] are an active area of research.

Murein (2) is another structural polysaccharide constituting the basic component of bacterial cell
wall. It consists of repeating GlcNAc and muramic acid residues. The polysaccharide chains are cross-
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N-Acetylglucosamine-containing oligosaccharides 2231

linked via peptide chains, forming a peptidoglycan frame via the DD-peptidase enzyme; synthetic frag-
ments of murein are valuable tools for investigating this event [6,7].

Hyaluronic acid (HA) (3) is another linear polysaccharide known as hyaluronan. This glycos-
aminoglycan is the major structural element in the extracellular matrix and responsible for viscoelastic
properties of cartilages and synovial fluids. It is involved also in protein interactions whereby it influ-
ences natural processes such as angiogenesis, cell motility, and adhesion as well as wound healing and
cancer [8]. Some pathogenic bacteria have extracellular HA as defensive coats against the host immune
response. Synthetic GleNAc--(1-4)-GlcUA nucleotides and phosphates were used as probes to study
the mechanism of hyaluronic acid synthases (HAS), which might lead to treatment of HA disorder-re-
lated diseases [9].
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3

Signal transduction stimulants

Nod factors (NFs), (e.g., 4), are signaling molecules excreted by bacteria known as rhizobia that grow
as nitrogen-fixing nodules on the roots of leguminosae. Upon nitrogen fixation in the nodules, the NFs
are excreted and stimulate, as signaling molecules, the host plant through morphologic developments
of the host root hairs, meristems in the root cortex, and nodule organogenesis [10,11].
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Bacterial receptors

Cell-surface carbohydrates can be involved as receptors for adhesion of bacteria [12] and their toxins
[13] to host cells. For instance, the GlcNAc-B-(1-4)-GlcNAc epitope of surface glycoproteins of brain
microvascular endothelial cells (BMECs) is a ligand for E. coli K1 outer membrane protein A (OmpA).
This recognition event mediates the traversal of E. coli across the blood-brain barrier causing menin-
gitis during the neonatal period. Synthetic chitooligomers (5) were investigated as competitive soluble
inhibitors for this recognition and might be a lead for GlcNAc-based antibacterial agents.

OH NHA OH
HO Q o Q
HO 0 d "7 Ho OH
NHAc OH NHAc
n=0-1
5

© 2007 IUPAC, Pure and Applied Chemistry 79, 2229-2242



2232 E. S. H. EL ASHRY AND M. R. E. ALY

Antibody recognition

Another cell-surface carbohydrate interaction event is the recognition of cell-surface carbohydrates by
antibodies. IgG, the most abundant antibody in human blood serum, recognizes terminal Gal-a-(1-3)-
Gal residues, known as the (a-Gal) epitopes, of animal xenografts and mediates hyperacute rejection
upon xenotransplantation [14]. Three cell-surface carbohydrates have this antigen; two of them (6 and
7) have a GlcNAc moiety at the oligosaccharide core.
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Blood group antigens 8, 9, and 10 are GlcNAc-containing surface glycoproteins on red blood cells
(erythrocytes). These antigenic dominants are characteristic for individuals and can recognize selective
antibodies from persons having different blood groups H, A, and B [15].
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Cancer metastasis

Malignant tumor cells frequently express the surface glycolipids known collectively as tumor-associ-
ated antigens or simply tumor markers. These antigens play an important role in diagnosis of malig-
nancy via immune detection with their selective antibodies. Sialyl-Lewis X (sLe*) 12 and sialyl-Lewis
A (sLe?) 11 are GlcNAc-containing epitopes on many cancer cells. These epitopes serve as ligands for
natural host membrane-bound proteins known as selectins. Adhesion of these epitopes with selectins is
thought to play significant roles in blood-born metastasis [16—18].
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Hormonal and enzymatic glycoproteins

Glycoproteins having GlcNAc residues are known to function as enzymes. Bromelain (13), for instance,
is a glycoprotein enzyme found in the plant kingdom [19].
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GlcNAc is found also as part of the structure of hormonal glycoproteins such as follicle-stimu-
lating hormone (FSH), luteinizing hormone (LH), human menopausal gonadotropin (hMP), pregnant-

mare serum gonadotropin, thyroid-stimulation hormone (TSH), and human chrionic gonadotropin
(hCG) (14) [19].
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Human milk oligosaccharides

