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Foreword

Since both fields’ inception, carbohydrate chemistry and glycobiology have
enjoyed deep reciprocity, the biological activities of carbohydrates are critical for
human health and have been harnessed in medicine for more than a century.
Glycosylated natural products continue to play a central role as therapeutics for
cancer and infectious disease, and microbial polysaccharides comprise some of the
most effective vaccines and adjuvants. At the same time, carbohydrates offer an
abundant natural source of highly functionalized, chiral starting materials that can
be elaborated in the preparation of other bioactive materials. Thus, synthetic
chemists have devoted effort to wielding sugar starting materials by selective
transformations that retain their valued components. At the same time, the ability to
chemically modify sugars has opened doors to structure–activity relationship
studies of their biological modes of action. Work in recent decades has brought
forth the ability to construct complex oligosaccharides and to conjugate them to
carrier scaffolds, emulating glycoproteins and glycolipids found in nature. These
methods have enabled construction of glycosylated biomolecules and their
mimetics, reagents that have formed the crux of fundamental studies of biological
mechanism and that are in development as therapeutic and diagnostic agents.

As underscored by the chapters in this book, chemical manipulation of
glycosides has advanced in parallel with, while also being accelerated by, newly
developed bioconjugation methods, such as next-generation thiol modifications and
bioorthogonal click chemistries. Having advanced over the last two decades, these
new transformations enable conjugation of highly functionalized molecules in
aqueous environments and without need for protecting groups. Bioorthogonal click
chemistries in particular have been a boon for carbohydrate chemists, as they are
perfectly suited for conjugating sugars to peptides and other carriers and can also be
deployed for in vivo transformation of glycoside prodrugs to active species.

These and other exciting developments are captured in the following pages, with
topics as diverse as use of sugars as chiral auxiliaries, glycoconjugate synthesis and
analysis, and vaccine optimization. We start with an overview by Brimble et al. of
N-linked glycopeptide assembly using combinations of chemical and enzymatic
methods. Inherent in such efforts is the deployment of methods for coupling sugar
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building blocks via glycosidic linkages. One such method is presented in the
chapter by Lim and Fairbanks, the use of DMC derivatives to activate the anomeric
center for coupling reactions in water. In the contribution from Miura et al., we
learn how synthetic carbohydrates reflecting minimal functional units of gly-
cosaminoglycans can be assembled into multivalent glycopolymers that emulate the
biological properties of their natural congeners. And synthetic carbohydrates can
also be designed to inhibit carbohydrate processing enzymes, as reflected in Valeti
and Sucheck’s chapter on design of transition state analogs that block a
Mycobacterium tuberculosis enzyme involved in cell wall biosynthesis.

Two contributions from Witczak and coworkers inform how chemoselective
reactions can be harnessed for carbohydrate conjugation and library synthesis, one
focusing on thiol exchange reactions and another on azide–alkyne cycloaddition—
the canonical click chemistry. Rubio-Ruiz et al. report on another use of
bioorthogonal chemistry—as a mechanism to unmask anticancer glycoside pro-
drugs in vivo. Dias et al. summarized their work synthesizing glycosyl flavonoids,
both natural and unnatural, as treatments for neurodegenerative disease. We also
learn from Daskhan and coworkers that simple sugars can be manipulated by
skeletal rearrangements to form new scaffolds for natural products synthesis and for
non-natural molecules such as carbon-linked or “C-” disaccharides as well as
structures with expanded ring systems. Beyond the goal of making bioactive sugar
analogs, Patel and Andreana show that sugars, by virtue of their inherent chirality,
can serve as auxiliaries for chiral induction during conversion of isocyanides to
amino acids.

The impact that creative coupling-and-decoupling reactions can have in
biomedical glycoscience is beautifully illustrated by four chapters in this collection.
Three of these pertain glycoconjugate interactions with the immune system. Glaffig
and Kunz summarize approaches to assembly of vaccine conjugates based on
cancer-associated mucin glycopeptide structures. These synthetic materials hold
promise as tumor vaccine components. Schoker et al. show how synthetic
alpha-Gal-bearing conjugates can be used to map immunodominant epitopes from
trypanosome cell surface structures, which has important implications for vaccine
development. And Hayman et al. summarized their work conjugating innate
immune cell-activating lipid antigens to glycopeptide vaccines in order to boost
their efficacy.

Finally, while chemical modifications of carbohydrates and their conjugates
populate most of these chapters, it should not be overlooked that knowing the most
important structures to make is a critical prerequisite. Thus, methods for elucidating
the structures of naturally occurring glycoconjugates are of paramount importance.
The chapter by Gray and Flitsch summarizes how modern mass spectrometry and
NMR methods combined with enzymatic digestions and lectin binding studies can
provide high-resolution structure information that then informs one’s choice of
synthetic targets.
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Collectively, the chapters in this book provide a broad view of the exciting and
interdependent fields of carbohydrate chemistry and glycobiology, one that will
appeal both to expert practitioners as well as those who are new to the area. Enjoy
the read!

Carolyn Bertozzi
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Preface

Connecting molecular units exhibiting specific physical, chemical, or biological
properties is a pivotal area of chemical synthesis. For many years, only organic
units were considered worthy of this noble chemistry. Not anymore. Constructs
containing inorganic or biological units are more and more common. The number
of papers on coupling various moieties has been growing rapidly for dozens of
years. The introduction of click chemistry was a game changer. Today, besides the
original click process—the Huisgen reaction forming cyclic triazole—we have
several other good coupling reactions such as the addition of thiols to various
olefins, acetylenes, and isocyanates, Diels-Alder click reactions, and the newest one
sulfur(VI) fluoride exchange (SuFex) [1].

While we may consider our accomplishments in the area to be wonderful, we
must humbly admit that nature performs coupling better than we do and that there is
a tremendous room for improving the existing chemistries. Furthermore, there is an
acute need for more and better decoupling methods.

The list of methods applicable to connecting molecular units is much longer than
the list of disconnecting methods. This was one of the reasons that prompted us to
look at possible coupling strategies applicable to situations when decoupling will be
necessary later on. We published in 2013 a relevant review article “Strategies for
Coupling Molecular Units if Subsequent Decoupling is Required” [2]. In the article,
we argued that there was no reason not to employ click chemistry to connect units
whenever possible even when disconnection is in the cards. We just must design
our coupling strategy wisely. We proposed the use of sacrificial units. The concept
was called CAD (coupling and decoupling). It is worth noting that carbohydrates
and their derivatives have become one of the most often used molecular units
employed in the CAD processes.

Recently, Blanco, Santoyo-Gonzales et al. [3] stated in a paper published in
Advanced Synthesis and Catalysis:

The concept of “coupling-and-decoupling” (CAD) chemistry has been recently introduced
by Bielski and Witczak as a strategy that aims at both the binding and subsequent
disconnection of the target molecules, a desirable feature targeted release, the decoupling
of a molecule from a solid support or a surface of interest after performing chemical
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trans-formations on it (e.g., solid phase synthesis), the modification of the surface of a
material or the quantification of the amount of compound bound to the surface or solid
support.

The interest in the topic prompted us to organize a symposium during the 2015
Pacifichem in Honolulu in December 2015. We hoped it would cover most
important aspects of the CAD strategy. The title of the symposium was “Strategies
for Coupling and Decoupling Diverse Molecular Units in the Glycosciences”. It
attracted several prominent speakers, had a relatively large attendance and was met
with a lot of interest. The symposium led to the present book. Some of the chapters
in this book are based on the presentations delivered at the symposium. Other
contributions are also from the leading experts in the field of carbohydrate chem-
istry. Some of the chapters are literature reviews, and some describe recent
experiments performed in the authors’ laboratories. We believe that all articles are
of very high standard and offer a novel perspective on the discussed and highly
important subjects.

Since the symposium, a few wonderful papers in the area of CAD have been
published. One paper by Santoyo-Gonzales et al. has been already mentioned. The
authors report an exceptionally effective methodology for CAD employing vinyl
sulfonates. The method is simple and yields are excellent. Another spectacular
paper was published by Anslyn and coworkers [4] who developed a simple
Meldrum’s acid-based reactant. It can be easily coupled to amine and thiol. What is
remarkable both reactants (primary amine and thiol) can be decoupled and recov-
ered unchanged. The authors use the words click and declick to describe the pro-
cess. Additionally, it is worth mentioning two relevant reviews that were published
after our symposium [5–6].

The book chapters have been written by authors coming both from the industry
and academia, representing very different educational, scientific and ethnic back-
grounds and perspectives. While this is probably an asset of the book, it makes
creating a logically satisfying table of content a very difficult task. We apologize for
this but the sequence of chapters in the book is unavoidably rather accidental.

With a growing complexity of material science and biomedical disciplines, one
can expect a dramatic increase in forming and disconnecting molecular units.
Moreover, it is almost impossible to find undiscovered phenomena or applications in
the main areas of various disciplines. Thus, researchers will more and more look for
fertile research objects in the phenomena taking place at very exotic conditions or
when two or more units (that may or may not be compatible) are connected.
Furthermore, it can be expected that many novel drugs will consist of two or more
components. Note that often a mixture of drugs (HIV, certain cancer therapies) is
significantly more effective than a single API (active pharmaceutical ingredient). All
these aspects require effective methods of coupling and decoupling molecular units.

We hope that the book you keep in your hands (or watch at the screen of your
computer) is what you expected and that it fills an important void. In conclusion, we
believe that the present book offers a thoughtful perspective on the important area
of research and will steer new ideas and solutions.
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Synthesis of N-Linked Glycopeptides
Using Convergent Enzymatic
Glycosylation Combined with SPPS

Renata Kowalczyk, Harveen Kaur, Antony J. Fairbanks
and Margaret A. Brimble

Abstract Glycosylation of peptides and proteins has emerged as a promising
strategy to improve the pharmacokinetic profile of peptide- and protein-based ther-
apeutics. The synthesis of pure homogeneous N-linked glycopeptides and glyco-
proteins is a challenging task, and efficient routes to access them are in high demand.
Endo-b-N-acetylglucosaminidise catalysed glycosylation of N-acetylglucosamine-
tagged peptides, using activated oligosaccharide oxazolines as donors, has recently
attracted attention due to the relative simplicity by which the process convergently
affords glycoconjugates with complete control of stereo- and regioselectivity. Herein,
a brief review of some examples of recent enzyme-mediated N-glycosylation used to
synthesise glycopeptides with therapetic potential is provided.

1 Introduction

Protein glycosylation is the most complex and diverse form of post-translational
modification leading to the formation of N-, O-, S- and C-glycosides, phospho-
glycans and glypiated proteins (proteins that are covalently bonded to a glyco-
sylphosphatidylinositol via their C-terminus) [1]. The most common glycan-protein
linkages found in nature are formed using either the side chain amide nitrogen of
asparagine (Asn) residues or the side chain of serine (Ser) and threonine
(Thr) residues to afford N-linked or O-linked glycoproteins, respectively [2].
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Examples of C-mannosylation via the indole C-2 carbon atom of tryptophan
(Trp) and S-glycosylation using the thiol of cysteine (Cys) are rare and have also
been described in the literature (Fig. 1) [3].

Glycosylation plays an important role in various biological processes including
cell development [4], inflammation [5], cell–cell signalling, adhesion and immune
responses [6]. The presence of sugar moieties affects glycoprotein tertiary struc-
tures [7, 8], facilitates folding [9] and improves proteolytic stability [9]. Altered
glycosylation patterns affect the circulatory lifetime of glycoproteins [10] and are
associated with numerous diseases including some cases of congenital disorders

Fig. 1 Selected examples of N-, O-, C- and S-glycan-peptide linkages found in nature
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[11, 12], leukocyte adhesion deficiency II [1], the aetiology of diabetes [13] and
neurodegeneration [14, 15], cancer [16, 17] and Alzheimer’s disease [18, 19].

Glycosylation of peptides and proteins with the intention of improving the
pharmacokinetic profile of protein-based drugs has resulted in rapid expansion of
the therapeutic peptide and protein market [20–26]. Increased proteolytic stability
has been achieved by glycosylation of glucagon-like peptide-1 (GLP-1) [22],
insulin [27], exendin-4 [28] and interferon-b [29]. The composition of
protein-bound glycans can modulate the efficacy of protein therapeutics, for
example, it has been demonstrated on numerous occasions that multiply sialylated
versions of erythropoietin (EPO) [30] possess longer plasma half-lifes as compared
to their asialylated counterparts [10].

Robust and general strategies to prepare glycopeptides and glycoproteins in pure
forms are highly sought after and have been investigated by many research groups
[31–42]. N-Linked glycoproteins are prevalent and their glycans encompass diverse
structures. They have gained significant scientific attention, not least due to their
potential as therapeutic agents and thus are the main focus of this mini-review
which describes the use of enzymatic glycosylation to access N-linked glycopep-
tides [24, 43].

2 Synthesis of Glycopeptides in Nature

The biosynthetic pathways of glycopeptide and glycoprotein synthesis in mammals
are complex [2]. Briefly, the initial stage involves scavenging a simple
monosaccharide unit, mostly glucose (Glc) but also galactose (Gal), mannose
(Man) and glucosamine (GlcN) from the bloodstream by cells throughout the body
using protein transporters (sodium-dependent co-transporters, SGLT and sodium
independent facilitative transporters, GLUT) located in the plasma membrane of
various tissues [2]. This is followed by intracellular de novo synthesis of additional
sugar-based building blocks including fucose (Fuc), N-acetyl neuraminic acid (Neu,
sialic acid) and N-acetylgalactosamine (GalNAc) by chemical processes including
epimerisation, condensation and acetylation [2]. Subsequent phosphorylation of
the monosaccharide units and pairing with corresponding nucleotides takes place in
the cytosol to afford energy-rich nucleotide sugars required for further glycan
synthesis [2]. Organelle-specific transporter proteins traffic nucleotide sugars from
the cytosol into the endoplasmic reticulum (ER) and Golgi lumens where assembly
of glycans of particular structures takes place. This complex process is mediated via
the action of numerous transmembrane glycosyltransferases and glycosidases, the
precise mechanisms of which are not yet fully understood [2, 24].

N-Linked glycosylation starts in ER where a dolichol phosphate oligosaccharide
[Glc3Man9(GlcNAc)2] is formed and then transferred en block onto an Asn residue
on a nascently translated protein via the action of oligosaccharyltransferase (OST)
[2]. The glycosylated asparagine residue is invariable within the conserved
Asn-X-Thr/Ser peptide sequence (where X is any amino acid residue except

Synthesis of N-Linked Glycopeptides Using Convergent … 3



proline) of the unfolded protein. The oligosaccharide is then processed by the
enzymes glucosidase I and II, affording a truncated GlcMan9(GlcNAc)2 glyco-
protein interacting with calnexin and calreticulin and participating in the primary
‘quality control’ system distinguishing native from non-native protein conforma-
tions [44]. Subsequent removal of the Glc unit by glucosidase II releases
Man9(GlcNAc)2-tagged glycoprotein from the chaperone, which if correctly folded
can leave the ER. In case the protein exhibits non-native conformation, association
with calnexin and calreticulin is renewed (via GlcMan9(GlcNAc)2 unit containing
reattached Glc residue) and ‘quality control’ process is repeated until proper protein
conformation is achieved. Glycoproteins permanently misfolded are eliminated
from ER for degradation [44].

Removal of a terminal a(1-2)-linked mannose unit from either of the two arms of
Man9(GlcNAc)2 subsequently takes place and is mediated by mannosidase I or II
affording a Man8(GlcNAc)2-bound protein that is then transported to the cis-Golgi
apparatus for further processing. Within the Golgi lumen, the common intermediate
Man5(GlcNAc)2 is formed by the action of mannosidase IA and IB to remove
a(1-2)-linked mannoses. Man5(GlcNAc)2 is then used to assemble, complex and
hybrid subclasses of N-glycosides [2]. The partially processed glycans which were
not trimmed to Man5(GlcNAc)2, or those which escape remodelling process from
Man5(GlcNAc)2 to complex and hybrid N-glycoproteins, fall into high-mannose
subclass of N-linked glycoproteins of the type Man(5–9)GlcNAc2 (Fig. 2) [45].

O-Linked glycosylation occurs in the Golgi apparatus and starts with the
attachment of a monosaccharide unit (most often GalNAc) to a Ser or Thr residue
present within the sequence of an already folded protein [2]. The subsequent
formation of more complex oligosaccharides structures from the Ser/Thr(GalNAc)
(Tn-antigen) core is then achieved via the sequential action of a variety of glyco-
syltransferases [2].

Protein glycosylation, unlike pure protein and oligonucleotide synthesis, is not
template mediated and so depends on the activity and concentration of sugar
substrates, the structural and conformational properties of glycosylation sites and
the differential activities of numerous enzymes [41]. This means that glycoproteins
are invariably produced as heterogeneous mixtures, termed glycoforms, where
proteins possessing the same peptide chain vary in glycan structure [42, 47] and
which may also vary in site occupancy. Access to well-defined homogeneous
glycoproteins for subsequent structural and functional studies is, therefore, a
challenging task.

Literature methods to prepare homogeneous glycopeptides and glycoproteins
include the use of recombinant technology, fully synthetic techniques using
chemical methods, enzymatic approaches and combinations of all the above. Each
of these methodologies has its own advantages and limitations, and in depth dis-
cussion and progress to date has been summarised by a number of recent reviews
[32, 33, 35, 36, 41, 42]. Our own endeavours towards the synthesis of glycosylated
peptides and proteins with natural and non-natural glycan-peptide linkages began in
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2008 and were mainly focused on using fully synthetic techniques [48–56]. Our
current interest is now directed at combining synthetic techniques with chemoen-
zymatic methods to achieve the convergent synthesis of complex glycopeptides,
[57, 58] and this is the primary focus of the current report. A comprehensive review
on the topic, comprising elegant examples of chemoenzymatic approaches by other
research groups, has been recently published by Wang and Amin [33].

Fig. 2 High-mannose, complex and hybrid subclasses of N-glycosides containing the core
Man3(GlcNAc)2 pentasaccharide [46]

Synthesis of N-Linked Glycopeptides Using Convergent … 5



3 Recombinant Approach to Access Glycopeptides
and Glycoproteins

Recombinant methods using either fungal, plant or insect-based systems to produce
N-glycoproteins seem promising but suffer from the limitation that heterogeneous
products are invariably obtained, as well as the differences in glycosylation patterns
between species, and batch-to-batch variability [24]. Expression systems based on
bacteria are restricted to the synthesis of non-glycosylated proteins only (insulin, for
example) owing to their inability to glycosylate due to the absence of glycosylation
machinery [24]. Up to this point in time mammalian cell lines, for example,
typically from Chinese hamster ovary (CHO), have been extensively used for the
production of therapeutic glycoproteins due to their potential to produce certain
human-like glycosylation patterns [24]. Other mammalian systems used for the
synthesis of N-glycoproteins include baby hamster kidney (BHK-21) and murine
myeloma (NS0 and Sp2/0) cells. Their use, however, is limited; BHK cell lines,
similarly to CHO cells are not able to produce a(2,6)–linked terminal sialic acids
present in human glycans, and immunogenity concerns are associated with the use
of murine myeloma cells [24]. Nevertheless, recombinant methods using mam-
malian cell lines are routinely used to produce marketed therapeutic monoclonal
antibodies [59]. Adalimumab (Humira®), the worlds best selling drug in 2015 [60]
used for the treatment of rheumatoid arthritis [61], is expressed in CHO cell lines;
Golimumab (Simponi®), used as an immunosuppressant [62], is expressed in
Sp2/0 cells [59].

Human cell lines derived from embryonic kidney (HEK293), embryonic reti-
noblasts (PER.C6) or hybrid HKB11 cell lines composed of embryonic kidney cells
(293S) and modified Burkitt’s lymphoma cells (2B8) are attractive but expensive
alternatives to CHO cells [63]. Significant scientific focus has therefore been
directed into engineering effective and more straightforward yeast-based systems
[64, 65]. It was found that ‘humanized’ Pichia pastoris-derived cell lines can be
used to express homogeneous human N-linked glycoproteins bearing truncated
complex [(GlcNAc)2Man3(GlcNAc)2] units [65] and full-length complex sialy-
lated glycans [64]. These studies have opened up further possibilities to access
therapeutic glycoproteins via recombinant techniques using alternative
yeast-derived expression systems [64, 65]. However, complete control of glyco-
sylation, i.e. in order to obtain strictly homogeneous glycoproteins via recombinant
methods is still challenging [66].

6 R. Kowalczyk et al.



4 The Use of Chemical Synthesis to Access Homogeneous
Glycopeptides and Glycoproteins

The use of synthetic techniques to counter challenges faced in the preparation of
homogeneous glycopeptides and glycoproteins is under investigation by several
research laboratories worldwide [37–40, 56, 67–71]. Solid phase peptide synthesis
technique (SPPS) is the method of choice for the preparation of glycopeptides [32].
Despite the extensive development that SPPS has undergone [72] since its first
discovery [73], it is still limited to the preparation of up to 30- to 50-residue long
glycopeptides that carry relatively small oligosaccharide units. However, the
combination of SPPS and ligation techniques, particularly native chemical ligation
(NCL) [74] or expressed protein ligation (EPL) [75], has enabled synthetic access
to more complex structures including large glycoproteins [35, 36]. The synthesis of
40- and 80 amino acid MUC1 glycoproteins bearing eight GalNAc units at cor-
responding Thr11 and Thr19 of tandem repeats was accomplished using a com-
bination of 9-fluorenylmethoxycarbonyl (Fmoc) SPPS and a serine/threonine
ligation technique [76–78]. The first total synthesis of glycocin F, an antimicrobial
43 amino acid glycopeptide with two bGlcNAc moieties at Ser18 and Cys43 was
successfully undertaken by Brimble et al. [56]. The synthetic protocol involved
initial Fmoc SPPS of three glycocin F fragments incorporating O- and S-linked
GlcNAc unit using either Fmoc-Ser[GlcNAc(OAc)3] or Fmoc-Cys[GlcNAc(OAc)3]
building blocks, respectively, accessed via total synthesis. Native chemical ligation
[74] was then used to join these fragments which was followed by oxidative folding
to effect the desired C-amidated glycocin F [56]. Many other examples of the
synthesis of larger N-glycoproteins using ligation techniques have been reported in
the literature [35, 36]. Notable examples include the synthesis of 166 amino acid
interferon-b-1a [79], the 72 amino acid glycosylated analogue of interleukin-8
which was used in folding studies [80], the hydrophobic glycoprotein saposin C
(80 amino acids) [81], and the 124 amino acid bovine ribonuclease (RNAse) C
accessed via semisynthetic methods (EPL and NCL) [82] or total synthesis and
NCL [83].

In general two approaches may be used to generate a linkage between an
oligosaccharide and a peptide chain. The so-called ‘linear approach’ involves initial
preparation of a glycosylated amino acid building block, which is then incorporated
into a growing resin-bound peptide chain that is then typically extended using
SPPS [32, 38, 84]. A major limitation of this technique is the significant effort
required to prepare suitably protected carbohydrate-bearing building blocks in
sufficient quantities for the subsequent coupling steps. Furthermore, the attachment
of complex protected oligosaccharides to amino acid residues generates significant
steric hindrance, which may diminish the effectiveness of the peptide coupling steps
during SPPS, leading to by-product formation. Therefore, only short- to
medium-sized glycopeptides, carrying relatively small (and typically O-linked)
oligosaccharide units, can be accessed via the linear approach [33, 38, 42].
Nonetheless, this linear approach has been employed for the synthesis of
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antitumour vaccine candidates based on mucin glycopeptide antigens [68, 85, 86],
and for the synthesis of mannosylated peptides as components for synthetic vac-
cines [48]. Other literature examples that have adopted the linear strategy include
the synthesis of fluorescent glycopeptides as biological probes [87, 88], and the
synthesis of analogues of antifreeze glycoproteins [53] in addition to others
reviewed elsewhere [84]. Kajihara et al. have employed the linear strategy to
synthesise N-linked glycopeptides including a 79–85 fragment of EPO (ALLVNSS)
bearing a complex biantennary sialyloligosaccharide [89], an EPO (85–95) frag-
ment with two different glycans (asialo- and sialyloligosaccharides) attached [90],
ligation partners for subsequent NCL to construct the full-length EPO mutants
bearing one, two or three biantennary sialyloligosaccharides [91, 92] and a 38
amino acid cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) fragment 113–
150 with two complex-type undecadisialyloligosaccharides [93]. The glycopeptide
thioesters bearing N-linked biantennary complex-type nonasaccharide unit required
for subsequent ligation (EPL and NCL) to afford RNAse C were synthesised using
the linear strategy by the group of Unverzagt [82, 83].

An alternative and convergent strategy involves the initial synthesis of a peptide
chain followed by the direct attachment of a carbohydrate unit either on-resin or
in-solution [32, 38, 40]. This technique is widely applicable for the preparation of
N-linked glycopeptides where glycosylamines are attached to a pre-assembled
peptide via the side chain carboxylic acid of embedded aspartic acid (Asp) residues
using the Lansbury aspartylation [94, 95]. A notable example that employed this
convergent strategy to access an N-linked glycoprotein was reported by
Danishefsky et al. [69, 96, 97]. It involved the total synthesis of the 166 amino acid
fully glycosylated homogeneous erythropoietin, containing N-linked branched
dodecasaccharides at Asn24, Asn38 and Asn83, and an O-linked glycan at Ser126
[69, 96, 97]. A combination of Fmoc SPPS, NCL [74], O-mercaptoaryl ester
rearrangement [96] and metal-free desulfurisation [98] was used to deliver the
synthetic target. The highly complex N-linked oligosaccharides were prepared by
total synthesis and introduced using a convergent selective amidation of the cor-
responding aspartic acid residue using a ‘one flask’ aspartylation approach [94, 95,
99, 100]. Further examples of the synthesis of glycopeptides have also been
reported [32, 33, 36, 38, 42].

5 Enzymatic Approach to Access Homogeneous
Glycopeptides and Glycoproteins

Enzymatic approaches to the glycosylation of peptides and proteins are increasing
in popularity due to their simplicity, and excellent stereo- and regiochemical con-
trol [101]. This technique may employ a variety of enzymes including glycosi-
dases, glycosyltransferases and glycosynthases to generate desired oligosaccharide
structures and sugar-peptide linkages [101]. Glycosidases are responsible for
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glycosidic bond hydrolysis and catalyse the breakdown of either terminal sugar
units, from their non-reducing end, or internal glycosidic bonds (exo- and
endo-glycosidases, respectively) [101]. Glycosyltransferases catalyse the forma-
tion of specific glycosidic linkages by transferring monosaccharide units from
glycosyl donor substrates to corresponding acceptors [101]. Mutant glycosidases
(commonly referred to known as glycosynthases) [102–104] may be used for
glycopeptide and glycan synthesis. Glycosynthases have the ability to transfer
activated oligosaccharides onto acceptors, and unlike glycosidases, possess little or
no hydrolytic activity [101].

Endoglycosidases acting on glycan chains of glycoproteins can be further
divided into two classes, those which hydrolyse the core region of N-linked
oligosaccharides embedded within the glycoprotein chain, and those which
recognise O-linkages between the sugar and the protein [105]; endo-b-N-acet-
ylglucosaminidase (Endo-b-GlcNAc-ase, ENGase, endohexosaminidase) and
endo-b-N-acetylgalactosaminidase are representative examples from each class of
endoglycosidase, respectively [105]. To date, sequence analysis of the most syn-
thetically useful ENGase enzymes employed for the synthesis of glycoproteins has
lead to their classification in the carbohydrate-active enzymes (CAZy) database
[106], as either members of family 18 or family 85 of the glycoside hydrolases
(GH18 or GH85) [107]. The family GH18 enzymes are mostly derived from
bacteria and fungi, while GH85 enzymes can be found in organisms ranging from
bacteria to mammals [107].

In addition to their hydrolytic activity, endoglycosidases can also effectively
transfer oligosaccharides onto corresponding hydroxyl-containing substrates by
transglycosylation, or glycosylation. This dual capability makes endoglycosidases,
especially the ENGases, valuable tools for the convergent synthesis of oligosac-
charides and glycoconjugates [105, 108].

6 Wild-Type Enzymes and Peptide and Protein
Glycosylation

A number of Endo-b-GlcNAc-ases have attracted scientific attention [107] due to
their synthetic potential, and examples from family GH85 include Endo M (from
Mucor hiemalis) [109–120], Endo A (from Arthrobacter protophormiae) [117,
121–128], Endo D (from Streptococcus pneumoniae) [129, 130], Endo OM (from
Ogataea minuta) [107] and Endo-BH (from Bacillus halodurans) [131]. Selected
examples of ENGases from family GH18 are Endo H (from Streptomyces griseus)
[132], Endo S (from Streptococcus pyogenes) [133, 134] and Endo F1, F2 and F3
(from Flavobacterium meningosepticum) [135–137]. All ENGases cleave the N,N
′-diacetylchitobiose unit [GlcNAcb(1-4)GlcNAc], a common motif present within
Asn-linked high-mannose, complex and hybrid N-glycans [105]. Enzyme
hydrolysis is substrate specific; Endo H, Endo F1 and Endo A only act on
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high-mannose and hybrid N-glycans, while Endo F3 also recognises bi- and
tri-antennary complex glycans [43].

The synthetic ability of ENGases can, therefore, be used for the preparation of
homogeneous glycoproteins in an enzyme-mediated glycoprotein remodelling
approach (Scheme 1a) [33, 34, 43, 105, 138]. This approach involves initial
enzyme-mediated hydrolysis of the b(1–4) bond of [GlcNAcb(1-4)GlcNAc] unit,
affording a GlcNAc-tagged protein. Subsequent reattachment of another glycan to
this GlcNAc acceptor using the transglycosylation activity of an ENGase then gives
a glycoprotein with a desired glycan structure [43, 105].

The protein remodelling approach can be extended to the convergent, chemoen-
zymatic synthesis of glycopeptides. Herein, the synthesis of a peptide chain incor-
porating a GlcNAc moiety as a sugar acceptor is performed first, and is then followed
by enzymatic attachment of N-glycans using ENGases (Scheme 1b) [43]. However,
the relatively low yields of products obtained during the process and hydrolytic
activity of endoglycosidases often diminish their synthetic potential [43, 139].

7 Strategies to Improve Enzymatic Glycosylation

Approaches to effect improvements in ENGase catalysed glycosylation processes
include the use of N-glycan oxazolines as activated sugar donors in combination
with mutant variants of ENGases with altered activity towards product hydrolysis
[43, 140–150].

The successful use of an oxazoline-activated disaccharide was first reported in
2001 by Shoda et al. [151]. The Manb(1-4)GlcNAc-oxazoline (1) was successfully
used as a glycosyl donor in an Endo M [109]- and Endo A [121]-mediated
glycosylation reaction using GlcNAcOpNP (2) as the acceptor, affording the

(a)

(b)

Scheme 1 a Glycoprotein remodelling approach and b convergent chemoenzymatic synthesis of
glycopeptides using ENGases [43]
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corresponding trisaccharide 3 (Scheme 2) [151]. The activity of oxazolines as
donors for glycosylation processes catalysed by ENGases is related to the structural
and functional similarities they share with oxazolinium ions, which are high energy
intermediates in the enzymatic hydrolysis [151].

The use of sugar oxazolines as activated sugar donors in ENGase catalysed
glycosylation has attracted the attention of many research laboratories worldwide
[130, 133, 139–143, 152–165]. The power of ENGase mediated glycosylation
using sugar oxazolines was recently demonstrated by Fairbanks et al. [166] who
reported the first synthesis of phosphorylated glycoprotein bearing phosphorylated
pentasaccharide unit attached via native N-linkage using the protein remodelling
approach. The tetrasaccharide oxazoline in which two terminal mannose residues
contained phosphate at the 6 position was accessed via chemical synthesis and
attached to GlcNAc-tagged RNase B using Endo A [117, 121–128] glycosylation
activity [166].

The extensive research on the utility of saccharide oxazolines for ENGase
facilitated glycosylation of peptides and proteins [130, 133, 139–143, 152–165]
revealed, however, that only smaller natural sugar oxazolines (di- and
tri-saccharides) proved to be effective in glycosylation reactions using wild-type
enzymes [139]. When larger, natural N-oligosaccharide oxazolines were used,
significant reductions in glycosylation yields were observed due to competitive
hydrolysis [139].

One potential solution to this problem might be the use of structurally modified
sugar oxazolines. In principle, these highly activated glycan donors should be

Scheme 2 Oxazoline use for
ENGase mediated
glycosylation by Shoda et al.
[43, 151]
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readily processed by ENGases to afford glycosylation products that may not be
substrates for hydrolytically active enzymes due to structural changes [140, 142].

Fairbanks et al. [140] showed that chemically synthesised di-, tri-, tetra- and
hexasaccharide-oxazolines derived from the core sections of N-linked
high-mannose glycans, containing a glucose moiety in place of a central mannose
unit [Manb(1-4)GlcNAc to Glcb(1-4)GlcNAc] were substrates for Endo M [109]
and Endo A [121], but not Endo H [132], and could be used to effect irreversible
glycosylation. However, this approach only produces non-natural glycan structures,
which may be considered a limiting factor.

Another strategy to curtail undesired product hydrolysis, and hence improve the
yield of the glycosylation step, involves using mutant enzymes [43, 139].
Site-directed mutagenesis of wild-type enzymes is used to generate the requisite
mutants [43, 139]. The idea originated from the use of glycosynthases [102–104]
used for oligosaccharide synthesis, and was further developed to afford mutated
versions of various ENGases, including Endo A [153, 167], Endo M [161, 168],
Endo D [169] and Endo S [170, 171]. These mutated enzymes allowed the
synthesis of glycoproteins [160, 161, 164] containing natural N-linked oligosac-
charides. An important example is the commercially available N175Q mutant of
Endo M, derived from family GH85 developed in the laboratories of Wang and
Yamamoto [168]. Exchanging Asn175 for Gln in Endo M proved superior; the
mutant exhibited greater glycosylation activity with significantly reduced hydrolytic
activity as compared to wild-type Endo M and other mutants investigated [168].
Endo M N175Q became a valuable tool that may be used to access homogeneous
N-liked glycopeptides and glycoproteins carrying natural high-mannose- and
biantennary complex-type oligostructures [168].

The enzymatic remodelling of immunoglobulin G (IgG) [133, 170] using Endo
S [133, 134] further expanded the synthetic potential of ENGases to access
homogeneous antibodies (Abs) bearing well-defined sugar structures. Monoclonal
antibodies (mAbs) are an important class of N-linked glycoprotein therapeutic
which are produced using recombinant techniques as a mixture of multiple gly-
coforms of variable abundance and complexity depending on the expression system
and cell line used [172]. The glycosylation pattern in the Fc region of mAbs is
especially important and affects antibodies functions on immune cells via interac-
tion with FccR receptors [24]. The presence of biantennary N-linked oligosac-
charide units with two terminal a2,6-linked sialic acids at the two Asn297 Fc
glycosylation sites enhances the activity of immunoglobulin G against cancer and
infectious and inflammatory diseases [173]. Straightforward access to pure gly-
coforms of mAbs is, therefore, the key to modulate their clinical effects and develop
improved antibody-based therapeutics. Wong et al. [173] recently reported the
synthesis of homogeneous Rituximab IgG1 (used for the treatment of rheumatoid
arthritis and cancer) [174] using an enzymatic remodelling approach where the
initial formation of a mono-GlcNAc-tagged antibody, achieved using Endo S [133,
134] and a fucosidase from Bacteroides fragilis, was followed by ligation of the
well-defined synthetic glycan oxazolines using an Endo S D233Q mutant [170].
The synthetic utility of an enzymatic approach using mutated enzymes has been
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also demonstrated by Davis et al. [171], who recently reported the synthesis of a
homogeneous form of sialylated mAb Herceptin (Trastuzumab) [175], using a the
same Endo S D233Q [170] and optimised reaction conditions (enzyme loading and
oxazoline concentration). In addition to well-defined natural glycans, modified
sugar oxazolines with handles or tags (such as azides or alkynes) incorporated via
amidation of non-reducing terminal sialic acids of a decasaccharide unit were also
incorporated onto GlcNAc-tagged Herceptin using the optimised protocol [171].

To broaden the scope and potential applications of enzymatic glycosylation,
studies on the use of structurally modified GlcNAc or alternative sugar acceptors for
ENGase mediated glycosylation have been undertaken [115, 120, 125, 135, 176,
177]. Fairbanks et al. [177] have recently reported the tolerance of various
ENGases to transfer N-glycan oxazolines 4 and 5 to a structurally altered Asn
(GlcNAc) acceptor in which the hydroxyl group of the glycan unit was protected
with a benzyl ether at C-3 (6), C-4 (7) or C-6 (8) (Fig. 3). The OH-3 fucosylated
Asn(GlcNAc) acceptor (9) was also tested but none of the enzymes studied (WT
Endo M, N175Q Endo M, Endo A, Endo D) were able to effect this glycosylation
[177]. The study revealed subtle structural preferences of each enzyme towards
sugar acceptors, a factor which needs to be taken into consideration when choosing
reaction partners [177].

8 Access to N-Linked Oligosaccharides

Despite the availability of various synthetic techniques, the synthesis of glycopep-
tides is still challenging [37, 38, 40, 67–71]. This is mainly due to the limited access
to the oligosaccharide components that are generally obtained via multistep syn-
theses in specialised laboratories [35]. To date, although remarkable progress in
carbohydrate synthesis has been made, reliable and general routes to prepare com-
plex oligosaccharides are still needed [178]. Nevertheless, total synthesis gives
access to a wide range of sugar constructs, either with natural or non-natural linkages.

A recent report by Shoda et al. [179] revealed a new and very convenient
method to access GlcNAc-terminating oligosaccharide oxazolines. These oxazoli-
nes can be prepared from the corresponding 2-acetamido-2-deoxy reducing sugars
(10) in water by activation using 2-chloro-1,3-dimethylimidazolinium chloride
(DMC) as the dehydrating reagent to afford corresponding activated sugar donors
(11) (Scheme 3) [179].

Although labour-intensive, approaches to access full-length N-oligosaccharides
have been developed [43]. A general retrosynthetic overview for the synthesis of
tetrasaccharide N-oxazolines is shown in Scheme 4 [43]. Due to the susceptibility
of glycosyl oxazolines to acid and/or hydrogenation conditions, oxazoline forma-
tion must take place before the final base-catalysed removal of protecting groups is
effected, or alternatively, the Shoda [179] approach described above can be used to
synthesise the oxazoline in the last step. Successive glycan disconnections at C-6,
and C-3 of the inner mannose unit allow for the installation of non-symmetrical
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Fig. 3 Tetrasaccharide- and decasaccharide-oxazolines 4 and 5, respectively, and modified
glycosyl acceptors 6–9 targeted during the study [177]
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glycans, which can be achieved using 4,6-benzylidene acetal protection.
Subsequent formation of a challenging b-mannosidic linkage takes place by
inversion of configuration at C-2 of the selectively synthesised b-glucoside
accessed using the neighbouring group participation (NGP) approach. The C-2
hydroxyl of the gluco donor is protected as a levulinate (Lev) ester, which can be
removed selectively allowing installation of trifluoromethanesulfonate (triflate)
leaving group that is subsequently displaced by acetate affording desired
b-mannoside [43, 180].

Selected examples of oligosaccharide oxazolines accessed using these strategies
are depicted in Fig. 4 [43].

The isolation of large oligosaccharides from natural sources may conveniently
bypass laborious total synthesis routes. Some complex Asn-linked N-glycans, such
as a sialic acid terminated complex biantennary unit [(NeuAcGalGlcNAcMan)2Man
(GlcNAc)2] and a high-mannose glycan [(Man9(GlcNAc)2)] can be obtained in
significant quantities from either egg yolks [181] or soy bean flour [182–184],
respectively. Isolated and purified oligosaccharides can be chemically modified to
afford suitably protected or activated building blocks for further incorporation into
peptide or protein chains. It has also been shown that the biantennary glycan can be
further modified using branch-specific exoglycosidases to access a broad variety of
Asn-linked oligosaccharides, thus providing facile access to complex sugar struc-
tures [90].

Scheme 3 Synthesis of the
glycosyl oxazoline from
unprotected GlcNAc using
DMC in water [179]

Scheme 4 Generalised retrosynthetic route to N-glycan oxazolines [43]
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Kajihara et al. [92] reported the chemical synthesis of a mutated EPO variant, with
alanine (Ala) residues replacing native glutamic acid (Glu) and glutamine (Gln) residues
at position 21 and 78, respectively, using NCL technique [74]. The required aspar-
aginyl sialyloligosaccharide, namely Asn[(NeuAcGalGlcNAcMan)2Man(GlcNAc)2]-
(Asn83) was initially isolated from egg yolks. It was then suitably modified with
phenacyl (Pac) protecting groups (acid-labile sialic acid residues) and the Na-amino
group of Asn was masked with a tert-butyloxycarbonyl (Boc) protecting group to allow
the synthesis of sialylglycopeptide a-thioesters using Boc SPPS. Subsequent ligation of
the corresponding peptide fragments using NCL [74] afforded the desired EPOmutant
[92]. This synthetic protocol was recently extended by the same research group to the
synthesis of full length EPO with one mutation site (Gln78 to Ala) bearing well-defined
glycoforms (biantennary sialyloliosaccharide) at one (Asn83), two (Asn38 and Asn83,
Asn24 andAsn83, Asn24 and Asn38) and three (Asn24, Asn38, Asn83) native EPON-
glycosylation sites [91].

Fig. 4 Selected oligosaccharide oxazolines synthesised [43]
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9 Alternative Access to N-Linked Glycans and N-Linked
Glycopeptides Using Glycosidic Bond Mimetics

The synthesis of glycoconjugate mimetics is an alternative approach to construct
sugar structures or incorporate glycans onto peptides in a simplified way as com-
pared to a total synthesis approach. The introduction of a glycosidic bond mimetic
may improve the stability of the glycoconjugate towards chemical and enzymatic
degradation, which is highly beneficial for pharmaceutical applications [185]. The
use of the copper(I)-catalysed Huisgen 1,3-dipolar cycloaddition of alkynes and
azides to afford a 1,2,3-triazole conjugate (CuAAC ‘click chemistry’) [186, 187]
has increased in popularity in recent years, in the peptidomimetic field and as a
bioconjugation strategy, due to its simplicity, the mild reaction conditions, its tol-
erance of various functional groups and its complete regioselectivity to form
1,4-disubstituted products [188].

The syntheses of ‘click’ mimetics of fish antifreeze glycopeptides [49, 189] and
a 20 amino acid MUC 1 domain [54] were successfully undertaken in our labo-
ratory [190]. We have also developed a powerful strategy where two ligation
techniques, NCL [74] and CuAAC [186, 187], are carried out in a sequential
manner to afford ‘click’ neoglycopeptides in a ‘one pot’ fashion [51]. Another
highly attractive method which combines the CuAAC strategy [186, 187] and
Shoda’s [179] direct synthesis of sugar oxazolines from reducing sugars in water to
afford 1,2,3-triazole-linked glycoconjugates in a ‘one pot’ reaction was recently
reported [191]. This strategy allows the facile conjugation of reducing sugars with a
diverse array of alkynes, including other sugars and peptides. This methodology
can potentially be used as a simpler alternative to access homogeneous glycopep-
tides and possibly glycoproteins in cases where installation of the native N-linkage
using an enzymatic approach fails or efficient access to glycosidic bond mimetics is
required.

10 Applications of Convergent Enzymatic Glycosylation
for the Synthesis of Glycopeptides with Therapeutic
Potential

Our on-going interest in the synthesis of peptide-glycoconjugates [48, 52, 53, 56,
87] and glycopeptide mimetics that contain non-natural glycan-peptide linkages
(neoglycopeptides) [190] using total synthesis prompted us to investigate the
alternative enzymatic approach. Herein, a summary of our recent work on the
convergent chemoenzymatic synthesis of N-linked glycopeptides with therapeutic
potential is described.
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10.1 Synthesis of a Library of Glycosylated Analogues
of Pramlintide

Glycosylation of peptides and proteins is an important tool for producing thera-
peutic peptidomimetics with improved physicochemical and pharmacokinetic
profiles [20, 21]. With this idea in mind, we investigated the effect of the N-linked
glycosylation of the therapeutic peptide pramlintide (Symlin®), a 37-amino acid
synthetic analogue of amylin that is currently used in conjunction with insulin for
the treatment of type 1 and type 2 diabetes (Fig. 5) [192–194].

Based on the promising previous results obtained from in vitro and in vivo
studies on the N-glycosylation of pramlintide at Asn3 and Asn21 with mono-,
penta- and undecasaccharides [165], we undertook a systematic investigation into
the effect of glycan structure and the position of the attachment of the N-glycan to
the pramlintide peptide on the activity of glycosylated peptides to act as agonists of
amylin receptors [58]. There are six possible sites for N-glycosylation of pram-
lintide; Asn3, Asn14, Asn21, Asn22, Asn31 and Asn35. The synthetic strategy was
designed to accommodate the presence of GlcNAc units at defined Asn residues
within the pramlintide sequence for subsequent enzymatic transfer of more complex
sugar structures. In addition, the disulfide bond (Cys2/Cys7) and amidated C-
terminus of the peptide had to be installed, as both features are required for bio-
logical activity of pramlintide [195].