Human milk is characterized by inimitable soluble oligosaccharides known collectively as the HMOs,
which are not available in the milk of other mammals. These unbound oligosaccharides consist mainly
of a lactose moiety as reducing terminal attached to lactosamine and/or isolactosamine at the non-re-
ducing terminal of the molecule in a linear or branched manner. They are frequently L-fucosylated and
sialylated via o-glycosidic linkages [20,21]. The latter form the so-called acidic oligosaccharides in
human milk [22]. HMOs exist in concentrations as high as 5-10 g/L, thus, they constitute the third
largest ingredients after proteins and lipids [23]. Their contribution to the health of breast-fed vs. for-
mula-fed infants was recognized as early as 1892 [24]. They are, structurally, divergent oligosaccha-
rides, and over 130 types are identified right now [25]. They are resistant to hydrolytic enzymes in the
gastrointestinal tract, therefore, they can reach the large intestine and cross into the bloodstream as sol-
uble matter [26] where they act as prebiotics [27] and competitive ligands to pathogenic micro-
organisms and inhibit their adhesion to the epithelial cells [28]. Thus, they possess significant defensive
roles, and they are associated with less reported gastrointestinal, respiratory, and ear infections and even
reduced postneonatal death in breast-fed infants [24]. On the other hand, they act as a source of sialic
acid and D-galactose, which are essential for brain development and improved learning ability [29]. At
the same time, sialyl oligosaccharides in human milk possess binding epitopes of selectin ligands, thus,
they impair or decoy the interaction of selectins with cellular ligands and modulate the migration of
leukocytes from the blood stream into the inflammation regions. In this way, they serve as anti-inflam-
matory components in human milk that reduce inflammatory diseases such as necrotizing enterocolitis
in breast-fed vs. formula-fed infants. They modulate also the formation of platelet-neutrophil complex
(PNC) involved by the immune system [30]. The list of defensive roles gained by HMOs is growing,
and, therefore, synthetic access to these hardly separable ingredients is of great demand as it might lead
to new therapeutics and vaccines. We present here some synthetic probes of these oligosaccharides.

SYNTHESIS OF 2-ACETAMIDO-2-DEOXY-3-0-GLUCOPYRANOSIDES

One of the consequences of development of glycoscience is the need for the synthesis of naturally oc-
curring oligosaccharides. This requirement allows modification of naturally occurring glycans to be
used for specific biological purposes and for searching more effective analogs of these markers. The
problem of preparing the above-mentioned materials or their analogs is mainly the configuration of the
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anomeric center, which is generated during the glycosylation process, and which could afford either
o- or B-linked glycosides or a mixture of both. The glycosylation processes require a glycosyl donor
and acceptor where the substituents, particularly at position-2 on the donor, play a major role in the
stereochemical outcome of the resulting glycoside. The protecting groups of the amino function have
had a major impact in this regard, to ensure the trans 1,2-coupling, and they can be transformed to the
acetyl moiety [31]. In general, these requirements still constitute one of the most compelling topics in
carbohydrates synthesis [32—-34].

The early Koenigs—Knorr method was used, whereby 2-acetamidoglucopyranosyl halides (15), as
glycosyl donors, were coupled with alcohols in the presence of halophilic promoters like mercuric salts.
Of course, this donor should permit B-coupling due to participation by the acetyl moiety and afford di-
rectly the desired acetamido glycoside (16). However, this ideal hypothesis was recognized only with
reactive acceptors having primary OH groups, while, with weak acceptors having secondary
OH-group(s), a stable oxazoline (17) was mainly formed and to a lesser extent glucal (18) due to
1,2-elimination, Scheme 1.
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Scheme 1 Koenigs—Knorr glycosylation reactions.