First, we synthesised a non-glycosylated pramlintide as a control peptide, which
was prepared using microwave-enhanced Fmoc SPPS to afford the reduced
pramlintide precursor 12. Disulfide bond formation of 12 was subsequently carried
out upon the activation using 2,2′-dipyridyl disulfide (DPDS) in dimethyl sulfoxide
(DMSO) [196] to afford the cyclic (Cys2/Cys7) and C-amidated pramlintide (13),
Scheme 5.

Fig. 5 Primary sequence of pramlintide and human amylin
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Scheme 5 Synthesis of pramlintide 13, and pramlintide analogues 20–25 containing a GlcNAc
residue at Asn3, Asn14, Asn21, Asn22, Asn31 or Asn35. Reagents and conditions: a DPDS,
DMSO, rt; b DPDS, DMSO; then 13% NH2NH2�1.5 H2O, rt; c 5% NH2NH2�1.5 H2O, 10%
DMSO, 85% 6 M Gu�HCl, 17 h, rt; d DPDS, DMSO; then 5% NH2NH2�1.5 H2O, rt [58]
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For the synthesis of monoglycosylated pramlintide analogues (20–25), com-
prising a GlcNAc unit at specific Asn residues, microwave-enhanced Fmoc SPPS
was employed. The GlcNAc substitution was introduced using the per-O-acetylated
Fmoc-Asn[GlcNAc(OAc)3] building block (38) [197] to give linear, sugar
hydroxyl protected pramlintide analogues 14–19. Subsequent use of a ‘one pot
approach’ developed by Hojo et al. [198] to form the Cys2/Cys7 disulfide bond
with simultaneous removal of the glycan hydroxyl acetate protecting groups
required long reaction times (17 h) to obtain the desired product 23. We found that
the reaction was significantly accelerated when both reactions were performed
sequentially in the same vessel whereby the linear, acetate-protected glycopeptides
14–16, and 18–19 were first treated with DPDS in DMSO to effect disulfide bond
formation, then hydrazine hydrate was added to deprotect the sugar hydroxyls [58].
For the synthesis of 24 and 25, the total reaction time was significantly reduced to 5
and 5.5 h, respectively. Faster acetate removal was achieved using a higher con-
centration of hydrazine hydrate (3 h in total, for analogues 20–22), Scheme 5.

A library of pramlintide analogues 26–31 bearing the core N-glycan pentasac-
charide [Man3(GlcNAc)2] was then synthesised using Endo A [121, 128] to
transfer tetrasaccharide oxazoline 4 (accessed via total synthesis [140]) to the
corresponding GlcNAc-tagged pramlintide 20–25 (Scheme 6).

This methodology was then extended to the preparation of pramlintide analogues
32–37 bearing a complex biantennary glycan [(NeuAcGalGlcNAcMan)2Man
(GlcNAc)2]. In this case treatment of the decasaccharide-oxazoline 5, synthesised
from the corresponding reducing sugar that was isolated from egg yolks [181,
199], with the commercially available Endo M N175Q mutant [168, 177] in the
presence of 20–25 enabled the preparation of pramlintide analogues 32–37,
(Scheme 7) [58].

A comprehensive series of 18 pramlintide analogues comprising mono-, penta-
and undecasaccharides (20–37) were then tested as agonists of amylin receptors and
their activity was compared to parent pramlintide (13). The parent pramlintide 13
and analogues 20–25 bearing GlcNAc unit were screened against the three best
characterised amylin receptors (CT(a), AMY1(a), and AMY3(a), which contain the
CT(a) splice variant of the calcitonin receptor) [200, 201] at which activity of
pramlintide is equal to human or rat amylin [202]. Analogues 26–37 containing
more complex glycans were only tested against AMY1(a) analogously to the pre-
vious study [165].

The study revealed that the presence of N-glycans was well tolerated at Asn21,
Asn31 and Asn35 by the AMY1(a) receptor, and that the activity of analogues
versus the amylin receptors decreases as the size of the glycan increases
(GlcNAc > pentasaccharide > undecasaccharide). It was therefore established that
N-glycosylation of pramlintide is a promising tool to afford analogues with
improved therapeutic potential. In vivo studies to assess the biological importance
of N-glycosylation of pramlintide are under investigation and results will be
reported in due course [58].
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Scheme 6 Synthesis of pramlintide analogues 26–31 containing the core N-glycan pentasaccha-
ride [Man3(GlcNAc)2] at position 3, 14, 21, 22, 31 or 35 [58]
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Scheme 7 Synthesis of pramlintide analogues 32–37 containing a complex biantennary glycan
[(NeuAcGalGlcNAcMan)2Man(GlcNAc)2] at position 3, 14, 21, 22, 31 or 35 [58]
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10.2 Synthesis of Mannosylated Glycopeptides

Our interest in the synthesis of glycopeptide-based vaccine candidates comprising
mannose units to target antigen presenting cells (APCs) responsible for initiating an
immune response via mannose receptor (MR), led us previously to prepare mono-
and di-mannosylated and 5(6)-carboxyfluorescein (5(6)-CF) labelled glycopeptides
by chemical synthesis [48, 87]. Subsequent progression of this work involved the
synthesis of glycopeptide-based vaccine candidates comprising more complex
high-mannose-type N-glycans and testing their ability to bind to APCs [57]. For this
purpose, the pp65 protein fragment 491–509 from the cytomegalovirus
(CMV) [ILARNLVPMVATVQGQNLK] incorporating peptide epitope pp65495–503
(NLVPMVATV) recognised by human cytotoxic T-lymphocyte (CTL) was chosen
as a synthetic target. The target peptide contains two asparagine residues Asn5 and
Asn17 conveniently located within the pp65491–509 sequence for potential attach-
ment of sugar residues. To allow detection of the peptides using flow cytometry 5(6)-
carboxyfluorescein was attached to the N-terminus of the glycopeptides.

5(6)-CF-labelled control peptide 39, and glycopeptides 40 and 41 comprising
either one- or two-GlcNAc units, respectively, were synthesised using
microwave-enhanced Fmoc SPPS wherein the Fmoc-Asn[GlcNAc(OAc)3] building
block 38 [197] replaced either Asn17 (for 40) or Asn5 and Asn17 (for 41) as
required. Subsequent reduction of the methionine sulfoxide of the control peptide,
used in place of methionine, was performed following literature procedures [203]
and afforded the pp65 protein fragment 491–509 (39). Removal of sugar hydroxyl
protecting groups of the per-O-acetylated pp65491–509 precursors of 40 and 41
(sodium methoxide in methanol) was undertaken prior to reduction of the
methionine sulfoxide [203] to give GlcNAc-tagged glycopeptides 40 and 41 ready
for further enzymatic glycosylation (Fig. 6).

With GlcNAc-tagged glycopeptides 40 and 41 in hand, we next focused on the
synthesis of N-glycopeptides bearing a Man3-terminated pentasaccharide. This was
successfully undertaken using oxazoline donor 4 [140], glycopeptide acceptors 40
and 41, and the Endo A E173H mutant [153] to afford 42 and 44, bearing either
one- or two-pentasaccharide units, respectively, in good yield (68 and 89%,
respectively), Scheme 8a.

To access full-length high-mannose N-linked glycopeptides 43 and 45 bearing
nine mannose units at each glycosylation site, oxazoline donor 46 was used which
was conveniently sourced from soy bean flour [161]. Somewhat surprisingly the
Endo A E173H mutant [153] proved incapable of transferring the full-length
high-mannose oxazoline 46 onto glycopeptide acceptors 40 and 41, possibly due to
an altered substrate tolerance of the mutated enzyme as compared to wild-type
Endo A [57]. We, therefore, used commercially available Endo M N175Q mutant
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[168, 177] which produced the desired N-undecasaccharide-glycopeptides 43 and
45 with either one- or two-Man9(GlcNAc)2 units in 48% and 54% yield, respec-
tively (Scheme 8b).

Subsequent analysis to assess glycopeptide binding levels to APCs indicated
improved targeting of the peptide cargo to MR-expressing cells due to the presence
of the high-mannose N-glycans. This effect was more pronounced for analogues
glycosylated at both asparagines (44 and 45) as compared to counterparts bearing a
single N-glycan at Asn17 (42 and 43). In addition, stronger binding was observed
for glycopeptides bearing the high-mannose unit, Man9(GlcNAc)2 (43 and 45) than
those with the truncated glycan, Man3(GlcNAc)2 (42 and 44). Importantly, it was
also found that analogues in which the sugars were sited outside the epitope
sequence (either Man3(GlcNAc)2 or Man9(GlcNAc)2 at Asn17, 42 and 43,
respectively) were readily processed and presented by the APCs to human T cells.

These results provide important evidence that N-glycosylation of peptides using
high-mannose glycans may produce superior compounds for vaccine development.
Additionally, we have demonstrated the effectiveness of a convergent chemoen-
zymatic approach to readily obtain complex N-linked glycopeptides with thera-
peutic potential.

Fig. 6 CMV control peptide 39 and glycopeptides 40 and 41 containing a GlcNAc residue either
at Asn17, or at both Asn5 and Asn17, respectively [57]
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(a)

(b)

Scheme 8 Synthesis of a glycopeptides 42 and 44 containing a Man3(GlcNAc)2 residue, and
b glycopeptides 43 and 45 containing a Man9(GlcNAc)2 residue, either at Asn17, or at both Asn5
and Asn17, respectively. Reagents and conditions: a Endo A E173H, sodium phosphate buffer pH
6.5; b Endo M N175Q, sodium phosphate buffer pH 6.5 [57]
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11 Conclusions

The synthesis of homogeneous peptides and proteins is still a complex and onerous
task. The synthesis of the sugar component is a limiting factor, especially when
laborious total synthesis routes are employed. Fortunately, recent progress in the
use of chemoenzymatic techniques using ENGase-mediated glycosylation has
demonstrated significant potential. By careful design of reaction conditions and
appropriate selection of partners for glycosylation, a wide range of
peptide-oligosaccharide structures can be obtained. The use of enzyme-mediated
synthesis in combination with chemical synthetic techniques provides a method to
access complex, highly desirable glycoconjugates efficiently [101, 204].
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Synthetic Antitumor Vaccines Through
Coupling of Mucin Glycopeptide Antigens
to Proteins

Markus Glaffig and Horst Kunz

Abstract The requirements for coupling reactions of carbohydrate molecules very
much depend upon the biological recognition processes that should be investigated
and upon the target structures of the desired carbohydrate ligand. If the carbohy-
drate conjugate itself is the recognized ligand, as for example, the binding site of a
P-selectin ligand comprising sialyl-LewisX and a specific peptide sequence, the
natural glycoside bond must be installed. A stereoselective and regioselective block
glycosylation between a sialyl-LewisX trichloroacetimidate and a partially depro-
tected Thomsen–Friedenreich antigen derivative was developed to achieve this aim.
In contrast, the coupling reactions by which glycopeptides from tumor-associated
glycoproteins are conjugated to immune stimulating components in order to afford
efficient vaccines can entail artificial linkages as long as they do not interfere with
the immune reactions. For example, the coupling of glycophorin glycopeptides to
bovine serum albumin was successfully achieved by carboxylic activation with a
water-soluble carbodiimide in the presence of a supernucleophilic additive. This
conjugation method is only recommendable if the glycopeptide does not contain
several carboxylic and/or amino functions. The photochemically or radical initiator
promoted thiol-ene coupling succeeded in couplings of MUC1 glycopeptide anti-
gens to bovine serum albumin, however, is accompanied by oxidative disulfide
formation. The conjugation of glycopeptide antigens from the tandem repeat region
of the tumor-associated mucin MUC1 to bovine serum albumin or tetanus toxoid is
efficiently accomplished using diethyl squarate as the coupling reagent. The
intermediate squaric monoamide esters can be isolated and characterized, and then
applied to a mild connecting process to the carrier proteins. The MUC1
glycopeptide-tetanus toxoid conjugates proved to be particularly useful vaccines.
They induce extraordinarily strong immune responses in mice. The induced anti-
bodies are prevailingly of the IgG1 isotype and show efficient binding to the
glycoproteins exposed on epithelial tumor cells.
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1 Introduction

Since the discovery of the human blood group substances by Karl Landsteiner in
1901 [1], researchers have always been strongly interested in the question which
functions do carbohydrates have in natural glycoconjugates, in particular in gly-
coproteins and glycolipids. For investigations of the role of the saccharide portions
of natural glycoconjugates, model compounds are considered helpful in which a
carbohydrate is linked to a suitable component in a well-known format. From
interactions of these model conjugates with natural receptors or enzymes, conclu-
sions can hopefully be drawn which shine light on the recognition processes
amounting to the biological selectivity. Efficient coupling reactions often are a
crucial prerequisite for the synthesis of these model glycoconjugates. The choice of
the coupling method distinctly depends upon the nature of the functional molecule
to which the carbohydrate is to be conjugated and upon the role, the carbohydrate
does play in the considered biological process.

If the glycan merely influences the physicochemical properties of the glyco-
conjugate or protects it from degradation, an arsenal of coupling reactions can be
exploited for forming a mimic of the natural prototype. These coupling processes
can involve artificial linker structures. The same often applies to glycoconjugates in
which the carbohydrate constitutes the solely recognized ligand, as for example, a
blood group antigen [2], a bacterial cell wall saccharide antigen [3], or as the ligand
of a lectin [4–6]. A number of efficient ligation reactions have been introduced
during the past decade which can be applied to the decoration of peptides or
proteins with carbohydrates through unnatural linkage structures, as for example,
by thiol-ene couplings [7], cross-metathesis reactions [8], 1,3-dipolar cycloaddition
(click) reactions [9], or Diels–Alder cycloaddition reactions with inverse electron
demand [10]. The situation, however, is completely different if the carbohydrate
constitutes only a part of the structure recognized by a receptor, enzyme or anti-
body, and the bound epitope comprises of both, carbohydrate and backbone
structures to which the carbohydrate is conjugated. This also includes glycoprotein
epitopes in which the carbohydrate exerts distinct influence onto the conformation
of a recognized epitope even if this is a pure peptide structure [11–16]. In these
cases, the artificial linker disarranges the recognized epitope, and observed effects
may result in misleading conclusions.

Epitopes involving both peptide and carbohydrate structures are known from
ligands of selectins [17] and tumor-associated mucin antigens [18]. In syntheses of
model compounds representing these types of glycopeptide epitopes, the linkages
between the carbohydrates and the peptide backbone should closely correspond to
the nature prototype.
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2 Glycan Coupling Through Glycosylation—Glycopeptide
Ligands of Selectins

Selectins are important carbohydrate recognizing receptors involved in the early
phase of recruitment of leukocytes into inflamed tissues [19]. P- and E-selectins are
expressed on the apical surface of endothelial cells of the blood vessels within the
inflamed area, while L-selectin is exposed on the leukocyte. The tetrasaccharide
sialyl LewisX has been described as a ligand to these selectins [20]. Initial inter-
action between P-selectin and its glycoprotein ligands occurs immediately after
activation of P-selectin through inflammatory cytokines and results in rolling of the
leukocytes. The expression of E-selectin requires several hours since the cells need
to synthesize this glycoprotein after activation. Its interaction with the E-selectin
ligands on the leucocytes results in a closer attraction of the rolling leukocytes to
the endothelial cells [21]. The selective inhibition of these cell adhesion processes
certainly is important for the treatment of inflammatory diseases and also for the
prevention of tumor cell metastasis [22]. It was revealed that sialyl LewisX is a
required, but only moderate ligand to P- and E-selectin. For an intensive binding,
the cooperation of peptide segments of the glycoprotein ligands carrying the sialyl
LewisX is mandatory. In the case of the P-selectin glycoprotein ligand 1 (PSGL-1)
the N-terminal peptide, a sequence containing O-sulfated tyrosine residues (Fig. 1)
was identified as an important ligand structure [23].

In fact, it was found that synthetic sialyl-LewisX glycopeptides with peptide
sequences containing charged amino acids bind distinctly stronger to P-selectin
than glycopeptides lacking charged groups [24, 25]. A sialyl-LewisX-RGD-peptide,
for example, inhibited the binding of HL-60 tumor cell to an immobilized human
P-selectin-IgG [24] with an IC50 value of 26 lmol. In this glycopeptide, the
sialyl-LewisX tetrasaccharide was N-glycosidically coupled directly to N–4 of an
asparagine. Thus, the distance between the saccharide ligand and the charged units
did not correspond to the natural prototype (Fig. 1).

In order to obtain more active inhibitors of P-selectin, sialyl-LewisX
trifluoroacetimidate 1 and the N-fluorenylmethoxycarbonyl-(Fmoc)-protected
T-antigen threonine conjugate 2 [26], selectively deblocked in 4- and 6-position of
the galactosamine unit were ligated by the activation of the trichloroacetimidate
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Fig. 1 P-selectin binding region of human P-selectin glycoprotein ligand 1 (Ref. [23] and lit. cited
therein.)

Synthetic Antitumor Vaccines Through Coupling … 39



with trimethylsilyl-trifluoromethanesulfonate (TMS-triflate) at low temperature.
This coupling proceeded with high overall yield and high stereoselectivity but
unexpected regioselectivity. The desired product of glycosylation at the primary
6-OH group 3 was the minor product. Fortunately, it was separable from the
undesired regioisomer 3a by flash-chromatography [27] and, thus, applicable to the
solid-phase synthesis of a PSGL-1 binding domain glycopeptide (Scheme 1). In
conjugate 3, the natural linkage between sialyl-LewisX as a part of the ligand
structure and the peptide backbone represented by the threonine is established, and
thus the natural distance and orientation to the binding sites within a peptide
sequence are guaranteed.

Alternatively, the mimic 4 of sialyl-LewisX containing cyclohexyl-lactic acid as
the surrogate of sialic acid [28] was coupled to the partially deprotected
T-antigen-threonine building block 2 [26].

After activation of the pseudo-tetrasaccharide trichloroacetimidate 4 with
TMS-triflate, the b-glycoside bond to the acceptor was formed with high stereos-
electivity and excellent overall yield. Again, the regioselective differentiation
between the primary 6- and the secondary 4-hydroxy groups of the T-antigen
threonine derivative was only moderate. However, in this case, the desired com-
pound 5 was the major product. Flash-chromatographic separation gave the desired
regioisomer 5 of the glycosyl amino acid in a yield of 55%, while the unexpected
regioisomer 5a was isolated in a yield of 33% (Scheme 2) [29].

The building block 5 after selective cleavage of the tert-butyl ester was intro-
duced into the solid-phase synthesis of the PSGL-1 glycopeptide recognition
domain. Acidolytic detachment of the assembled glycopeptide from the resin and
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concomitant removal of all acid-sensitive protecting groups from the amino acid
side chains afforded the PSGL-1 glycopeptide binding sequence 6 still protected in
the carbohydrate portion. Treatment of 6 with pyridine-SO3 complex in
pyridine/dimethylformamide, first at 0 °C, then at room temperature for 18 h,
afforded the glycopeptide O-sulfated in all three tyrosine residues. After subsequent
careful removal of the carbohydrate protecting groups under mild basic conditions
preventing b-elimination of the carbohydrate, the sulfated PSGL-1 glycopeptide
binding domain 7 was isolated by preparative RP-HPLC in pure form (Scheme 3).
This compound inhibited the binding of murine granulocytes to a murine
P-selectin-IgG fusion protein with an IC50 of 20 lmol. The corresponding binding
of human granulocytes was inhibited by 7 even more efficiently (IC50 5 lmol). This
is not surprising since 7 represents the peptide sequence of human PSGL-1.

The potentiation of the binding effects of both, the pseudo-tetrasaccharide and
the anionic centers, was only achieved with an inhibitor which contains the binding
groups in optimal distance and steric arrangement. The coupling of the saccharide
ligand to the peptide backbone in the natural structure is considered the prerequisite
for this efficiency. This requirement would also be fulfilled for conjugates in which
the whole glycopeptide recognition site is linked to a carrier molecule, for example,
a protein, a dendrimer or a polymer.

3 Glycophorin-Derived Vaccines Containing
Nature-Like Linkages

Small molecules and endogenous structures often are not sufficiently immunogenic
in order to elicit an appropriate immune response. To obtain a vaccine, these
compounds need to be coupled to immune stimulating components. A most general
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way for the construction of a vaccine consists of the conjugation to a carrier protein
which provides T-cell epitopes that induce T-cell activation via major histocom-
patibility complex (MHC) pathways.

Inspired by reports of Springer [30] on the Thomsen-Friedenreich (T-)antigen as
a tumor-associated carbohydrate antigen, we started the chemical synthesis of T-
and Tn-antigen carrying glycopeptides in the early 80s. Springer and his coworkers
had identified tumor-associated T-antigen containing glycoproteins on the mem-
branes of epithelial tumor cells, while these molecules were absent on epithelial
cells of normal tissues. The authors isolated these tumor-associated T-antigen and
Tn-antigen glycoproteins from tumor cells and induced antibodies against these
molecules. From cross reactivity of the obtained antibodies, they concluded that the
tumor-associated T- and Tn-antigen glycoproteins should be structurally related to
asialoglycophorin, the sialidase-treated form of glycophorin which is the major
transmembrane glycoprotein on the red blood cells. Glycophorin occurs in two
blood group forms M and N, which are decorated with the same O-glycan pattern,
but are different in only two of the 132 amino acids (position 1 and 5). One of the
differences concerns the N-terminal amino acid which serine in M-blood group and
leucine in N-blood group glycophorin [30].
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With the aim of constructing a vaccine against the tumor-associated epithelial
glycoproteins, we synthesized the N-terminal glyco-tripeptide of M-blood group
asialoglycophorin 8 [31]. The coupling of this glycopeptide to bovine serum
albumin (BSA) as the carrier protein in water was achieved using the water-soluble
N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide (EDC) and 1-hydroxy-
benzotriazole (HOBt, Scheme 4) [32].

This coupling process has become a reliable method for linking antigens to
proteins. Instead of HOBt, N-hydroxy-succinimide (HO–Su or NHS) can be used as
an additive for the conjugation of (glyco)peptides [33] as well as of small mole-
cules, as for example, the designer opioid fentanyl [34]. The procedure takes profit
from a remarkable chemoselectivity. In water at pH 6, the carboxy group of 8 reacts
with EDC to furnish the corresponding O-acyl isourea which preferentially is
attacked by the super-nucleophile HOBt to form the active ester 9 (Scheme 4). This
active ester obviously is sufficiently resistant to hydrolysis, and therefore prevail-
ingly undergoes aminolysis by the amino functions of the lysine side chains of BSA
to afford the glycopeptide–protein conjugate 10.

By immunizing mice with blood group M-asialoglycophorin-BSA vaccine 10
and cloning, a monoclonal antibody (82-A6, IgM subclass) was obtained [35].
Monoclonal antibody 82-A6 reacted with normal and tumor epithelial cells showing
its binding to the T-antigen disaccharide. However, the monoclonal antibody 82-A6
exhibited distinctly higher affinity towards M-blood group asialoglycophorin hav-
ing the identical N-terminal tripeptide sequence Ser-Ser(T-antigen)-Thr(T-antigen)
as 10 than to N-blood group asialoglycophorin with the N-terminal sequence
Leu-Ser(T-antigen)-Thr(T-antigen) (Fig. 2) [33b]. It appeared amazing that an
antibody induced with a synthetic vaccine presenting only the small N-terminal part
of the huge M-blood asialogroup glycophorin (132 amino acids) differentiates
between the two M- and N-blood group asialoglycophorins which carry the
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Scheme 4 Coupling of a T-antigen glycopeptide to bovine serum albumin in water through
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identical glycan pattern (Fig. 2). This result suggested that not only the recognized
saccharide (T-antigen) but also the amino acid sequence contributes to the recog-
nized epitope. Nature obviously does not make differences between classes of
natural products as they are organized in chapters of scientific text books, if
selective recognition by the immune system is concerned.

It must also be concluded from the observed differentiation between M- and
N-blood group asialoglycophorin by antibody 82-A6 induced through the gly-
copeptide vaccine that the tumor-associated carbohydrate antigen in a vaccine is not
sufficient for the induction of tumor-selective antisera. It needs to be combined with
a tumor-relevant peptide sequence in order to form a tumor-typical glycopeptide
antigen. The peptide sequence of glycopeptide 8 obviously did not meet these
criteria.

Biochemical and molecularbiological analyses of membrane glycoproteins from
carcinoma cells, in particular, reported by the group of J Taylor-Papadimitriou [36],
have revealed that the tumor-associated mucin MUC1 is a characteristic membrane
glycoprotein occurring on many epithelial tumors.

4 The Tumor-Associated Mucin MUC1—A Promising
Target for the Development of Antitumor Vaccines
and Synthesis of Tumor-Associated MUC1 Glycopeptide
Antigens

Mucin MUC1 is expressed on many epithelial tissues [37]. It is a large
membrane-bound glycoprotein. In its extracellular portion, it contains an extended
domain comprising a variable number (20–125) of tandem repeats of the amino acid

ELISA: ( ) Glycophorin of blood group MM (carrying sialic acid groups)
( ) Glycophorin of blood group NN (carrying sialic acid groups)
( ) Asialoglycophorin of blood group MM (sialic acid groups removed)
( ) Asialoglycophorin of blood group NN (sialic acid groups removed)

concentration of the glycophorin derivative [μg/ml]

rel. intensity of fluorescence (360/450 nm)

monoclonal antibody induced by

10

Fig. 2 Recognition of M- and N-blood group asialoglycophorin by monoclonal IgM antibody
induced in mice by vaccine 10
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sequence HGVTSAPDTRPAPGSTAPPA [38]. The serines and threonines within
these tandem repeats are the major glycosylation sites of this heavily glycosylated
glycoprotein. MUC1 is over expressed in most of the epithelial tumors and char-
acterized by a dramatically altered glycosylation (Fig. 3) [39]. In carcinoma cells, a
glucosaminyl transferase C2GnT1 which transfers N-acetylglucosamine to O-6 of
the galactosamine of the T-antigen (core 1) structure often is strongly downregu-
lated. Thus, the formation of the branched core 2 trisaccharide [40] is suppressed.
Therefore, the elongation of the oligosaccharides, which depends on the core 2
structure, cannot proceed. In addition, sialyltransferases are strongly upregulated in
carcinomas [41].

As a result, tumor-associated MUC1 differs from MUC1 on normal epithelial
cells by short, prematurely sialylated carbohydrate side chains. Because of these
short glycan side chains, epitopes residing in the peptide backbone of
tumor-associated MUC1, in particular within the tandem repeat region, are now
accessible for the immune system, whereas these peptide sequences are shielded by
the large glycan side chains of MUC1 on normal cells. As a consequence,
tumor-selective glycopeptide antigens should be obtained by combination of
tumor-associated saccharide antigens, as for example the T-antigen, with peptide
sequences of the tandem repeat region of MUC1. Such molecules cannot be isolated

Fig. 3 Structural differences between MUC1 on normal and on epithelial tumor cells
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from tumor cells. Because of the biological micro-heterogeneity, MUC1 molecules
isolated from tumor cell membranes can carry long oligosaccharides typical for
normal cells next to short, tumor-associated glycans even on a single protein chain.
Therefore, sufficiently pure tumor-typical MUC1 glycopeptide antigens must be
built up by synthesis.

Solid-phase synthesis of glycopeptides (SPPS) using glycosylated amino acid
building blocks nowadays is a powerful, flexible method for the construction of
exactly specified MUC1 glycopeptide antigens [18, 42]. The required
Fmoc-protected glycosyl serine and threonine derivatives are obtained by stereo-
and regioselective extension of the saccharide portion of the corresponding galac-
tosamine (Tn-antigen) conjugates, as for example, 11 [43]. Due to the acetamido
group and to the O-acyl protection, the glycoside bond of glycosylated amino acids
and peptides are sufficiently stable to acids (carbonyl oxygens are prevailingly
protonated thus creating a Faraday cage that protects the saccharide bonds [44]) the
tert-butyl ester of 11, as well as those of other Fmoc glycosyl amino acids, can
selectively be cleaved using a cocktail of trifluoroacetic acid (TFA)/triisopropyl-
silane(TIS)/water (10:1:1) or TFA/anisole. The extension of the saccharide portion,
however, requires methods which do not affect the Fmoc- as well as the tert-butyl
ester protection nor the glycoside bond (Scheme 5).

In this sense, the selective removal of the O-acetyl groups from 11 was achieved
by transesterification in dry methanol at a pH of 8.5 to give the key substrate 12 for
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further glycosylation reactions [43, 45]. Regio- and stereoselective sialylation at
O-6 of 12 using the sialyl ester xanthate 13 afforded the sialyl-Tn antigen-threonine
derivative 14 which after acetylation and acidolytic removal of the tert-butyl ester
furnished sialyl-Tn building block 15 applicable to solid-phase glycopeptide syn-
theses (Scheme 5). Further extensions of the carbohydrate to give T-antigen and
sialyl-T-antigen building blocks are displayed in Refs. [18, 42]. Acid-catalyzed
introduction of a 4,6-benzylidene protection to furnish 16 followed by galactosy-
lation under Helferich conditions and careful methanolysis of the O-acetal groups
resulted in the formation of the T-antigen structure 17 (Scheme 6). If Fmoc pro-
tection is lost under these conditions, it can selectively be reintroduced using O-
Fmoc-hydroxy-succinimide.

Regioselective sialylation to give the 2,3-sialyl-T antigen threonine derivative 18
was achieved under the conditions described above [43]. O-Acetylation and final
acidolysis of the tert-butyl ester yielded the Fmoc-sialyl-T-threonine buiding block
19 [46].

The solid-phase synthesis of the MUC1 glycopeptide antigens are usually
conducted using Tentagel-resins equipped with trityl- or 2-chlorotrityl linkers
according to the Fmoc strategy. Example 20, in which the sequence is N-terminally
extended with a triethylene glycol spacer and the tumor-associated carbohydrate
antigen sialyl-Tn is incorporated at threonine-6 is shown in Scheme 7 [47]. The
trityl anchor prevents the formation of a diketopiperazine on the level of the
resin-linked dipeptide. The coupling of the glycosyl amino acid, because of its
demanding preparations applied in only slight excess, was carried out manually
using the more reactive O-(7-azabenzotrazolyl)-N,N,N′,N′-tetramethyluronium
hexafluorophosphate (HATU) [48] instead of O-benzotrazolyl)-N,N,N′,N′-tetra-
methyluronium hexafluorophosphate (HBTU). After detachment from resin with
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= TentaGel R
loading: 0.16 mmol/g

A: Fmoc removal:
piperidine (20 %) in NMP

B: amino acid coupling:
Fmoc-AA-OH, HBTU, HOBt, DIPEA in DMF

C: Capping:
Cat. HOBt, Ac2O, DIPEA in NMP

B: glycosyl amino acid coupling:
2 eq. glycosyl amino acid, 

HATU, HOAt, NMM in NMP 5 h
Relase from resin:
TFA, TIS, H2O (10:1:1), 1.5 h

16-28% after prep. HPLC
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Scheme 7 Solid-phase synthesis of tumor-associated MUC1 glycopeptide antigens [47]

concomitant acidolytic removal of the side chain protection and purification by
preparative HPLC glycopeptide 20 was obtained. Hydrogenation of the sialic
benzyl ester and careful alkaline hydrolysis of the O-acetyl functions at pH 11.5
afforded after purification by preparative HPLC the MUC1 glycopeptide antigen 21
in a 30 mg scale.

The glycopeptide antigens, as for example 21, represent endogenous structures
and therefore, are of insufficient immunogenicity. In order to gain an efficient
vaccine, these compounds must be conjugated to immune stimulating components.
Most frequently, proteins serve as immune stimulants because they contain several
T-cell activating peptide epitopes.

5 Thiol-Ene Coupling for the Formation of Glycopeptide
Antigen–Protein Conjugates

The construction of vaccines demands coupling reactions which do not form
immunogenic linker structures, as for example, electron-poor homo- or
hetero-aromatic systems. Thioether linkages are considered immunologically silent
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structures. Given the great number of functional groups in both, the deprotected
glycopeptide antigen and the carrier protein to which the glycopeptide should be
linked, a biorthogonal thioether formation is highly desirable. Thioether formation
via heterobifunctional linkers, as for example N-succinimidyl-4-(maleimidomethyl)
cyclohexane carboxylate [49], has frequently been applied for conjugation reac-
tions. However, the immunologically less critical radical-type addition of thiol to
nonactivated double bonds was not used for the coupling to proteins up to 2007,
although the reaction was known since hundred years [50]. In order to prove
whether sensitive amino acid derivatives, as for example, tyrosine 22a or trypto-
phane 22b are affected by photochemically or radical-type initiated thiyl radical
addition, model reaction was performed [51] (Scheme 8).

The thiyl radicals generated from methyl N-acetyl cysteinate 23 either photo-
chemically or by initiation with VA 044 as the initiator reacted with the amino acid
N-allylamides 22 to furnish the thioether-linked conjugates 24. The disulfide of 23
was the only side product. The electron-rich aromatic rings and the a-CH positions
were not affected.

After these promising results of the model reactions bovine serum albumin
(BSA) as the carrier protein was decorated with functional oligoethylene glycol
spacer molecules 25 terminating either in S-acetylthio- or allyl ether functions.
These reactions (Scheme 9) were carried out at room temperature through acylation
at the lysine amino functions using the water-soluble carbodiimide in combination
with HOBt or N-hydroxy-succinimide (HOSu) under weakly acidic conditions as
described above (Scheme 4) for the glycophorin glycopeptide vaccine.

MALDI mass spectra gave evidence that in the conjugates 26 on average 25 of
the 59 lysine residues of BSA were acylated with the functional spacers [51].

The protein molecules 26 decorated with functional side chains were subjected
to radical-type thiol-ene coupling with MUC1 glycopeptide antigens. On the one
hand, the MUC1 glycopeptide 27 carrying a T-antigen side chain was prepared on
solid-phase as described above and N-terminally extended with a mono-allylamido-
succinoyl group. On the other hand, the S-acetyl protections were removed from the
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thiol-functionalized BSA 26a using hydroxylamine solution under argon atmo-
sphere. The set-free thiols were activated in water with the radical initiator ACVA
(Scheme 10) under irradiation (k = 254 nm) in the presence of 27. Thus, the two
components were linked to each other in the thiol-ene coupling to give the neo-
glycoprotein conjugate 28a. According to its MALDI-TOF mass spectrum, con-
jugate 28a carried on average 9 molecules glycopeptide per molecule protein.

The yield of the thiol-ene coupling amounts to about 35% [51]. Longer reaction
time probably is recommendable.

The alternative coupling between the protein-bound olefin 26b and the gly-
copeptide antigen equipped with the N-terminal thiol-functionalized spacer is dis-
played in Scheme 11. Glycopeptide 29 was assembled on solid-phase. The complex
2,3-sialyl-T antigen threonine building block 19 (Scheme 6) was introduced at
position Thr-3. Finally, an S-acetylated triethylene glycol spacer acid was
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condensed at the N-terminus before the glycopeptide 29 was detached from the
resin. Removal of the sialic benzyl ester by hydrogenolysis also effected some
desulfurization and, thus, reduced the yield of the desired glycopeptide 30 which
was isolated after careful saponification at pH 11.5. It certainly would be more
appropriate to remove the benzyl ester in this saponification step. Olefine-decorated
BSA 26b and glycopeptide antigen 30 were subjected to thiol-ene ligation by
photochemical activation in water (Scheme 11).

This thiol-ene coupling with reverse arrangement of the functional groups
appeared slightly less efficient. The number of glycopeptide antigens linked to a
protein molecule was considered not optimal for the creation of an efficient vaccine.
Oxidation to give the disulfide of glycopeptide 30 was observed as the major side
reaction. Its amount increased with extended reaction time. The great number of
different functional groups of the glycopeptides interferes with these coupling
reactions proceeding via thiyl radicals. These factors are obviously less important in
corresponding coupling reactions of carbohydrate ligands to proteins [52].

As the BSA conjugates of glycopeptide antigens exhibited only moderate
immunogenicity, in further experiments they were not used as vaccines but served
as coating material for probing antisera in ELISA analyses.
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6 Coupling of Glycopeptides to Proteins Using
Diethyl Squarate

Regarding the limited practicability of the photo-induced thio-ene coupling for the
construction of glycopeptide-protein vaccines, the condensation reactions promoted
by water-soluble carbodiimides, as for example EDC (see Schemes 4 and 9), may
be considered useful alternatives. But orienting investigations with MUC1 tandem
repeat peptides revealed that the activation of unprotected oligopeptides of this type
with EDC and hydroxyl-benzotriazol (HOBt) or N-hydroxy-succinimide in
dimethylformamide (DMF) or water gives the expected C-terminal active esters
only in a mixture with a number of other products. Obviously, aspartic side chain
carboxylic groups were also activated and, in particular, aspartimide rearrangement
took place [53].

In contrast to these experiences, the differentiated reactivity of squaric diesters
towards amines [54] appeared a promising tool for exploitation in glycopeptide-
protein conjugate formation.

In fact, the sialyl-Tn glycopeptide MUC1 sequence 31 synthesized on
solid-phase and completely deprotected reacted with diethyl sqarate in water at pH
8 to selectively furnish the glycopeptide squaric monoamide derivative 32 [55]. The
compound can be purified by chromatography and characterized by NMR spec-
troscopy. In water at pH 9.0, it underwent further aminolysis by the amino functions
of BSA lysine side chains to yield the BSA-glycopeptide conjugate 33 (Scheme 12)
[55]. According to its MALDI-TOF spectrum, the conjugate contained on average 6
molecules glycopeptide per molecule BSA. Optimization of this coupling showed
that the coupling rate is higher at pH 9.5, so that the second steps in further squarate
couplings were conducted under these conditions.

The coupling via preformed squarate monoamides is also very valuable for the
synthesis of complex, fully synthetic vaccines as was demonstrated for vaccines in
which the tumor-associated MUC1 glycopeptide as the B-cell epitope was com-
bined with three T-cell epitopes (Scheme 13) [56].

In a linear solid-phase synthesis, the combination 34 of the T-cell epitope
peptide from Yersinia pestis 1 with that from Mycobacterium tuberculosis is con-
structed. These components are connected by two triethylene glycol spacer mole-
cules separated by a central lysine. The 4-amino group of this lysine was
transformed into the squaric monoamide ester 34a in water/ethanol at pH 8. This
monoamide was then reacted with an analogously synthesized conjugate 35 of the
MUC1 glycopeptide with another T-cell epitope from Yersinia pestis 2 also con-
nected to each other by two spacers linked through a lysine in the center. The
coupling between the two large conjugates was achieved in high yield by squaric
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diamide formation in water at pH 9.5 (Scheme 13) [56]. It is noteworthy that the
vaccine 36 isolated after ultrafiltration was pure, and its structure was confirmed by
high-resolution ESI mass spectra and 2D-COSY- HSQC- and HMBC NMR
spectra.

Immunization of mice with vaccine 36 without application of any external
immune stimulating adjuvant elicited significant immune responses of IgG anti-
bodies. The antisera were much stronger than those induced by the Eastern part of
36 which is equal to conjugate 35 [56].
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7 Glycopeptide-Tetanus Toxoid Vaccines

The fully synthetic vaccines as well as the glycopeptide conjugates with bovine
serum albumin induced significant immune responses. However, overcoming the
natural tolerance of the immune system towards glycopeptides as endogenous
structures demands vaccines which elicit very strong immune reactions. Synthetic
vaccines in which mucin glycopeptides are combined with T-cell epitopes from
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tetanus toxoid had shown promising immunological properties [57–59]. The use of
the tetanus toxoid itself was expected even more advantageous. Tetanus toxoid is
frequently applied for vaccination in human medicine since many years. As a
consequence, vaccine candidates consisting of MUC1 glycopeptide antigens and
tetanus toxoid could also be used in human medicine as antitumor vaccines pro-
vided they are sufficiently effective and tumor selective. Tetanus toxoid is a much
larger protein (molar weight * 150 kDa) than BSA, and it is very expensive. As a
rule, only small amounts of this carrier are available for academic studies.

Relying on the encouraging results of the coupling reaction with the aid of
diethyl squarate, the MUC1 glycopeptide antigen 21 containing the
tumor-associated sialyl-Tn antigen and the N-terminal spacer amino acid were
treated with diethyl squarate in water/ethanol at pH 8 for 1.5 h (Scheme 14). After
neutralization with 1 N acetic acid, the solution was lyophilized, and the product
was purified by semi-preparative HPLC to give the squaric monoamide ester 37 in
high yield. This compound was characterized by high-resolution ESI mass spec-
trometry and by NMR spectroscopy (COSY, HSQC). The thus isolated compound
was dissolved together with tetanus toxoid in aqueous sodium phosphate buffer of
pH 9.5 and stirred for 3 days. After ultrafiltration through a 30 kDa membrane
using deionized water and lyophilization, the MUC1-glycopeptide-tetanus toxoid
conjugate 38 was isolated as a colorless amorphous substance [47]. The loading of
the protein with glycopeptide antigens could not be measured by MALDI-TOF
mass spectrometry. Therefore, the loading was estimated by comparative ELISA
tests using an antiserum of a mouse which had been immunized with fully synthetic
vaccine containing the MUC1 glycopeptide antigen 31 (see Ref. [60]). Tetanus
toxoid conjugate 38 and the corresponding BSA conjugate 39 (Fig. 4) served as
coats in these comparative ELISAs. The bound antibodies were photometrically
determined using a biotinylated secondary anti-mouse antibody and treatment with
streptavidin-horseradish peroxidase via catalyzed oxidation to give a staining (see
below). It was estimated from these experiments that the tetanus toxoid vaccine 38
carries on average at least 20 molecules of the glycopeptide antigen per molecule
tetanus toxoid [47]. Gravimetric estimation indicated a larger loading of on average
44 molecules glycopeptide. Because of the hydrophilicity of tetanus toxoid and its
conjugate 38, this estimation certainly is less accurate.

The immunization of mice with MUC1 glycopeptide-tetanus toxoid vaccine 38
actually resulted in very strong immune reactions of the vaccinated mice. Ten
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BALB/c mice were vaccinated with 20 lg of vaccine 38 three times at intervals of
21 days. Five days after the third immunization, blood was drawn from the tail vein
of each mouse. The obtained antisera were subjected to ELISA analyses in which
the BSA conjugate 39 (Fig. 4) of the glycopeptide 21 served as the coating material
placed in the wells of the micro-titer plates.

After washing with water, the antisera induced by vaccine 38 were added to the
wells in a dilution series (Fig. 5). Incubation at 37 °C lasted for 1 h. After thor-
oughly washing with buffer solution the biotinylated sheep-anti-mouse antibody
was added in order to determine the induced mouse antibodies which are bound to
the BSA conjugate 39. Coordination of biotin to streptavidin which is linked to the
horseradish peroxidase (HPO) allowed for the quantitative determination of the
bound antibodies through photometric analysis of the HPO-catalyzed oxidation of
the colorless di-ammonium 2,2′-azino-bis(3-ethylbenzothiazolin-6-sulfonate)
(ABTS) by hydrogen peroxide to give a green radical cation. The optical density of
this color in relation to the dilution of the mouse antiserum affords the titer of
antibodies induced by 38 which recognize the tumor-associated MUC1 antigen
presented in the BSA conjugate 39 (Fig. 5) [47].

All ten mice showed dramatic immune responses certainly strong enough to
override the natural tolerance of the immune system towards the endogenous
MUC1 glycopeptide structure. End point titers (10% remaining absorption) of up to
1 million were observed. For a serum diluted by a factor of 106 still, 10% of the
original serum antibody binding was recorded. The recognition of the glycopeptide
structure in conjugate 39 is structure-selective. This was demonstrated by the
complete neutralization of this binding after addition of a few lg of the gly-
copeptide antigen 21 to the antiserum [47].

Fig. 5 ELISA analyses of antisera of ten mice immunized with MUC1 glycopeptide-tetanus
toxoid vaccine 38. The BSA conjugate 39 served as the coating material [47]; green bottom line
negative control
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In a second example of MUC1 glycopeptide-tetanus toxoid vaccine (Fig. 6) the
sialyl-Tn antigen saccharide was substituted for the Thomsen-Friedenreich antigen
(T-antigen). Vaccine 40 was prepared by solid-phase synthesis, deprotection, and
coupling reactions in complete analogy to the construction of vaccine 38 [61].
Immunization of BALB/c mice with vaccine 40 also resulted in very strong immune
responses, and the induced antiserum exhibited strong and selective recognition of
the corresponding BSA conjugate which contains the T-antigen glycopeptide pre-
sent in vaccine 40. The induced antisera showed end point titers of about 800,000.
The antiserum of one of the mice vaccinated with 40 was used for the investigation
of its binding to breast tumor cells of cell line MCF-7. To this end, the MCF-7
tumor cells were incubated with the antiserum of this mouse, and after washing the
antibodies bound to the tumor cells were detected with fluorescent-labeled
goat-anti-mouse antibodies. The thus treated cells were passed through a flow
cytometer in which all cells are counted by scattering a Laser beam, but analyzed
according to their fluorescence. For comparison, the MCF-7 tumor cells were also
incubated with the serum of a mouse which was just treated with buffer solution
instead of a vaccine. The serum of this mouse showed no binding to the tumor cells
(Fig. 6, left picture), whereas the 1000-fold diluted antiserum of the mouse vac-
cinated with vaccine 40 showed almost complete recognition of the membrane
molecules present on the MCF-7 tumor cells [61].

Addition of the glycopeptide contained in the vaccine 40 to the elicited anti-
serum abolished this binding to the tumor cells to a large extent. This neutralization
of the binding again gives evidence that the antibodies elicited by the synthetic
vaccines actually bind to tumor-associated mucin MUC1 molecules exposed on the
surface of the epithelial tumor cells.