Several alternatives for Koenigs—Knorr donors were continuously developed to solve the problem
of oxazoline formation. A crucial condition is the availability of a protecting group for the amine func-
tionality of glucosamine that permits B-coupling and then can be substituted easily with the acetyl moi-
ety in high yields. In addition, it should be stable to the conditions involved along the whole synthetic
protocol and it should be symmetric if possible to avoid problems related to NMR analysis. Of these,
we mention here the phthalimido (Phth) and trichlorethoxycarbonyl (Troc) amino protecting groups.
These groups in combination with thioalkyl and trichloroacetimidate as reactive anomeric leaving
groups have gained wide application in this field and led successfully to a wide range of glycans and
glycoconjugates. Also, the 2-azido derivatives were used for directing the glycosylations towards the
-face, which then reduced and acetylated to give the target glycosides. Apparently, the Phth as well as
the Troc groups support the B-coupling via neighboring group participation with a carbonyl group. The
azido group does the same under the influence of acetonitrile that blocks the o-face of the intermediate
oxocarbenium ion via formation of an intermediate o-nitrilium ion, known as the nitrile effect.
Recently, the dimethylmaleoyl (DMM) group was developed as a successful amino protecting group in
oligosaccharide synthesis [35]. Scheme 2 is a model scheme for introducing the DMM group as in 19,
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tuning it as a model donor 20, and then reaction with a general acceptor to afford glycoside 21 followed
by converting it to the acetyl group as in 22. In the next section, the contribution of this approach is de-
scribed for the synthesis of some HMOs in solution as well as on solid supports.
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Scheme 2 DMM glycosylation method.

SELECTED SYNTHESES OF HUMAN MILK OLIGOSACCHARIDES

By virtue of the stability of the DMM group, compatibility to various protecting group manipulations
and good reactivity of NDMM-protected glycosyl donors as well as acceptors, both of the donors
lactosamine 23 and isolactosamine 24 could be synthesized easily. These disaccharide donors are the
essential building blocks of the backbone of HMOs, therefore, lacto-N-neotetraose 25 and lacto-N-
tetraose 26 could be synthesized efficiently, Scheme 3 [35,36].
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Scheme 3 Synthesis of lacto-N-neotetraose and lacto-N-tetraose.

Another advantage of the DMM approach is the performance of efficient coupling in a regio-
selective manner. Thus, coupling of the NDMM-protected glycosyl donor 23 with diol (28), prepared
from 27 by deacetylation and subsequent benzylidenation, having two (2b,3b)-OH free groups,
Scheme 4, afforded regioselectively the 3-(1-3) linked glycoside in high yield. Desilylation allowed the
synthesis of the trichloroacetimidate 29. Reaction of the tetrasaccharide donor with the disaccharide ac-
ceptor 30 gave the HMOs lacto-N-neohexaose 31, Scheme 4. Similarly, 32 was transformed into 33,
whose reaction with 29 gave lacto-N-neooctaose 34, Scheme 5 [37].

© 2007 IUPAC, Pure and Applied Chemistry 79, 2229-2242



2238 E. S. H. EL ASHRY AND M. R. E. ALY

OAc

Oéc NDMM
BnO
OAc
27 OBn
Ph u ref 37
o
OACOAC NDMM 0 o NDMM
O
BnO BnO
ACOSE \ o\;oﬁ“‘o\ggH Ho O\Z{:?\OTBDMS
OAc 0Bn 3 OH OBn
23 28

Ph ¢
PAnc NDMM 0 NDMM 0Bnogn
Q BnO 0 ano NH &&O an
OBn

29

¢ ref 37

OH o oH OHon o 9PHon OH
o o o o} 0 HO
OH
HO&/O&O&/O&O&/O\Z;?\
OH NHAC OH NHAC OH OH
31

Scheme 4 Synthesis of lacto-N-neohexaose.
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Scheme 5 Synthesis of lacto-N-neooctaose.
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Branched HMOs containing lactosamine as well as isolactosamine building blocks could also be
easily synthesized. Again, the regioselective B-(1-3) glycosylation with NDMM-protected glycosyl
donors even with triol 35 led to tetrasaccharide donor 37, which upon reaction with acceptor 38, pre-
pared from 36, led to the octasaccharide 39, Scheme 6 [38].
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Scheme 6 Synthesis of a branched octasaccharide.

Finally, the general ease of purification after DMM deprotection was an advantage of this ap-
proach that permitted separation of target HMOs in rather high yields.

HMOs were also accessible via a solid-phase synthesis (SPS). Thus, a precursor (41), prepared
from benzylic-type linker (40), as latent acceptor after suitable deprotection, was coupled with donor
23 to give 42, which can be transformed into the anomeric free-branched saccharide lacto-N-neo-
hexaose 43, Scheme 7. The SPS of HMOs has been proposed to be of industrial importance as a lead
for these important oligosaccharides to modify the defensive properties of formula milk [39].
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