In the synthesis of a third MUC1 glycopeptide antigen of this series, the
tumor-associated sialyl-Tn antigen was introduced with the serine of the GSTA
region of the tandem repeat, and the sequence was C-terminally extended by two
amino acids in order to complete the STAPPA motif [62]. It had been found that
glycosylation in this region favored a helix-type conformation of this segment
which was considered characteristic for tumor-associated MUC1 [11]. The coupling
of this glycopeptide antigen to tetanus toxoid was achieved via formation of the
squaric monoamide ester 61 and its reaction with tetanus toxoid in aqueous sodium
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phosphate buffer solution at pH 9.5 (Scheme 15A). Ultrafiltration and lyophiliza-
tion afforded the MUC1 glycopeptide-tetanus toxoid vaccine 42 in which the
glycosylation position is shifted and the STAPPA motif is completed in comparison
to the vaccine 38 described above (Scheme 14).

Immunization of mice with this vaccine again elicited very strong immune
responses in all animals. End point titers amounted to 500,000 and higher. The
antiserum was investigated concerning the binding to the MCF-7 breast tumor cells
(Scheme 15B). In comparison to the serum of a mouse which just was vaccinated
with buffer solution (Scheme 15Ba), the antibodies in the antiserum of a mouse
vaccinated with vaccine 42 showed more than 97% binding of the tumor cells
(Scheme 15Bb). In contrast, antibodies induced against tetanus toxoid itself
(Scheme 15Bc) exhibited no binding to the MCL-7 tumor cells.

ELISA with isotype-specific secondary antibodies revealed that prevailingly
IgG1 antibodies had been induced (Fig. 7A) giving evidence that the switch to
IgG-producing B-cells within an adaptive immune response had occurred.

In addition to probing the antibodies concerning their recognition of tumor cells
in cell cultures (Scheme 15B), their capability of selective binding to tumor cells in
tumor tissues was investigated [62]. Figure 7B shows two examples of mammary
carcinoma tissue sections fixed with formalin and embedded in paraffin in a light
microscope (magnification 1/100). On the one hand, the tissues were treated with an
isotyping IgG antibody (Fig. 7B, a and c) and on the other hand with the antiserum
of a mouse immunized with vaccine 42 (Fig. 7B, b and d). The antibodies bound to
the tumor tissues were detected with a biotinylated secondary antibody. Its adhesion
to the bound mouse antibodies was visualized with a streptavidin-horseradish
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through squaric acid diamide formation [47]
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peroxidase conjugate that catalyzes the oxidation of 3-amino-9-ethyl-carbazole to a
rose-colored dye.

While the tumor tissues in the early phase (G1 phase, Fig. 7B, a) after treatment
with the antiserum of the mouse vaccinated with 42 indicated only weak binding
(Fig. 7B, b) of the antibodies induced by the synthetic vaccine, the advanced tumor
(Fig. 7B, c) after incubation with the antiserum elicited by vaccine 42 displayed
very strong binding of the antibodies induced by vaccine 42 (Fig. 7B, d).
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Scheme 15 A Formation of a MUC1 glycopeptide-tetanus toxoid vaccine (42) with glycosylation
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Fig. 7 a Antibody isotypes induced in mice through vaccination with MUC1
glycopeptide-tetanus toxoid vaccine 42. b Recognition of tumor cells in mammary carcinoma
tissue sections by the antiserum induced through vaccine 42 [62] in a light microscope: early stage
tumor: a, prior to and b, after treatment with the antiserum; advanced tumor c, prior to and d, after
treatment with the antiserum
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In view of the very promising results achieved in vaccinations with the synthetic
vaccine 42, hybridomas were generated by fusing spleen cells from one of the
immunized mice with murine myeloma cells. The experiments resulted in the pro-
duction of a monoclonal antibody GGSK-1/30 which strongly binds to the MUC1
glycopeptide epitope presented in the vaccine 42 [63]. Flow cytometry experiments
showed that monoclonal antibody GGSK-1/30 does bind with high rates to mam-
mary carcinoma cells of cell lines T47-D and MCF-7 (*95%) and also recognize
pancreas tumor cells PANC-1 with a rate of >73%, but does not recognize normal
human mammary epithelial cells (HMEC) in analogous investigations. This selec-
tivity in the binding to tumor cells was confirmed in fluorescence microscopy studies
of MCF-7 and T47-D tumor cells and normal HMEC cells after treatment with
monoclonal antibody GGSK-1/30 and subsequent staining with a fluorescent-
labeled (Alexa Fluor 488) goat-anti-mouse secondary IgG1 antibody (Fig. 8).

The MCF-7 tumor cells (Fig. 8a) distinctly differ in their habitus from the
normal epithelial cells HMEC (Fig. 8d). After incubation, these tumor cells with
monoclonal antibody GGSK-1/30 and staining with the secondary antibody, their
membranes brightly shine in green fluorescence (Fig. 8b) indicating the intense
binding of mAb GGSK-1/30 to the molecules exposed on the membranes of the
tumor cells. Since the same treatment of normal HMEC cells did not result in any
effect (no fluorescence at all), the blue 4′,6-diamidino-2-phenylindole (DAPI) was
added as a second fluorescene dye which colorizes the nuclei (Fig. 8e). Addition of
DAPI to the MCF-7 cells already labeled with GGSK-1/30 and the Alexa Fluor
488-linked secondary antibody shows both, the green fluorescence of the mem-
branes and the blue fluorescence of the nuclei (Fig. 8c).

Fig. 8 Fluorescence microscopy of MCF-7 breast tumor cells (a) and normal human epithelial
cells HMEC (d). b Staining of MCF-7 with monoclonal antibody GGSK-1/30 and an Alexa Fluor
488-labeled secondary antibody. c Same treatment as in b and addition of blue fluorescent DAPI
visualizing the nuclei. e HMEC cells after treatment with monoclonal antibody GGSK-1/30 and an
Alexa Fluor 488-labeled secondary antibody and addition of DAPI
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These experiments give evidence that the monoclonal antibody induced in mice
through the tumor-associated MUC1 glycopeptide-tetanus toxoid vaccine 42
completely differentiated between epithelial tumor cells and normal epithelial cells.
This result is of particular importance because a strong immune response induced
by the synthetic vaccine 42 which can overcome the natural tolerance against the
endogenous structure should not cause severe autoimmune reactions.

8 Conclusion

Coupling reactions, in which the carbohydrate should be linked to a partner
molecule to give a biological ligand structure comprising both components, are
most demanding since the natural linkage needs to be installed. In a stereo- and
regioselective glycosylation of a Thomsen-Friedenreich antigen with an
sialyl-LewisX trichloroacetimidate as the glycosyl donor the natural b-glycoside
connection was achieved. The obtained hexasaccharide-threonine building block
was introduced into the synthesis of the natural glycopeptide binding site of the
P-selectin glycoprotein ligand-1 (PSGL-1) which exhibited much stronger binding
to P-selection than sialyl-LewisX itself.

Fortunately, for the construction of glycopeptide vaccines containing endoge-
nous glycopeptide antigens, less strict requirements are applicable as far as the
target antigen structure is appropriately presented to the immune system in the
framework of the prepared vaccine. The carboxy-terminal activation of a gly-
copeptide by a water-soluble carbodiimide was realized in the preparation of vac-
cines comprising N-terminal glycophorin glycopeptides and bovine serum albumin.
However, it can only be applied to molecules which have only one carboxy group
of enhanced reactivity. More generally applicable ligation with proteins is achieved
by radical-induced thiol-ene coupling reactions and conjugation reactions based on
the differentiated electrophilic reactivity of squaric acid diesters. In particular, the
latter have the advantage that amino functions of exposed reactivity on the gly-
copeptide selectively react with squaric diester in aqueous solutions at pH 8 to give
the squaric monoamide ester which can be isolated and purified. It is then appli-
cable to a mild coupling reaction in which it subject to aminolysis by amino groups
of lysine side chains of the protein. According to this strategy, MUC1
glycopeptide-tetanus toxoid vaccines are accessible, which induce very strong
immune responses in mice. These immune reactions have the potential to override
the natural tolerance of the immune system towards endogenous structures. The
induced antibodies selectively recognize epithelial tumor cells both in cell culture
and in tumor tissues, as was demonstrated for mamma carcinomas. Since a mon-
oclonal IgG1 antibody generated from one of the immunized mice completely
differentiated between normal and tumor epithelial cells encouraging preconditions
are fulfilled for the development of an active vaccination of patients against their
tumor diseases.
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Recent Advances in the Stereochemical
Outcome of Multicomponent Reactions
Involving Convertible Isocyanides

Krishnakant Patel and Peter R. Andreana

Abstract Multi-component reactions (MCRs) have become an integral part of
organic synthesis as short and very efficient routes to molecular diversity with
included varying stereochemistry. MCRs have evolved rapidly in terms of the
components used in the reactions and their role on the stereo chemical outcomes.
This chapter focuses on covering recent contributions towards MCRs including
targeted asymmetric control. Furthermore, advances in MCRs, as reported by many
researchers, covering the utility of the convertible isocyanides, stereochemical
advances of the Passerini and Ugi reactions and finally, the use of carbohydrates as
chiral auxiliaries are examined and discussed.

1 Introduction

Carbohydrates are naturally occurring complex chiral molecules that have significant
biological significance. They have been used in the laboratory setting as chirons for
the transformation into multiple functionalities such as aldehydes, acids, amines, and
isocyanides as well as employed in reaction settings such as multicomponent reac-
tions. In recent years, there has been a marked increase in utilizing carbohydrates as
key components in multicomponent coupling reactions such as the Ugi, and Passerini
reactions to name a few [1, 2]. In the aforementioned reactions, sugars were used as
the isocyanide and amine components for understanding diastereoselective roles in
the key carbon–carbon bond forming reaction. However, over a period of time the
use of carbohydrates in such multicomponent reactions has diminished. In the later
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sections of this chapter, we attempt to discuss the role of carbohydrates in multi-
component reactions as both isocyanide and amine functionalities.

An isocyanide, also known as an isonitrile or carbylamine is an organic com-
pound characterized by the functional group R–N�C. It is the isomer of closely
related cyanide (R–C�N), thus the prefix iso. Electronically, isocyanides are similar
to carbon monoxide and therefore have been used to substitute carbon monoxide in
organometallic transformations. Akin to carbon monoxide, the isocyanides are
represented by two resonance structures, one with a triple bond between nitrogen
and carbon and the other with a double bond (Fig. 1).

Isocyanides are adaptable functional groups having a divalent carbon which acts
as a proton acceptor (Brønsted base). Very few compounds belong to this class of
proton acceptors. Isocyanides are also stable to basic conditions but under highly
acidic conditions, they tend to hydrolyze or polymerize. Some suspect that they
may even undergo radical formations depending on reaction conditions [3–6].

The first reported synthesis of an isocyanide was serendipitously discovered in
1859 by Lieke [7] when the synthesis of allyl cyanide was attempted but instead an
isocyanide was characterized. The first naturally occurring isocyanide, Xanthocillin,
discovered by Rothe in 1950, was later used as an antibiotic (Fig. 2).

Ever since the development of synthetic routes for isocyanides established circa
1867 by Gautier and Hoffman [8, 9], there have been many reports describing
further developments, not just in terms of different synthetic routes but also for
obtaining varied isocyanides which have been used in the synthesis of biologically
important scaffolds. The synthetic importance and utility of isocyanides rocketed
following their use in multicomponent reactions (MCRs). MCRs involve the use of
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three or more different compounds as starting materials, which can react to give a
product comprising the majority of atoms from the starting materials, making them
atom economical reactions. Even though there has been an exponential increase in
isocyanide published manuscripts over the past 15–20 years, there is a need for
novel isocyanides that can be used in the synthesis of various natural products via
well-known transformations. Isocyanides are used to introduce new functionality in
the molecule, which is overshadowed by utilizing harsh reaction conditions to
hydrolyze the amide bond formed. This creates complications in highly function-
alized compounds and a major drawback for extended uses. To overcome this
challenge a new class of isocyanides, now termed “Convertible Isocyanides”
(CICs), have been developed. The name convertible is justified by the role it plays
in the MCRs and the post-modifications of the products obtained. The labile amide
can be easily removed in a single step and be “converted” into a variety of other
moieties with augmented diastereoselectivity. These are, at times, referred to as
“Universal Isocyanides”.

2 Convertible Isocyanides (CICs)

CICs are isocyanides consisting of a moiety that allows for selective cleavage of the
terminal amide; for example in an Ugi post-condensation product. They are widely
used in MCRs like the Passerini reaction. The concept of CICs was first introduced
by Armstrong in the year 1996. There has been a considerable increase in efforts for
the development of CICs and some of the famous CICs are shown in Fig. 3.

Despite the fact that isocyanides 13 and 18 do not have the appearance of CICs,
recent reports prove that they can be used as such [10, 11]. Recently, Orru and
co-workers have reported on the use of 2-bromo-6-isocyanopyrudine 14 as a uni-
versal CIC for MCRs to synthesize some biologically important compounds [12].
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2.1 Methyl Isocyanides

Methyl isocyanides (MICs), can be considered a class of CICs where the substituent is
present on the methyl group. Some of the better knownMICs are p-tolylsulfonylmethyl
isocyanide (TosMIC), diphenylmethyl isocyanide (DPMIC), benzotriazol-1-yl-methyl
isocyanide (BetMIC), and methyl 2-isocyanoacetate (MICAc). Although the afore-
mentioned MICs have been used as CICs in MCRs, the role of methyl isocyanide
(MIC) alone as a CIC in an Ugi4-CR was only just first explored and reported by
Andreana and co-workers [13] in 2016. The general outline for the reaction using MIC
is given in Scheme 1. The required compound 24, was obtained by mixing benzalde-
hyde 22, methyl isocyanide 20, propionic acid 21, and isopropyl amine 23 in methanol
at room temperature for 24 h (Scheme 1). Then the dipeptide 24 was reduced to give
compound 25 under Bechamp-type reduction conditions. Under microwave reactor
conditions, the desired cyclized product 26was readily obtained. Apart from the role as
a CICs, MIC has also been used by the same group as a key component in the one-pot
synthesis of diketopiperazine-based natural product Thaxtomin A (±)-syn (TA); well
known for herbicidal activity [14]. First, the required starting materials
4-nitroindolylacetaldehyde 27, methyl amine 28, 3-hydroxyphenylpyruvic acid 29 and
compound 20 were reacted in methanol followed by epimerization and cyclization
under basic conditions using KOH at 70 °C to afford Thaxtomin A (±-syn-30) and the
corresponding anti-diastereomer in a 4:1 ratio (Scheme 2).
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3 Asymmetric Control of Isocyanide-Based
Multicomponent Reactions

Isocyanides have gained a lot of interest among the organic chemists in view of its
importance in the various reactions used to generate a library of compounds and
natural products via diversity-oriented synthesis (DOS). This is attributed to the
generation of new chiral centers implicit in various multicomponent reactions like
Passerini, Ugi to name a few. Admitting the fact, that the isocyanide is just one of
the components in the MCR, the outcome of the reaction can be controlled by the
types of isocyanides used along with the use of chiral catalysts as seen in some of
the cases discussed hereafter.

3.1 Diastereoselective Additions

Although isocyanides have been widely used in the MCRs for the synthesis of
various scaffolds including natural products and biologically active compounds,
there has been a concern lurking over the stereoselectivity of the reactions involving
isocyanides. Although there have been stereoselective reactions developed for a
myriad of multicomponent coupling reactions, the isocyanide-based reactions seem
to be a little more challenging and to date only the asymmetric Passerini reaction
has been achieved.

Zhu and co-workers [15] reported the stereoselective synthesis of
pyrrolo-pyridine via the formation of the oxanorbornene heterocyclic intermediate
35, followed by the Diels–Alder reaction to give the desired product 36. Isocyanide
31, ester 32, and aldehyde 33 were dissolved in methanol and stirred for 2 h at room
temperature followed by the addition of triflouroacetic acid (TFA) at −78 °C and
stirred for 20 min which afforded the pyrrolo-pyridine moiety 36 in 80% yield
(Scheme 3). Intermediate 35 was obtained in high diastereoselectivity of >90% de
with an excellent yield of 92%.

Furthermore, Kazmeier et al. [16, 17] reported the use of an enantiomerically
pure isocyanide 38 to form oxazoline, ligands (40a and 40b) which were used in
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stereoselective additions of Et2Zn to various aldehydes. Due to the instability of the
oxazolines, they designed an alternate two-step synthesis of thiazoline ligands (42a
and 42b). In both the cases, an excellent stereoselectivity of >92% ee was obtained.
The oxazoline ligand 40b was synthesized in one step followed by the addition of
Et2Zn to benzaldehyde to yield 43 in 100% yield with a 94% ee. The thiazoline
ligand 42b was synthesized in a two-step process followed by the addition of Et2Zn
to benzaldehyde to yield 43 in 100% yield with a 92% ee (Scheme 4).
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3.2 Enantioselective Additions

Denmark and Fan reported the synthesis of a-hydroxyl amides and esters via the
use of the concept of Lewis base activation of Lewis acids which employs the use
of SiCl4 and a chiral bisphosphoramide (R,R)-catalyst [18, 19]. The reaction was
carried out using various aldehydes 39, 44a–e and isocyanide 18 in the presence of
SiCl4 and 5 mol% of the catalyst to give intermediates 46a–f. It was determined
that the intermediates could give two different products based on the workup route
selected (Scheme 5). Under saturated aqueous NaHCO3 workup conditions, a-
hydroxyl amides 47a–f were obtained in good to excellent yields of 76–92% with
82–99% ee. Under conditions where methanol and saturated aqueous NaHCO3

workup conditions, it gives rise to a-hydroxyl esters 48a–f in good to excellent
yields of 70–92% with 80–98% ee (Table 1).
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Scheme 5 Enantioselective addition of isocyanides to aldehydes using catalyst

Table 1 Reaction profile of
Lewis base activation of
Lewis acids

Product Aldehyde Yield (%) er

46a 39 91 99.9:0.1

46b 44a 91 99.9:0.1

46c 44b 89 98.3:1.7

46d 44c 86 67.4:32.6

46e 44d 76 77.0:23.0

46f 44e 92 81.9:18.1
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4 Stereoselectivity of Passerini Reactions

4.1 Diastereoselective Passerini Reactions

In recent times, there have been very few reports on the diastereoselective Passerini
reaction. Berlozecki and co-workers have reported on Passerini reactions wherein
they used Na protected amino acids, cyclic ketones, and isocyanides [20]. They
achieved exceptional diastereoselectivity which they attribute to the protecting
groups used to protect the amine group of the amino acids. L-phenylalanine
(Scheme 6) with Boc- or phthaloyl and trityl protected amine 49 gave a selectivity
of 99% de with yields of 86, 84, and 66% respectively (Table 2). Whereas the
D-valine (Scheme 7) with Boc- and phthaloyl protected amine 53 gave a selectivity
of 85–96% de with the yields of 79 and 74% respectively (Table 3). Albeit high
yields and diastereoselectivity was achieved, this approach had a drawback; ketones
other than cyclohexanone were not tested for the transformation. They were later
tested by Simila and Martin [21].

4.2 Enantioselective Passerini Reactions

Over the years many enantioselective Passerini reactions have been reported, but
only a few of them have resulted in good enatioselectivity [22–25]. A recent report
by Szymanski imposes the utilization of wheat germ lipase enzyme to resolve the
Passerini product by hydrolysis of the racemic mixture (desymmetrization) [26].
Although two different products were obtained, the selectivity was excellent giving
58 (R) in 70% ee and 59 in 99% ee.

The a-hydroxyl amide 59 was then converted into the corresponding amino acid
by six additional steps. First, compound 59 was mesylated, followed by nucle-
ophilic substitution of azide and hydrogenation using Pd/C in methanol afforded the
amide 60 (Scheme 8). This was later subjected to hydrolysis under acidic and basic
conditions followed by hydrogenation using Pd/C in methanol to yield the amino
acid [27] in 71% with an excellent enatioselectivity (98% ee).

Similar to the Lewis base catalyzed Passerini reaction, Lewis acid catalyzed
Passerini reactions were initially described by Domling [22] and Schreiber groups
(2004) [28] using titanium- and copper-based catalysts respectively. However in
each case, when these approaches were used, the drawback was lower enantiose-
lectivity when non-chelating agents were employed. This was further explored by
Zhu and co-workers (2008) using aluminum-based catalysts [29]. Several catalysts
and reaction conditions were optimized which showed that the use of
salen-aluminum catalyst could render good enantioselectivities. The reactions were
carried out by mixing the aldehyde, carboxylic acid, and the isocyanide in toluene
at −40 °C and stirring for 48 h (Scheme 9). The reaction yields were moderate to
good (59–70%) affording the amide 65a–i with moderate to excellent
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enatioselectivity of 63–99% ee (Table 4). Screening a set of diversified reagents
revealed that the enatioselectivity is greatly dependent on the structures of the
aldehydes and isocyanides. It was determined that the carboxylic acid also played a
minor role in selectivity. The S-selectivity of the product is favored by the attack of
the isocyanide on the Re-face of the aldehyde.
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Scheme 6 Diastereoselective P-3CRs of L-phenylalanines

Table 2 Reaction profile of P-3CRs of L-phenylalanines

Product PG Isocyanide configuration Time (h) Yield (%) dr

52a Bz S 20 39 94:6

R 20 48 7:93

52b Trt S 24 66 <1:99

R 20 49 >99:1

52c Phth S 14 84 <1:99

R 40 82 >99:1

52d Boc S 20 86 99:1

R 16 >99 1:99
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Scheme 7 Diastereoselective P-3CRs of D-valines

Table 3 Reaction profile of P-3CRs of D-valines

Product PG Isocyanide configuration Time (h) Yield (%) dr

54a Bz S 20 30 16:84

R 35 42 81:19

54b Cbz S 27 52 18:82

R 25 89 87:13

54c Phth S 17 74 85:15

R 20 78 18:82

54d Boc S 20 79 5:95

R 23 87 96:4
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Zhu and co-workers further modified the catalyst and replaced the carboxylic
acid with the hydrazoic acid 67 which gave a cyclic product following a 1,5-dipolar
cyclization (Scheme 10) instead of the acylation as observed in the previous case
[24]. The products were achieved in high yields of 76–95% with excellent ena-
tioselectivity up to 95% ee (Table 5). But this approach is also limited due to the
fact that it is more suitable for aliphatic aldehydes and very few aromatic aldehydes.

A very recent report by Bin Tan’s group has shown that the use of phosphoric
acid based catalysts could actually enhance the enantioselectivity of Passerini
reactions and could be applied to wide range of aldehydes and carboxylic acids.
They have optimized the reaction conditions by screening a wide range of catalysts
[30] and selecting the catalyst with the best results (CP6) followed by its use to
further explore the reaction profile. Moderate to excellent yields of 45–99% with
enantioselectivity of 84–99% ee were observed (Fig. 4).

H

O

CN

OMe

CH3COOH

OMe

N
H

O

OAc
Ph

OMe

N
H

O

OAc
Ph

OMe

N
H

O

OH
Ph

H2N N
H

O
PMB

Ph

H2N OH

O

Ph

Ph

DCM,

20 °C, 48 h

Wheat Germ lipase,
phosphate buffer 7.0/Et2O
(8:2), 20 °C, 48 h

1) MsCl, Et3N, DMAP, DCM, 
20 °C, 30 min

2) NaN3, DABCO, DMAP, 
crown ether, 40 °C, 24 h
3) H2, Pd/C, MeOH, 4 h

4) 6M HCl, reflux, 20 h
5) CbzCl, 4 N NaOH, 

1N NaHCO3
6) H2, Pd/C, MeOH, 4 h

55

56

57

60

59

61

58 (R)

58 rac

Scheme 8 Enzymatic resolution of the racemic Passerini product

76 K. Patel and P.R. Andreana



5 Stereoselective Ugi Reaction

Successful attempts at the diastereoselectivity and enatioselectivity of the Passerini
reaction encouraged the organic chemists’ community to look for ways to access
similar success in Ugi reactions. List and co-workers [31] demonstrated the lack of
enatioselectivity in Ugi reactions. Recent reports by Zhu and co-workers have given
a ray of hope when they reported the enantioselective Ugi reaction [32, 33].

In the past few years, efforts from various research groups have shown that the
diastereoselective outcome of the Ugi reaction has been fruitful. Kobayashi and
co-workers [34, 35] demonstrated the synthesis of Omuralide, a proteasome
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Table 4 Reaction profile of
Lewis acid catalyzed
Passerini reaction

Product Aldehyde Acid NC Yield
(%)

ee
(%)

65a 62a 63a 64a 70 63

65b 62a 56 64a 59 63

65c 62a 56 64b 63 84

65d 62b 63c 64b 66 87

65e 62c 63c 64b 67 73

65f 62d 63c 64b 59 87

65 g 62e 63c 64b 68 71

65 h 62a 63c 64c 61 81

65i 62a 63c 64b 64 99
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inhibitor. The synthesis involved the use of beta-hydroxy gamma-keto acid. The
starting materials {protected b-hydroxyc-keto acid intermediate (I), isocyanide 15
and amine 71} underwent the Ugi four center three-component reaction
(Ugi-4C-3CR) to afford anti-72 predominantly with a yield of 78% with the for-
mation of single diastereomer (Scheme 11). This compound 72 further was used to
complete the synthesis of Omuralide 74.
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Table 5 Reaction profile of
synthesis of tetrazoles via
P-3CR

Product Aldehyde Isocyanide Yield (%) ee (%)

68a 62a 64b 90 85

68b 62a 66a 90 95

68c 62b 64b 88 87

68d 62c 64b 90 91

68e 62a 64a 76 92

68f 57 64b 97 64

68 g 62c 66a 93 84

68 h 62c 66b 95 94

68i 62c 64a 91 83

68j 62c 66c 93 75
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Use of chiral isocyanides was reported by Nenjadenko and co-workers to
achieve diastereoselectivity for the Ugi MCRs. They have used the
4-methyl-2,6,7-trioxabicyclo[2.2.2]octyl derivatives or the chiral oxabicyclooctyl
(OBO)esters 78a–e (previously synthesized by them) to study the role of chiral
isocyanide in the stereoselectivity [36]. The OBO esters played a key role in
controlling the racemization. The general reaction module for this reaction is,
stirring a mixture of amine, aldehyde or ketone, carboxylic acid, and the OBO
esters of the isocyanide in methanol at room temperature. They observed the
retention of configuration of the Ugi products 80a–k (Scheme 12). To further
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investigate the reaction profile they used the esters 79a–e, surprisingly racemization
at the chiral center on the isocyanide was observed. This observation suggests that
the OBO plays an important role to prevent the racemization.

Along the same lines of using the chiral isocyanides, Sureshbabu and co-workers
[37] attempted the utilization of the Nb-Fmoc amino alkyl isocyanides, which were
previously synthesized by the same group. They employed those isocyanides for the
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synthesis of a series of b-lactam peptidemimics via Ugi 4C-3CR (Scheme 13). The
reactions were conducted using the isocyanides 84a–h, aldehydes and methyl ester
of the aspartic acid 87 to give the peptidomimics 88a–h in moderate to good yields
(53–78%) with excellent diastereoselectivity {de between 85 and 100% (Table 6)}.

The high selectivity can be attributed to the formation of the 7-membered
oxazeoinone intermediate [38]. Furthermore, the Fmoc group on the final product
can be deprotected and be used in other reactions to synthesize various complex
natural products.

A collaborative work between Orru and van der Eycken [39] accomplished a
new level of diastereoselectivity. They utilized an aldehyde-carboxylic acid
derivative of biphenyl 89, amine (71) and the isocyanide (18) for the microwave
assisted Ugi 4C-3CR (Scheme 14). The reaction gave a dibenzo[c,e]azepinone
derivative as a single diastereomer with an excellent yield of 82%. The reaction
proceeds through the formation of iminium ion which is attacked by the isonitrile to
form nitrilium ion followed by the intramolecular acylation to give the intermediate
IV. This intermediate upon Mumm rearrangement forms the (Ra, S) isomer of the
product 90.

After all the years of hard work put in by various research groups to achieve the
enantioselectivity for the Ugi reactions, the initial breakthrough was provided by
Zhu’s group in 2012, wherein they used chiral phosphoric acids (CPAs) as catalysts
for the one-pot four-component Ugi type reaction [32]. The reactions were con-
ducted by adding the first three components (aldehyde, amine and isocyanide) in
dichloromethane and stirring for 24 h at −35 °C followed by addition of the fourth
component (unsaturated acid chloride) and base and refluxing the mixture for 5 h in
toluene. The process gave the desired single diastereomer in yields ranging from 41
to 94% with the enantioselectivity of 81–94% ee.

Following up on this work they further explored the role of the CPAs in
achieving excellent enatioselectivity for Ugi reactions [33]. There were two dif-
ferent approaches that they followed in order to achieve the desired product. In the
first approach, they followed a two-component version wherein they reacted the
preformed furan (from carboxaldehyde and amine) and the isocyanide followed by
the addition of the catalyst (CP–NO2). Second approach was mixing all the com-
ponents in a single pot followed by addition of the catalyst (CP–NO2). In both the

Table 6 Reaction profile for the synthesis of b-lactams 88a–h

Product R1 Aldehyde Yield (%) dr

88a –H 39 65 99:1

88b –Me 39 78 96:4

88c –Bn 85 69 85:15

88d –i-Pr 86 72 90:10

88e –CH2–OBn 39 76 89:11

88f –CH2–COOBn 85 63 100:0

88 g –(CH2)4–NHZ 86 59 98:2

88 h Pyrrolidine NC 39 53 95:5
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cases excellent yields (74–98%) and enantioselectivities (82–97% ee) were
obtained (Fig. 5).

6 Carbohydrates as Chiral Auxiliaries

There have been efforts in improving the stereoselectivity in the Ugi 4CRs to syn-
thesize the substituted amino acids. Horst Kunz and co-workers have reported the use
of carbohydrates as chiral auxiliaries keeping other constituents achiral [1, 2]. The a-
D and L-amino acids can be achieved by simply switching the amines between the
galactosamine and the arabinosylamine respectively.

When the galactosamine 91 was reacted with isocyanide 18 and formic acid 94,
variety of aldehydes in the presence of ZnCl2 and tetrahydrofuran at lower tem-
peratures, N-galactosyl amino acid amide derivative 95a–i were obtained in
excellent yields ranging from 80 to 93% and high enantioselectivity (only one chiral
center) of 91–94% (Table 7). The derivatives were further processed for the
cleavage of the N-glycosidic bond following a two-step acidic hydrolysis
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(Scheme 15) giving the galactose template 96 and the desired free a-D-amino acids
98a–i in quantitative yields [1].

When the Ugi reaction was conducted using arabinosylamine as the chiral
amine, following similar reaction conditions, the derivatives [2] N-formyl-N-
arabinosyl amino acid amides 100a–e were obtained in excellent yields ranging
from 85 to 95% and enantioselectivity of >96% respectively as observed in the case
of galactosamine (Table 8). The desired L-amino acid derivatives 103a–e and the
arabinose template 101 were obtained in quantitative yields via a two-step acidic
hydrolysis (Scheme 16).
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Fig. 5 Chiral phosphoric acid catalyzed enantioselective Ugi reaction

Table 7 Reaction profile for Ugi reaction using D-galactosamine auxiliary

Product R1 Aldehyde Reaction temp (°C)/time R:S Yield (%) of pure R

95a C3H7 92a −78/2d 94:6 80

95b -i-Pr 62a −78/2d 95:5 86

95c t-Bu 92b −25/3d 96:4 80

95d Bn 57 −78/8 95:5 80

95e

O

92c −25/24 h 95:5 90

95f

S

92d -25/24 h 96:4 93

95 g Ph 92e 0/8d 91:9 81

95 h p-Cl–Ph 92f −25/24 h 97:3 92

95i p–NO2–Ph 92 g 0/4 h 94:6 91
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Furthermore efforts were put in by Pellicciari’s group [40], synthesizing the
glycine derivatives with good to moderate yields and excellent diastereoselectivity
(Fig. 6) and Ugi and co-workers [41] used a thiosugar to synthesize the D-leucine
derivatives with excellent yields and enantioselectivity (Fig. 7). The selectivity
could have been achieved due to the formation of the intermediate which directs the
attack of the isocyanide at the imine center.

Use of sugars as chiral auxiliaries was further explored by Zeigler and
co-workers [42] by employing carbohydrate-based isocyanides in the Ugi and
Passerini MCRs to synthesize a library of glycopeptides. The reactions were per-
formed using anomeric glucosyl isocyanides 104a, b and protected
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Table 8 Reaction profile for Ugi reaction using D-arabinosamine auxiliary

Product R1 Aldehyde Reaction temp (°C)./time R:S Yield (%) of pure S

100a t-Bu 92b −25/3d 97:3 85
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2-deoxy-2-isocyano-b-D-glucopyranose 104c with various combinations of alde-
hydes, carboxylic acids, and amines (Fig. 8). The reactions were characterized by
longer reaction time, lower yields and more importantly poor diastereoselectivity
with a couple of exceptions as evident from Tables 9 to 10.

The 2-isocyano compound faired well in the Passerini reactions with higher
yields and better reaction times. Although the reactions did not result in desired
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diastereoselectivity, there was room for improvement but unfortunately not many
researches have followed this work, and thus far not much work has been done in
this area. This approach could be a useful tool for synthesizing complex
glycopeptides.

7 Conclusions

This chapter describes the recent developments in the application of isocyanides in
the multicomponent reactions (MCR) forming chiral products It also describes the
first ever application of methyl isocyanide as a convertible isocyanide, which could
be useful in the synthesis of various natural product intermediates via Ugi and
Passerini reactions involving the multicomponent transformations. In order to
achieve higher stereoselectivity, various catalysts were used giving a sign of
importance of catalysis in chemical tranformations en route to the synthesis of
natural products of biological significance. The post-modifications of Ugi and
Passerini products can give rise to esters, acids, and thioesters.

Recent reports have shown that the high enatioselectivity can be achieved in the
Ugi reactions, opening up the avenues to further explore the results that can be
implemented in the synthesis of intermediates for complex natural products.

Table 10 Reaction profile for Ugi reaction leading to products 109a–e

Product Isocyanide Aldehyde Acid Amine Reaction temp/time Yield %, dr

109a 104a 62a 106a 107a RT/37d 22%, 55:45

109b 104b 62a 106a 107a RT/25d 35%, 60:40

109c 104c 62a 106a 107a RT/30d 31%, –

109d 104c 62a 106b 107a RT/18d 19%, –

109e 104a 62a 107b 107b 55 °C/11 h 15%, 63:37

Table 9 Reaction profile for Passerini reaction leading to products 108a-i

Product Isocyanide Aldehyde Acid Reaction temp/time Yield %, dr

108a 104a 105a 56 RT/3d 23%, 55:45

108b 104a 105b 56 RT/3d 41%, 58:42

108c 104a 62b 56 RT/24 h 80%, 50:50

108d 104b 105a 56 RT/6d 31%, 57:43

108e 104b 105b 56 RT/8d 35%, 52:48

108f 104c 105b 56 RT/4d 57%, 60:40

108 g 104c 62a 56 RT/8d 23%, 53:47

108 h 104c 62a 106a RT, 28 h 90%, 53:47

108i 104c 76 94 0 °C, 3 h 14%, –
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Use of carbohydrates as chiral auxiliaries has revolutionized the utility of the
multicomponent reactions owing to their ease of access and further modifications in
those reactions. The carbohydrates have been used for the synthesis of various
amino acid derivatives and can further be used to synthesize biologically important
amino acid based molecules.

We summarize the chapter with an anticipation that this will galvanize the
synthetic chemists to focus on further development of applications of isocyanides in
various fields of chemistry to synthesize compounds of biological significance and
compounds that can make an impact on environment in a positive way.
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Glycoconjugate-Based Inhibitors
of Mycobacterium Tuberculosis GlgE

Sri Kumar Veleti and Steven J. Sucheck

Abstract Tuberculosis (TB) is the leading cause of death globally as a result of a
single infectious disease. A staggering 6 million new cases were reported in the
2014. In order to eradicate the ongoing threat of TB and combat rising rates of TB
drug resistance new therapeutics must be developed. In this chapter, we briefly
review the history of TB, Mycobacterium tuberculosis (Mtb) cell wall structure, the
enzymes involved in synthesizing cell wall, and the trehalose utilization pathways
(TUP). We focus on the recent discovery of enzyme Mtb GlgE, a glycosyl
hydrolase-like phosphorylase, which has been found to be essential for Mtb via-
bility and the ongoing efforts to design inhibitors against this target.

1 Mycobacterium Tuberculosis

1.1 Introduction

Dr. Koch discovered the functioning agent of tuberculosis (TB), Mycobacterium
tuberculosis (Mtb) in 1882 [1]. Over 100 years later, TB is the leading cause of
death in the world due to an infectious disease. In 2014, 1.5 million people were
killed by TB. Mortality, due to TB has decreased by 47% since 1990, and effective
diagnosis and treatment of TB saved an estimation of 43 million lives between 2000
and 2014 [2]. Globally, the incident rates of TB have fallen by an average of 1.5%
per year since 2000. Most of the deaths are caused by drug-resistant strains [2],
which have evolved due to selective pressure, co-infection with HIV, and incon-
sistent adherence to treatment regimens [3]. In 2014, it was estimated that 480,000
new multidrug-resistant TB (MDR-TB) cases occurred worldwide and approxi-
mately 190,000 deaths resulted from MDR-TB. Thus, 3.3% of new TB cases were
MDR-TB in 2014 and it is estimated that 9.7% of people with MDR-TB have
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extensively drug-resistant-TB (XDR-TB). Clearly, new drugs are desperately nee-
ded to eradicate TB and combat the rising numbers of drug-resistant infections
including MDR-TB and XDR-TB [4–7].

1.2 Present Drugs for Tuberculosis

TB drug therapy began after Koch’s discovery became widely accepted [1]. The
major era of anti-TB drug discovery occurred in the mid 1960s [8]. Streptomycin

Table 1 First-line and second-line drugs used to treat TB
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was the first antibiotic used for treating Mtb, beginning in 1944 [9]. Unfortunately,
the pattern of Mtb developing resistance to antibiotics was discovered shortly after
[10]. First- and second-line drugs that are commonly utilized to fight Mtb. infec-
tions are shown in Table 1 [11, 12].

The main reason for identifying new drugs for tuberculosis is the increased
prevalence of resistance strains. Further, the current treatment is very complex
which results in patient non-compliance. The treatment consists of two phases, the
intensive phase and the continuous phase. During the intensive phase patients are
administered four first-line drugs for approximately two months. The continuous
phase spans four months on isoniazid and rifampin with a three times a week dosing
regimen. Situations such as improper medical attention, lack of supplies, and a poor
understanding of the strict dosing regimen all contribute to the development of
resistant strains.

Drug-resistant strains are categorized as single-drug resistant, MDR and XDR
strains. Single-drug resistant should be treatable by a combination of first-line
drugs. However, MDR strains are resistant to both isoniazid and rifampin, whereas
XDR strains are resistant to isoniazid and rifampin along with any fluoroquinolone
and at least one of three injectable second-line drugs (i.e., amikacin, kanamycin, or
capreomycin) [13]. Active Mtb infections are also more prominent with the patients
affected with HIV, and TB treatments can tremendously interfere with the
anti-retroviral drugs used to treat HIV [14]. Presently, researchers are focusing on
inhibiting critical cellular process that occurs in either actively dividing or dormant
Mtb [15]. Recently GlgE, a maltosyl transferase, inMtb was identified as a potential
new drug target [16].

1.3 Cell Wall of Mycobacterium Tuberculosis (Mtb)

The cell wall of Mtb has two layers. One is the inner layer which consists of mem-
brane proteins in the plasma membrane (Fig. 1), whereas, the outer layer consists of
four important main components: the mycolylarabinogalactan (mAG), the peptido-
glycan, free glycolipids, and the capsule. The cell wall of Mtb is a sturdy structure
which makes it difficult for drugs to pass through [17]. The arabinogalactan and the
associated free glycolipid layer together form the mycobacterial outer membrane
(MOM). The mAG is made up of D-arabinan, mycolic acids, and D-galactan which
are covalently connected [18, 19]. The galactan fragment contains repeating units of
galactofuranose in alternating b-(1 ! 5) and b-(1 ! 6) linkages. Arabinan is
attached to the galactan at the fifth position of galactofuranose residue and itself with
a-(1 ! 3), a-(1 ! 5), and b-(1 ! 2) linkages. The arabinogalactan is esterified
with mycolic acids and further covalently linked to peptigoglycan (PG) by a phos-
phoryl-N-acetylglucosaminosyl-rhamonse linker [20] which together form the
mycolyl arabinogalactan peptidoglycan (mAGP) complex [21–23]. The peptidogy-
can is comprised of alternating units of N-acetylglucosamine and muramic acid
residues, which are often acetylated or glycolated [20].

Glycoconjugate-Based Inhibitors of Mycobacterium … 93



Mycolic acids are made of long chain a-branched-b-hydroxyl fatty acids. The a-
branches generally consist of more than 20 carbons, but 60 carbons can also be
accomodated by longer meromycolate moities. These are usually functionalized by
cis and trans double bonds, cyclopropane rings, methoxy, and keto esters [23–25].
These mycolic acids are attached to trehalose monomycolate (TMM), which can also
be converted to trehalose dimycolate (TDM). Mycolic acids also form complexes
with various sulfolipids, phosphotidylinositol mannoside (PIM), and lipoarabino-
mannan (LAM) [26]. All these connections and functionalities contribute to the
hydrophobicity and impermeability of the mycobacterial cell wall [27].

The LAM complex consists of a PIM anchor, D-mannan, and D-arabinan
polysaccheride backbones [28]. These structures are formed by various mannosyl
tranferases (ManTs) by the addition of mannose residues to phosphotidylinositol
(PI) to form PIM [29, 30]. PIMs can be extended by ManTs to form linear and
mature branched lipomannans (LM). LM is subsequently arabinosylated to form
mature LAM. The terminal end of LAM can be further glycosylated with mannose
to form an mannose cap refered to as manLAM. Together the structures are called
the LAM complex. The PI anchor present in the membrane helps to connect the
LAM complex with the membrane. This LAM complex also plays a crucial role in
maintaining the integrity of the cell wall [31–33].

The outer part of the mycobacterial cell wall consists of the capsular layer which
is made of polysaccherides and proteins, such as superoxidase dismutase, glutamine
synthase, and thioredoxin. The characteristics of the capsular enzymes play crucial
roles in bacterium’s response to oxidative stress from the environment.

Fig. 1 Schematic representation of Mtb cell wall
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1.4 Trehalose Utilization Pathways (TUP)

Trehalose (1-O-a-D-glucopyranosyl-a-D-glucopyranoside) is a non-reducing dis-
accharide which is present in microbial cells, plants, bacterial, insects, and fungi. It
protects the organism from stress, typically temperature, dehydration, and oxidative
stress [34]. Its mechanism of protecting the cells is not well understood but depends
on concentration [35]. Trehalose utilization pathways in Mtb contain several pos-
sible drug targets, for example TPP2 [36], Pks13 [37], GlgE [16], MmpL3 [38], and
Ag85s [39, 40].

Mtb uses trehalose for protection, energy, and as a precursor for building
components of the cell wall [35]. Trehalose can be synthesized in three different
pathways (Fig. 2) [41]. The first pathway is the OtsA/TPS pathway, it transforms
glucose-6-phosphate to trehalose. OtsA encodes a trehalose phosphate synthase
(TPS) which transfers glucose units from UDP-glucose to glucose-6-phosphate
yielding trehalose-6-phosphate [42, 43]. In the next step, OtsB2 encodes TPP which
dephosphorylates trehalose-6-phosphate forming trehalose. According to muta-
tional studies, OtsA and OtsB genes are essential for the viability [44, 45].

The second pathway is the TreYZ pathway which involves three enzymes TreX,
TreY, and TreZ and transforms glycogen to trehalose [46]. Trehalose is also

Fig. 2 Trehalose utilization pathways (TUP)
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involved in production of TMM via Pks13 [47]. The newly synthesized TMM is
passed from the cytoplasm to the periplasm which is taken up by the Ag85 complex
and converted into trehalose, mycolylarabinogalactan (mAG), and TDM. TDM is a
cell wall envelope glycolipid required for Mtb virulence [40].

The third pathway contains the genetically validated drug target GlgE. This
pathway involves the conversion of trehalose into a-1,6-glucans. Briefly, trehalose
is converted to maltose by TreS. The resulting maltose is phosphorylated by Mak
yielding phosphorylated sugar, maltose-1-phosphate (M1P) [48]. M1P is the sub-
strate for GlgE which forms a linear a-1,4-glucan [16, 49]. The linear a-1,4-glucans
are modified with a-1,6 branches by GlgB which is transformed to capsular glucan.

1.5 Importance of GlgE as Drug Target

Kalscheuer et al. showed evidence that GlgE is an essential enzyme present in the
a-glucan biosynthesis and showed by four ways that the enzyme meets the char-
acteristic features of a promising new anti-TB target. First, by blocking GlgE
activity with a chemical genetic strategy they inhibited the growth of Mtb and
established that cell death was caused by a self-poisoning feedback loop. Second,
GlgE inhibition lead to Mtb cell death by in vivo studies in lungs and spleens of
infected mice. Third, GlgE is not present in humans or in normal gut flora. This
implies the drugs made to inhibit GlgE will specifically inhibit Mtb with limited off
target effects. Fourth, up to now no one has targeted the a-glucan pathway by
chemotherapeutics in the treatment of Mtb. The self-poisoning response is a novel
mode of action when compared to the mechanism of action of drugs used presently
[16, 49]. Hopefully, a compound can be developed to potently inhibit GlgE which
might solve the problem of MDR- and XDR-TB.

1.5.1 Mechanism of GlgE

GlgE is a member of the glycoside hydrolase subfamily GH13_3. The enzyme
works by an a-retaining double-displacement mechanism and catalyzes the transfer
of maltosyl units as shown in Fig. 3 [50]. The mechanism begins with the side chain
of Asp418 attacking M1P generating a b-glycosyl enzyme intermediate. The
incoming acceptor glucan is deprotonated by the general acid/base Glu447 side
chain and attacks the b-glycosyl enzyme forming linear a-1,4 glucans [51].
Notably, release of phosphate was not observed when b-M1P was used as substrate.
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1.6 Synthesis of Ligands for Studying the Mtb GlgE
Binding Site

1.6.1 Substrate Analog Maltose-C-Phosphonate

Veleti et al. have synthesized a non-hydrolysable and isosteric analog of M1P,
maltose-C-phosphonate (2, MCP) which interacts sufficiently with the substrate
binding pocket to produce inhibitory activity. Co-crystallization of the MCP with
the homologous enzyme Streptomyces coelicolor (Sco) GlgEI provided information
via an X-ray crystal structure that aids in the development of new anti-tuberculosis
drugs. The molecule was prepared starting from maltose (1) and employed Wittig
and Micheal-Arbuzov chemistry that led to the first inhibitor MCP. MCP moder-
ately inhibited Mtb GlgE with an IC50 = 230 ± 24 µM [52]. MCP was complexed
with Sco GlgEI-V279S, an enzyme surrogate for Mtb GlgE, and the crystal
structure was solved to 1.9 Å resolution [53]. The results helped to define important
interactions between the enzyme and MCP (Fig. 4).

1.6.2 2-Deoxy-2-Fluoro Substrate Analogue

Syson and co-workers [51] reported on the interaction between Sco GlgEI and a-
M1P. They performedmutational studies and substituted Asp394 with Ala in order to
eliminate hydrolysis of a-M1P over the time scale of protein crystallization. Then they
complexed ScoGlgEI-D394Awith a-M1P, referred to as theMichaelis complex, and

Fig. 3 Mechanism of GlgE. The numbering Asp418 and Glu447 are based on the numbering of
Mtb GlgE
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determined the X-ray structure for the complex to 2.55 Å resolution. The structural
studies help to define the assignment of the binding subsites. To trap the putative
enzyme intermediate they mutated Glu423 with Ala. Sco GlgEI-E423A was com-
plexed with 2-deoxy-2-fluoro-a-D-maltosyl fluoride (1). The X-ray crystal structure
was determined to 2.5 Å resolution and showed covalent bond formation between the
Asp394 and the C1 carbon. They also used mass spectrometry to show the successive
extension of the acceptor by incubating protein with substrate analogue. These crystal
structures were the first to show trapping of the glycosyl enzyme intermediate. Their
findings provide strong evidence to the support a double-displacement mechanism
and assignment of the catalytic nucleophile (Fig. 5).

1.6.3 Transition-State Like Inhibitor

In an attempt to mimic the transition state for the reaction catalyzed by GlgE,
Veleti, and co-workers designed an inhibitor with a pyrrolidine moiety shown to
inhibit other glycosyl hydrolases in the micromolar range [54, 55]. To synthesize
2,5-dideoxy-3-O-a-D-glucopyranosyl-2,5-imino-D-mannitol (5, DDGIM) a con-
vergent synthesis was followed by coupling thioglycoside (2) with 5-azido-3-O-
benzyl-5-deoxy-1,2-O-isopropylindene-b-D-fructopyranose (4) [56] followed by
global deprotection to afford the target molecule. Pyrrolidine 5 inhibited both Mtb

Fig. 4 Conversion of maltose (1) to maltose-C-phosphonate (2)

Fig. 5 2-Deoxy-2-fluoro-a-
D-maltosyl fluoride (1)
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GlgE and Sco GlgEI-V279S with Ki = 237 ± 27 µM and Ki = 102 ± 7.52 µM,
respectively [57]. Further studies complexing DDGIM with Sco GlgEI-V279S were
conducted by Lindenberger et al. They solved the crystal structure to a resolution of
2.5 Å [53]. The structure showed numerous interactions in the binding pocket,
specifically a strong ionic interaction between D394 and the putative secondary
ammonium ion of DDGIM (Fig. 6).

1.6.4 2-Deoxy-2,2-Difluoro Substrate Analogue

Extending the use of fluoro sugars for studying structural insight of GlgE, Thanna
et al. synthesized a-2-deoxy-2,2-difluoromaltosyl fluoride (2, a-MTF) and b-
2-deoxy-2,2-difluoromaltosyl fluoride (3, b-MTF) [58]. These molecules did not
inhibit GlgE; however, 2-deoxy-2,2-difluoro-a-maltosyl fluoride provided useful
insight from its X-ray crystal structure complex with Sco GlgEI-V279S at 2.3 Å
resolution. The complex provided evidence that Glu423 functions as proton donor by
showing a hydrogen bond interaction between Glu423 and C1F. Further, Arg392 and
axial C2 difluoromethylene moiety of a-MTF interacts by hydrogen bonding sug-
gesting that C2 substitution can be tolerated with hydrogen bond acceptors (Fig. 7).

1.6.5 Proline and Pyrrolidine-Based Phosphonates as Transistion
State Inhibitors

Ongoing work in our lab based on iminosugars as potential transition-state inhibitor
against GlgE includes proline-based phosphonates (1 and 3) and pyrrolidine-based
phosphonates (2 and 4). These compounds inhibited Sco GlgEI-V279S in a range of
45–95 µM. Addition of phosphonates improved enzyme inhibition 2-fold when
compared to the previously synthesized compounds [59]. Crystallizing these target
compounds with Sco GlgEI-V279S will be helpful for advancing the structure-
based approach for identifying improved inhibitors against GlgE (Fig. 8).

Fig. 6 Synthesis of poly-hydroxypyrolidine-based inhibitor 5 and illustration of expected binding
interactions in the enzyme active site
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1.7 Inhibitors for Mtb GlgE Based on Docking Studies

Structure-based drug design frequently includes the use of molecular docking. It has
become increasingly important and complementary to wet laboratory experiments
in that it aids in evaluating the complex information of target enzyme with small
ligands. The tools sample optimal geometrical arrangements and quantitate the
strength of the bonding forces. By using molecular docking, the binding energy
between the ligand and the enzyme binding site can be calculated as shown in Eq. 1
[60]. Recent advances in high-performance computational screening methods have

Fig. 7 Conversion of maltose to a-2-deoxy-2,2-difluoromaltosyl fluoride (2) and b-
2-deoxy-2,2-difluoromaltosyl fluoride (3)

Fig. 8 Designed transition-state-like inhibitors
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contributed to the design of several drugs that have advanced in clinical trials [61,
62]. For example, computational chemistry has informed lead compound devel-
opment for compounds that prevent myocardial infraction, treat HIV infection,
rheumatoid arthritis, and other diseases [63, 64].

Ebinding = Etarget�ligand� Etarget + Eligand
� � ð1Þ

1.7.1 Screening of a-Amylase Family of Protein Binders Against
Homology Model of Mtb GlgE

Sengupta et al. studied the binding affinity of an a-amylase family of protein
binders to a homology model of Mtb Glg. Since an X-ray structure of Mtb GlgE
was unavailable at that time they used the homologue Sco GlgEI [50] to prepare a
homologous model of Mtb GlgE. They retrieved the amino acid sequence of Mtb
GlgE from the protein database of National Center of Biotechnology Information.
They utilized Sco GlgEI (PDB ID: 3ZSS) as a template to superimpose the
homology model of Mtb GlgE. Subsequently, the energy of homologous model was
minimized using CHARMm. The model structure has three binding cavities with
one primary binding site (PBS) and two secondary binding site (SBS1 and SBS2)
[60]. Sengupta et al. used CDOCKER, which is a molecular dynamics simulated
annealing based docking program, and LibDock, which is a fast feature-based
algorithm for molecular docking. 3-O-a-D-gluco-pyranosyl-D-fructose
(OTU) docked with the best binding affinity to the PBS among all the computa-
tionally screened substrates that were taken from the CHEMBL database as shown
in Table 2. This study revealed insights into the active site, substrate binding
affinities of ligands, and provide the first homologous 3D structure of Mtb GlgE.

1.7.2 Screening the ZINC Database Against Sco GlgEI

Billones et al. worked on structure-based inhibitors by screening virtual natural
products against GlgE. They used the X-ray data from closely related, Sco GlgEI
[65] complexed with maltose (PDB code: 3ZT5). The natural products catalogs

Table 2 Two-dimensional structure and interaction energies of a known a-amylase family protein
binder to PBS and SBS1 of the homology model of Mtb GlgE

PDB
ID

PDB ligand
ID

Ligand structure CDOCKERa LibDock Score

PBS SBS1 PBS SBS1

3UEQ OTU −156.0 −114.5 148.0 120.6

aCDOCKER interaction energies are shown in kcal/mole

Glycoconjugate-Based Inhibitors of Mycobacterium … 101



were obtained from the ZINC database and CDOCKER software was used to dock
the molecules. To modify the chosen lead compounds, the de novo evolution
protocol was used. They also studied the carcinogenicity, mutagenicity, and
biodegradability using a toxicity prediction (extensible) protocol. Among all the
screened compounds, they observed three compounds with higher binding energy
when compared to natural substrate M1P. The compounds were derived from
ZINC39010596, these compounds found to be non-carcinogenic, non-mutagenic,
and biodegradable (Table 3).

1.7.3 Screening the ZINC Database and Anti-Tuberculosis
Compounds Database Against the Mtb GlgE

Sengupta et al. reported on a pharmacophore-based virtual screening, docking, and
molecular dynamics simulations on Mtb GlgE [66]. They presented ligand and
structure-based pharmacophore models showing a PBS and SBS2 which were
constructed based on the 3D homology model of Mtb GlgE. The structure were
screened against the ZINC database and an anti-tuberculosis compounds database
(ATD). They identified 23 molecules from ZINC and ATD with better binding

Table 3 Strucutres of ZINC39010596 and the top 3 modified ligands

Compound ID Structure Binding energy (kcal/mol)

ZINC39010596 −309.58

Ligand 1 −426.00

Ligand 2 −424.65

Ligand 3 −414.68

102 S.K. Veleti and S.J. Sucheck



affinity than the natural substrate, M1P. The four top molecules that are the best at
binding the PBS or SBS2 are shown in Table 4.

2 Summary

Tuberculosis is a communicable disease which is taking millions of lives every
year. Current treatment options are complex, lengthy, and clearly difficult to
complete. As result, drug-resistance rates are rising. Discovering new drug targets
like GlgE, which may rapidly kill the organism, will help in eradicating TB. So far,
efforts to identify inhibitors against GlgE have been structure-based. It is expected
that gaining an understanding of the detailed binding interactions between the
enzyme and its various ligands will inform improved inhibitor design and ulti-
mately lead to new antibiotics.
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Selective Transformations of the Anomeric
Centre in Water Using DMC
and Derivatives

David Lim and Antony J. Fairbanks

Abstract 2-Chloro-1,3-dimethylimidazolinium chloride (DMC) and its derivatives
are useful for numerous synthetic transformations, which involve selective activa-
tion of the anomeric centre of unprotected reducing sugars in water. This chapter
summarises research reported to date using DMC and derivatives, such as
2-azido-1,3-dimethylimidazolinium hexafluorophosphate (ADMP). DMC has been
successfully employed for the synthesis of glycosyl oxazolines, 1,6-anhydro-,
1-azido-, and a variety of thioglycosides. The use of ADMP allows the one-pot
synthesis of glycosyl triazoles in water via the Cu-catalysed azide-alkyne Huisgen
cycloaddition reaction. This latter methodology can be applied to a wide variety of
carbohydrates and is also amenable to convergent glycopeptide synthesis in which
oligosaccharides are directly conjugated to peptides that contain propargyl glycine
residues. Such protecting group free methodologies, particularly when applied to
complex oligosaccharides isolated from natural sources, may allow ready access to
a wide variety of biologically interesting glycoconjugates.

1 Introduction

Protecting groups are typically unavoidable in synthetic carbohydrate chemistry.
However, their use inevitably involves additional synthetic steps, resulting in loss
of materials, and the generation of a significant amount of waste; not only chemical
waste, but also in terms of cost and time. Thus, there is an increasing need for the
development of methods for the synthetic manipulation of carbohydrates that do not
involve protecting groups, but yet still furnish the desired products in high yield and
with the requisite selectivity.
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2 Synthesis of Glycosyl Oxazolines in Water Using DMC

Glycosyl oxazolines have found wide application in carbohydrate chemistry, first in
their protected forms as donors for oligosaccharide synthesis [1, 2], and subse-
quently, and perhaps more importantly as activated donor substrates for the enzy-
matic synthesis of glycopeptides and glycoproteins [3, 4].

In 2004, Kadokawa et al. [5] came close to developing a useful method for the
direct synthesis of glycosyl oxazolines in water when they used a series of car-
bodiimides to activate the anomeric centre. However, these reactions only afforded
the desired products in very low yield (<30%). Even so, the fact that this type of
highly selective transformation was possible at all drew the attention of the
Glycoscience community.

The dehydrative properties of the reagent, 2-chloro-1,3-dimethylimidazolium
chloride 1 (DMC), were originally reported by Isobe and Ishikawa [6, 7]; however
these reported transformations were all performed in organic solvents. In 2009,
Shoda and co-workers [8] made a significant breakthrough in the field when they
reported the use of DMC for the direct synthesis of glycosyl oxazolines from
reducing sugars in D2O in high yield (Scheme 1).

Prior to this report, the synthesis of glycosyl oxazolines typically required
peracetylated 2-acetamido-2-deoxy sugars to be prepared. These could then be
converted to the corresponding oxazolines using Lewis acids, such as ferric(III)
chloride, tin(IV) chloride, boron trifluoride, or trimethylsilyl triflate, [9–12] before
the final removal of acetate protecting groups under basic conditions. However, the
use of strong Lewis acids can damage glycosidic linkages and, typically in the cases
of larger oligosaccharides, may result in the formation complex reaction mixtures
and low yields. This report, therefore, represented a significant advance in the
production of N-glycan oxazolines, particularly as donor substrates for enzymatic
synthesis.

The proposed mechanism [8] of oxazoline formation involves preferential attack
of the hemiacetal hydroxyl on DMC; in the case of the b-anomer this yields reactive
intermediate 2 (Scheme 2). Intramolecular attack of the 2-acetamido group at the
anomeric centre, followed by abstraction of a proton by a suitable base, then affords

O
OH

RO
HO

AcHN OH

N N

Cl

Cl
2-chloro-1,3-dimethyl

imidazolinium chloride (DMC) 1

Et3N, D2O

O
OH

RO
HO

N O

R = oligosaccharide

Scheme 1 Synthesis of glycosyl oxazolines directly from reducing sugars in water by Shoda et al.
[8]
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the oxazoline. The a-imidazolinium intermediate 3 can also be formed by attack of
the a-hemiacetal hydroxyl on DMC. However, since 3 cannot directly form an
oxazoline it is then probably hydrolysed to regenerate the b-anomer of the free
sugar; this b-anomer then follows the reaction pathway via intermediate 2 to the
oxazoline product. Although this mechanistic pathway is plausible, Shoda has
stated [8] that the intermediacy of a b-glycosyl chloride during the conversion of 3
into the oxazoline product cannot be ruled out.

The use of DMC for the selective activation of reducing sugars in water has
subsequently proved pivotal in facilitating the use of glycosyl oxazolines as donors
for enzymatic glycosylation reactions catalysed by endo-b-N-acet-
ylglucosaminidases (ENGases), such as those reported by the groups of Fairbanks
[13–16], Wang [17–19], and Yamamoto [20–22].

Subsequently, Shoda and co-workers [23] reported another method for the direct
synthesis of glycosyl oxazolines using the DMC analogue,
2-chloro-1,3-dimethyl-1H-benzimidazol-3-ium chloride 4, (CDMBI) as the dehy-
drative agent (Fig. 1).
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Scheme 2 Proposed mechanism for sugar oxazoline formation using DMC [8]
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CDMBI was alleged to be superior to DMC, as it is less hygroscopic and easier
to handle, although most applications still use the commercially available DMC for
oxazoline formation. Shoda also stated that replacing the imidazolidine ring of
DMC with the more electron-rich benzimidazole would reduce the reactivity of the
chloroformamidinium group toward nucleophilic attack by water, and that addi-
tionally it made the reactive glycosyl-imidazolidinium intermediate more stable. It
was also postulated that the introduction of the aromatic ring would also reduce the
aqueous solubility of the hydrolysed product, namely the urea 5
(1,3-dimethylbenzimidazol-2-one, DMBI) (Fig. 1). Indeed, when the complex
bi-antennary N-glycan decasaccharide 6 (derived from a sialyl glycopeptide isolated
from egg yolks [24]) was converted to the corresponding oxazoline 7 using CDMBI
4, DMBI 5 precipitated from the mixture as the reaction proceeded, and was easily
removed by filtration (Scheme 3). Moreover, the filtrate containing the oxazoline
could then be directly used for a subsequent enzymatic glycosylation of the
acceptor p-nitrophenyl 2-acetamido-2-deoxy-b-D-glucopyranoside 8 using the
glycosynthase, Endo-M N175Q [21], without the need for further purification or
isolation of the oxazoline intermediate.
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3 Synthesis of 1,6-Anhydro Sugars in Water Using DMC

Subsequent to the first report on oxazoline formation, DMC and its derivatives have
been employed for the synthesis of a variety of glycosides formed by intercepting
the a-imidazolinium intermediate 3 (Scheme 2) with different nucleophiles. In the
absence of any external nucleophile, the 6-hydroxyl group may attack the anomeric
centre. Thus, Shoda et al. [25] reported the use of DMC for the formation of
1,6-anhydro sugars from unprotected glycopyranoses in water in almost quantita-
tive yield. The DMC procedure mitigated the requirement for the harsh reaction
conditions that had previously been used for the synthesis of 1,6-anhydro sugars,
such as pyrolysis [26, 27] or thermal degradation [28, 29]. The proposed reaction
mechanism is illustrated in Scheme 4, and is similar to that previously suggested [8]
for the formation of glycosyl oxazolines. Herein the first step is a nucleophilic
attack of the anomeric hydroxyl group of the predominant b-anomer of glucose 9
on DMC 1, giving rise to intermediate 10. Intramolecular attack of the 2-hydroxyl
group of 10 at the anomeric carbon affords a 1,2-anhydro intermediate 11, which is
subsequently converted to the 1,6-anhydro sugar 12 via intramolecular nucleophilic
attack by the 6-hydroxyl group. The a-anomer of glucose 13 also reacts with DMC
to give the corresponding a-intermediate 14. Although direct conversion of 14 into
the 1,6-anhydro sugar 12 is possible by an attack of the 6-hydroxyl at the anomeric
centre, Shoda suggests that in fact 14 is hydrolysed by an attack of water to
regenerate b-glucose 9. b-Glucose 9 then follows the above pathway via 11 to give
the 1,6-anhydro sugar 12. Evidence for this overall mechanistic pathway, and the
requirement for a 1,2-anhydro intermediate such as 11 en route to the 1,6-anhydro
sugar, was the fact that the corresponding 1,6-anhydro sugars were not formed
when D-mannose, 2-deoxy-D-glucose, and 2-fluoro-2-deoxy-D-glucose were used
as substrates.
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The published optimised method uses a large excess of triethylamine to drive
1,6-anhydro sugar formation. In cases where other nucleophiles are to be introduced
at the anomeric centre, e.g., for glycosyl azide synthesis using DMC (see Sect. 5)
[30], fewer equivalents of base are commonly used. However, in these instances,
1,6-anhydro sugar formation can still be an undesired competing side reaction,
which reduces the yields of desired products and can be particularly problematic
when oligosaccharides, synthesised using multi-step methods and obtained in small
quantities, are used. In these cases, 1,6-anhydro sugar formation can typically be
minimised by the use of a large excess of the external nucleophile. Alternatively,
Shoda has also reported that acetonitrile may be used as a co-solvent to suppress
1,6-anhydro sugar formation [31].

4 Synthesis of Thioglycosides Using DMC

Thioglycosides have found widespread application throughout the carbohydrate
field as glycosyl donors for chemical oligosaccharide synthesis [32–35]. There has
also been interest in the synthesis of de-protected thioglycosides as stable analogues
of O-glycosides and as potential enzyme inhibitors [36, 37]. The introduction of
sulfur at the anomeric centre often involves the reaction of a peracetylated sugar
with a thiol in the presence of a Lewis acid [38], or alternatively substitution of a
glycosyl halide with a thiolate [39]. In general, these methods require multi-step
reaction sequences, involving protection/de-protection strategies, and are usually
performed in organic solvents. Although direct methods for the preparation of
thioglycosides from hemiacetals have been reported using trifluoroacetic acid as an
activator, these reactions gave poor anomeric selectivities and also resulted in the
formation of dithioacetal by-products [40, 41].

4.1 Aryl Thioglycosides

In 2009, Tanaka et al. [31] reported a simple method for the direct synthesis of aryl
thioglycosides from reducing sugars in an aqueous solvent system using DMC and
excess triethylamine (Scheme 5).
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Scheme 5 Synthesis of aryl thioglycosides from unprotected sugars [31]. Reaction conditions:
i DMC 1, R-SH, Et3N, H2O/MeCN
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The use of benzenethiol, p-toluenethiol, and 4-methoxybenzenethiol as the thiol
component afforded the corresponding aryl thioglycosides as mixtures of anomers,
in high yield. However, when 4-nitrobenzenethiol was reacted with D-glucose and
DMC, the corresponding thioglycoside product was formed exclusively as the
b-anomer, in 90% yield. It was found that the procedure could also be applied to
disaccharides, and the corresponding products were formed in quantitative yield,
and as exclusively the b-anomer.

4.2 2-Pyridyl 1-Thio-Glycosides

Shoda et al. [31, 42] then demonstrated that it was also possible to glycosylate
2-mercaptopyridine 16 with oligosaccharides having an N-acetylglucosamine unit at
the reducing end 15 using DMC to give the corresponding 2-pyridylthioglycosides
17 (Scheme 6).

Interestingly, the glycosyl oxazoline 18 was obtained as a by-product from these
reactions. However, it was found that treating oxazoline 18 with 1 M HCl led to the
opening of the ring and an increased yield of the desired 2-pyridylthioglycoside 17.
A plausible mechanism, which explains the formation of both anomers of the
2-pyridylthioglycoside products as well as the oxazoline, was suggested and is
shown in Scheme 7. Nucleophilic attack of the b-hemiacetal of 19 on DMC affords
20, which may then cyclise to give the oxazolinium intermediate 21. Attack on
intermediate 21 by mercaptopyridine (PySH) will yield the
b-2-pyridylthioglycoside 22. However, if the proton on the nitrogen atom of 21 is
abstracted by a base, the intermediate will be converted to the corresponding
oxazoline 18, which is itself unreactive towards nucleophilic opening. The addition
of acid to oxazoline 18 leads to the re-protonation of the nitrogen to regenerate 21,
which can subsequently react with mercaptopyridine to give 22. Alternatively,
imidazolidinium intermediate 20 can react directly with mercaptopyridine to give
the a-2-pyridylthioglycoside 23.

The a-anomer of the starting material 24 can also react with DMC to give
intermediate 25, which can be directly attacked by mercaptopyridine to give the
b-2-pyridylthioglycoside 22.
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Scheme 6 Glycosylation of mercaptopyridine 16 with unprotected sugars using DMC reported
Shoda et al. [42] Reaction conditions: i DMC 1, Et3N, H2O/MeCN (4:1), 0 °∁, 1 h
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4.3 4-Methyl-7-Thioumbelliferyl-Labelled Glycosides
(MUS-Labelled Glycosides)

There is a growing need to develop quantitative ways to label sugars with chro-
mophores. The most common current method of labelling is reductive animation, in
which an oligosaccharide is reacted with an amine containing the chromophore, and
the ensuing imine is then reduced by a source of hydride [43]. However, sugars
labelled in this manner contain an open-chain 1-aminoalditol moiety, essentially
rendering the reducing end inert for further useful transformations. This ring
opening also reduces the structural relevance of that part of the oligosaccharide, for
example with respect to binding or conformational studies. Furthermore, the con-
version of 1-aminoalditols back into reducing sugars requires harsh conditions, such
as the use of hydrogen peroxide [44, 45]. A method for introducing a detectable
chromophore that could also be easily detached would, therefore, be highly
advantageous.

In 2013, Shoda et al. [46] reported the direct introduction of 4-methyl-7-
thioumbelliferone 26 (MUS) at the anomeric centre of monosaccharides and at the
reducing terminus of oligosaccharides using DMC activation (Scheme 8). The
fluorescence spectrum of the MUS-labelled glycosides produced indicated that
the labelled derivatives showed a high sensitivity for fluorescence detection based on
the maximum wavelengths for excitation and emission at 330 and 395 nm,
respectively.
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Scheme 7 Proposed mechanism for 2-pyridylthioglycoside formation using PySH and DMC [42]

The yields of the MUS-sugars made by this DMC labelling method were suf-
ficiently high to suggest its application in quantitative studies. Indeed, analysis of a
mixture of laminari-oligosaccharides of known composition, which were then
modified by both MUS-labelling and pyridylamination, showed very similar
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quantitative values (Table 1). The MUS-glycosides were also easily de-protected
by conventional halosuccinimide-mediated thioglycoside activation (e.g. N-bromo,
N-chloro-, and N-iodosuccinimide) to re-form the corresponding reducing sugars,
which could then be used for further functionalisation; a significant advantage
compared to the pyridylamination labelling method.

4.4 Glycopolymerisation

Although the binding of carbohydrates to proteins is a fundamental process, with
widespread importance throughout Biology, it is now appreciated that the majority
of carbohydrate–protein interactions are of low affinity. Nature has compensated for
this apparent paradox by the use of multivalent receptor-ligand presentation, which
amplifies the affinity of single interactions. It is fair to say that all aspects of this
so-called ‘glycocluster effect’ [47, 48] are not yet completely understood, although
detailed discussions and theories have been presented [49, 50]. Despite short-
comings in our understanding, there have been many reports on the design and
production of synthetic glycoclusters, such as glycopolymers [51], glycodendrimers
[52], and glyconanoparticles [53]. Many of these synthetic constructs have
demonstrated an amplification in carbohydrate-mediated binding, in a similar
manner to that achieved by multivalent carbohydrate presentations of natural gly-
copeptides [54] and glycoproteins [55].
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Scheme 8 Synthesis of MUS-labelled sugars using DMC by Shoda et al. [46]. Reaction
conditions: i DMC 1, Et3N, H2O/MeCN (1:1), 0 °∁, 1.5 h

Table 1 Quantitative analysis of MUS-labelled lamnari-oligosaccharide structures by Shoda et al.
[46]

DP Actual amount (mol%) MUS-labelling (area%) Pyridylamination (area%)

1 36.9 34.5 37.6

2 19.4 21.6 19.0

3 13.2 14.4 12.7

4 10.0 10.6 10.0

5 8.0 8.2 8.2

6 6.7 6.2 7.0

7 5.8 4.5 5.5
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The preparation of glycopolymers often requires laborious, multi-step procedures
involving protection and de-protection of a saccharide and which must also include
the introduction of a polymerizable group, such as vinyl or norbornene, at the
anomeric centre [56, 57]. Only after multiple synthetic steps can the resulting gly-
comonomers be used in a polymerization reaction. Clearly, more efficient synthetic
methodologies for the preparation of glycomonomers would be advantageous.

In 2014, Tanaka et al. [58] reported a one-pot method for the production of
glycomonomers directly from unprotected sugars, by the DMC-mediated synthesis
of 4-aminophenyl 1-thio-glycosides in water in the presence of triethylamine, and
their subsequent acrylamidation (Scheme 9).

These acylamide containing glycomonomers were then subjected to reversible
addition-fragmentation chain transfer (RAFT) living radical polymerisation to give
glycopolymers, which were subsequently immobilised onto gold nanoparticles for
investigations into glycocluster effects.

4.5 S-Linked Glycopeptides

S-Linked peptide and protein glycosylation, where the anomeric oxygen of O-
linked glycosides has been replaced by sulfur, has attracted a significant amount of
interest from the Glycoscience community [59–61]. S-Linked glycopeptides are
well known for their functional surrogacy, in addition to their chemical and bio-
logical stability as compared to their O-linked counterparts, especially towards
glycosidase-catalysed cleavage [62].

S-Linked glycopeptides can be accessed by several strategies. The most common
involve either conjugate addition or nucleophilic substitution reactions, with a
glycosyl thiol acting as the nucleophile [63–66]. However, more recent approaches,
such as free radical thiol-ene ‘Click’ reactions [67], desulfurative rearrangements
[68], and the opening of 1,6-anhydrosugars [69], are alternatives that may possess
certain advantages. Nevertheless, all of these methods still require multi-step
methodologies in order to prepare the required glycosyl thiol.
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Scheme 9 One-pot synthesis of glycomonomers [58]. Reaction conditions: i DMC 1, HS–C6H4–

NH2, Et3N, H2O/MeCN; ii acryloyl chloride, Et3N, H2O/THF
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Winssinger et al. [70] recently reported the use of DMC for the solid phase
synthesis of S-linked glycopeptides. By using a H2O/dioxane solvent mixture and
cooling to −10 °C, they demonstrated that unprotected sugars could be
‘pre-activated’ by DMC, and found the glycosyl-imidazolinium intermediate that
was formed was stable for up to 1 h. The addition of a polymer-bound peptide
containing a thiol to the reaction mixture during that time period then led to the
formation of the desired polymer-bound S-linked glycopeptide 27 (Scheme 10).

An attempt was also made to glycosylate a polymer-bound tripeptide containing
cysteine (Fmoc-Cys-Phe-Phe-Rink) with various mono- and disaccharides.
Interestingly, direct reaction with D-glucose with DMC in the presence of the
tripeptide 28 (i.e. without the pre-activation process) led to the exclusive formation
of the thioimidazolidinium by-product 29 (Scheme 11a). However, when the
conditions previously identified for pre-activation were used, the desired gly-
copeptide 30 was obtained in >90% yield (Scheme 11b).

The process was applied to other monosaccharides (D-galactose, D-mannose,
L-fucose) and also to disaccharides (lactose, mellibiose, and Gala(1 ! 4)Glc),
though the yields were lower in the cases of the disaccharides. An elegant method,
involving an iterative addition strategy, was found to increase efficiency of gly-
copeptide formation, and led to conversions to the desired product of >99%. The
process was then exemplified by the solid phase synthesis of an analogue of the
repeat unit of the cancer-associated MUC1 glycopeptide, in which the two natural
O-linked carbohydrates sites were replaced with S-linked glycans.
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Scheme 10 Glycosylation of a thiol-containing resin with D-glucose using the DMC method-
ology [70]. Reaction conditions: i DMC 1, Et3N, H2O/dioxane (1:1), −10 °∁; ii RSH
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5 Synthesis of Glycosyl Azides in Water Using DMC

Glycosyl azides are highly useful synthetic intermediates in sugar chemistry [71].
The traditional method for their formation involves at least three or four steps,
invariably involving protecting group manipulations, to furnish the desired
de-protected product. For example, a typical sequence involves the conversion of the
sugar, e.g. N-acetyl-D-glucosamine 31, into a protected glycosyl halide 32, followed
by nucleophilic displacement of the anomeric leaving group by azide to give the
glycosyl azide 33 (Scheme 12). Finally, the ester protecting groups are removed, for
example by Zemplén de-acetylation, to give the de-protected glycosyl azide 34.

In addition to the inherent inefficiency of these multi-step reaction sequences,
this type of synthetic route can also occasionally become problematic when applied
to higher oligosaccharides due to cleavage of inter-glycosidic bonds during the
synthetic pathway.

Following on from earlier studies in the Shoda group, Tanaka et al. [30] reported
that glycosyl azides of monosaccharides could be formed directly when unprotected
sugars were treated with excess DMC in water in the presence of a large excess
(typically 10 equivalents of each) of azide and triethylamine (Scheme 13).

Interestingly, when the reaction was applied to disaccharides using triethylamine
as the base, 1,6-anhydro sugars were formed as by-products. It was suggested that, for
some reason, intramolecular nucleophilic attack of the 6-hydroxy group at the
anomeric centre was increased in the presence of triethylamine [30]. A screen of
various other bases was performed, and it was found that the use of either N,N-
diisopropylethylamine (Hunig’s base, DIPEA) or 2,6-lutidine led to reduced
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Scheme 11 Solid phase S-glycosylation of a resin-bound tripeptide 28 by Winssinger et al. [70].
Reaction conditions: 28, DMC 1, Et3N, H2O/dioxane (1:1), −10 °∁; ii DMC 1, Et3N,
H2O/dioxane, −10 °∁, 15 min; iii 28
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Scheme 13 Direct synthesis of glycosyl azides from unprotected sugars using DMC [30].
Reaction conditions: i DMC 1, NaN3, base, H2O

formation of the 1,6-anhydro derivative, presumably an effect that was related to their
greater steric bulk. The use of 2,6-lutidine as the base was also found to be essential in
the case of 2-acetamido sugars to avoid significant oxazoline formation.

Tanaka et al. [30] then demonstrated that the reaction could be applied to larger
oligosaccharides, including a sialic acid terminated complex biantennary decasac-
charide, which was converted to the corresponding glycosyl azide in 87% yield,
though this reaction did require the use of 20 equivalents of DMC and 40 equiv-
alents of 2,6- lutidine. Glycosyl azides were generally produced stereoselectively as
the 1,2-trans glycosides, except in the cases of 2-deoxy sugars, which were formed
as anomeric mixtures. To date, a detailed mechanism has not been presented,
though the results suggest that reaction of sugars containing a 2-hydroxy group
probably proceeds via 1,2-anhydro sugar intermediates.

6 Synthesis of Glycosyl Triazoles in a One-Pot Reaction

The original Shoda method [30] for glycosyl azide synthesis, like all DMC acti-
vation procedures, potentially generates up to two equivalents of HCl per equiva-
lent of DMC used; one equivalent is produced from de-protonation of the anomeric
hydroxyl group, and a second one may additionally be produced from water in the
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case of a hydrolysis reaction. This production of acid during the course of the
reaction necessitates the use of excessive amounts of triethylamine. Furthermore,
the use of a large excess of azide is also required.

As an alternative approachwhichwould avoid the requirement for this large excess
of reagents, we envisaged replacement of the chlorine on the dimethylimidazolinium
ring ofDMCwith azide; such a reagent should still be able to activate a reducing sugar,
would only result in the formation of one equivalent of acid, and would additionally
itself act as the source of azide. 2-Azido-1,3-dimethylimidazolinium hexafluoro
phosphate (ADMP), has been previously used as an efficient agent for diazo-transfers
[72–75], migratory aminations [76, 77], and azide transfer [78] reactions.
Although ADMP contains a significant amount of nitrogen, impact sensitivity and
friction sensitivity tests have demonstrated that it is not explosive [73], making it in
fact safer to handle than sodium azide. Additionally unlike DMC, which is hygro-
scopic [23, 73], ADMP is isolated as a stable crystalline solid and is easily handled.
Although, unlikeDMC, it is not currently commercially available, ADMP can be very
easily synthesised, for example following procedures originally reported byKitamura
et al. [72, 79] (Scheme 14), simply by conversion of DMC 1 to the
hexafluorophosphate salt 35, and then treatment with sodium azide to give ADMP 36.

In 2014, we [80] reported an alternative method for the synthesis of glycosyl
azides in water. N-Acetylglucosamine was reacted with ADMP 36 and triethy-
lamine in a D2O/MeCN (4:1) solvent mixture to give the glycosyl azide 33, as well
as oxazoline 37 (Scheme 15). The use of D2O as solvent, as first reported by Shoda
in the original oxazoline formation study [8], resulted in higher yields of products,
presumably due to reduced rates of competitive solvent-mediated hydrolysis.
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Scheme 14 Synthesis of ADMP 36 [72, 79]. Reaction conditions: i NaPF6, MeCN, rt, 30 min,
99%; ii NaN3, MeCN, 0 °C, 3 h, quant
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Scheme 15 Reaction of GlcNAc with ADMP to yield glycosyl azide 33 and oxazoline 37 [80].
Reaction conditions: i ADMP 36, Et3N, D2O/MeCN (4:1), 0 °C
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However, applying the idea reported by Shoda et al. [42] that the subsequent
addition of acid would result in oxazoline ring opening, we found that the desired
azide 33 was obtained as the sole reaction product when the crude reaction mixture
was simply acidified with 1 M aqueous HCl.

Glycosyl azides are obvious substrates for further elaboration by the modified
Huisgen cycloaddition [81, 82], the most well known ‘Click’ reaction. This high
yielding transformation may be performed in water, leading to numerous applica-
tions, as reaction conditions are compatible with biological systems. In the carbo-
hydrate field, ‘Click chemistry’ has already been applied to the synthesis of a wide
range of sugar derivatives [83] having interesting biological properties [84], including
inhibitory activity against glycosidases [85–90] and glycosyltransferases [91]. The
development of a one-pot process for glycosyl azide and then triazole formation by
Click reaction with an alkyne was, therefore, an obvious avenue for investigation.

We found that after the formation of the glycosyl azide was complete, the
addition of propargyl alcohol, CuSO4�5H2O, and L-ascorbic acid, and then heating
at 50 °C for 14 h, led to the formation of the glycosyl triazole 38 in excellent yield
and with complete stereoselectivity; the 1,2-trans glycosyl triazole being formed in
all cases (Scheme 16). This procedure was then applied to a variety of sugars
ranging from in size from mono- to trisaccharides [80]. In all cases, the use of D2O
as co-solvent led to a variable, but minor, the amount of deuterium incorporation
into the triazole ring during the course of the reaction.

The generality of the one-pot process with respect to the alkyne was explored.
The reaction was found to be widely applicable, including with interesting and
potentially biologically relevant substrates such as propargyl glycine. All alkynes
investigated were successfully Clicked with monosaccharides, and products formed
in high yield and with complete stereoselectivity. The only limitation appeared to be
in terms of the solubility of the alkyne-coupling partner in the aqueous reaction
medium. The one-pot Click reaction also allowed the direct conjugation of reducing
sugars to a variety of other carbohydrates which themselves contained an alkyne
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Scheme 16 Direct synthesis of glycosyl triazoles from reducing sugars in water by Fairbanks
et al. [80]. Reaction conditions: i (1) ADMP 36, Et3N, D2O/MeCN (4:1), 0 °C, 3 h, then add
propargyl alcohol, CuSO4�5H2O, L-ascorbic acid, 50 °C for 14 h
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functionality, giving rise to a variety of di-, tri- and pentasaccharide mimics. All
reactions were high yielding and completely stereoselective [80].

Click chemistry has previously been applied to access different glycopeptides,
[92, 93] and also protein scaffolds decorated with oligosaccharides [94]. However,
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Scheme 17 Conjugation of
GalNAc with 10-mer 39 and
20-mer 40 by Fairbanks et al.
[80]; Reaction conditions:
i GalNAc, ADMP, Et3N,
D2O, MeCN, 0 °C, 3 h, then
add alkyne, CuSO4�5H2O,
L-ascorbic acid, and heat to
50 °C for 14 h [80]
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reported procedures require multiple protecting group manipulations. In terms of a
biologically interesting application, glycosylated versions of the tandem repeat
domain of the cancer-associated mucin MUC1 [95, 96] have shown potential as
components of synthetic anti-cancer vaccines [97, 98]. A further exemplification of
the one-pot azide/Click reaction, we, therefore, conjugated a variety of sugars to
two synthetic MUC1 peptides that incorporated propargyl glycine (Pra) residues.
Conversion of GalNAc to its azide using ADMP and then direct reaction with
peptides 39 and 40, comprising one and two propargyl glycines, respectively, in the
presence of CuSO4�5H2O, gave the corresponding glycopeptides 41 and 42 in good
yield (Scheme 17).

Similarly tetrasaccharide 43 [99], which corresponds to a core region of N-
glycans, was also directly reacted with peptide 39 and gave glycopeptide 44 in 42%
yield (Scheme 18).

As a final example of the utility of the method, the complex biantennary N-
glycan 6 decasaccharide [21, 100] was converted to the glycosyl azide using
ADMP, and then directly reacted with peptide 39 in the presence of CuSO4�5H2O
to furnish glycopeptide 45 in 42% yield (Scheme 19).
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Scheme 18 Reaction of
tetrasaccharide 43 with
10-mer 39 by Fairbanks et al.
[80]. Reaction conditions:
i ADMP, Et3N, D2O, MeCN,
0 °C, 3 h, then add 10-mer
39, CuSO4�5H2O, L-ascorbic
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7 Conclusion

Traditional methods of accessing glycoconjugates typically involve multi-step
syntheses and require complex and protracted protecting group strategies. These
methods are generally technically demanding, inefficient, expensive, and the pro-
duction of significant amounts of the target material is usually logistically difficult
to achieve.

Since the initial report by Shoda and co-workers on the use of
1,3-dimethylimidazolinium chloride (DMC) for the selective conversion of
unprotected 2-acetamido sugars to glycosyl oxazolines in water, various synthetic
targets have been accessed using this, or related, highly selective activating agent.
In particular, selective activation of the anomeric centre under aqueous conditions
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and direct reaction with a diverse range of nucleophiles allows ready access to a
range of glycoconjugates without recourse to any protecting group manipulations.
Additionally, the products of nucleophilic substitution at the anomeric centre may
be further derivatised in the same reaction vessel, for example by Click chemistry.

As a wide variety of structurally complex reducing oligosaccharides are avail-
able from natural sources, protecting group free methods based on DMC and
similar activating agents show significant promise for rapid access to a broad range
of biologically interesting glycoconjugates.
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[3, 3]-Sigmatropic Rearrangement
as a Powerful Synthetic Tool on Skeletal
Modification of Unsaturated Sugars

Gour Chand Daskhan, Malyasree Giri
and Narayanaswamy Jayaraman

Abstract The development of practical, atom-economical and stereocontrolled
routes to modify monosaccharides occupy a central importance in synthetic car-
bohydrate chemistry. This review provides an account on carbon–carbon and car-
bon–heteroatom bond formation as a skeleton modification on monosaccharides,
through [3, 3]-sigmatropic rearrangement reactions on unsaturated sugar synthons,
the generality of the reaction conditions and synthetic utilization of the resulting
functionalized sugar building blocks. Major emphasis is laid on thermal rear-
rangement reactions, namely, Claisen, Ireland–Claisen, aza–Claisen and Johnson–
Claisen rearrangements on carbohydrate-derived allyl vinyl ethers, silyl ketene
acetals, allylic trichloroacetamidates and allylic orthoesters, respectively. These
reactions offer a very promising prospect and permit a straightforward approach to
access a large variety of biologically important, densely functionalized and novel
carbohydrate mimetics. Further, examples of bioactive complex natural products,
secured in high yields and profound stereoselectivity through such thermal
rearrangement reactions on monosaccharides are described herein.

1 Introduction

The stereocontrolled carbon–carbon bond formation represents one of the most
significant and challenging goals in organic synthesis. Over the past two decades,
extensive efforts were made to develop newer synthetic methods for carbon–carbon
bond formation, involving the major class of carbohydrates as synthons.
Carbohydrate-derived synthons, in turn, permitted successful synthesis of struc-
turally complex, diverse, highly oxygenated natural products [53, 63, 22, 23, 40]
and important carbohydrate mimetics [47, 54, 37, 38, 15]. The classic Claisen
rearrangement, pioneered by Claisen in 1912 [9] representing the general category
of the [3, 3]-sigmatropic reaction, emerged as one of the most convenient
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stereoselective carbon–carbon bond-forming synthetic methods. The thermal
Claisen rearrangement of allyl vinyl ether 1 is understood to proceed through a
chair-like transition state giving rise to c,d-unsaturated carbonyl system 2, in a
stereocontrolled fashion (Scheme 1). Analogous rearrangement reaction involving
all-carbon 1,5-diene synthon 3 transforming to 4 is known as the Cope rear-
rangement. Both these reactions find greater utility to derive a diverse range of
sugar mimetics and branched sugars.

A number of modifications were introduced to expand the scope of the above
rearrangement reactions, that include the method developed by Ireland and
co-workers in 1972 [25, 26, 72] on the rearrangement of silyl ketene acetal 6 to
derive d,c-unsaturated carboxylic acid. Base-promoted O-sialylation of allyl ester 5
is a facile modification to afford silyl ketene acetal 6, which underwent smooth
rearrangement under ambient condition to provide the d,c-unsaturated silyl ester 7
(Scheme 2). The rearrangement proceeds via a highly ordered transition state and
the geometry of the resulting unsaturated silyl ester can be finely tuned depending
on the solvents used. For example, ester 8, upon treatment with hexamethylene
phosphoramide/THF mixture afforded Z-silyl ketene acetal 9 preferably, whereas E-
silyl ketene acetal 10 formed in the presence of THF alone. Implementation of the
Claisen and Claisen–Ireland rearrangements in carbohydrate-derived allyl vinyl
ethers and silyl ketene acetals is discussed in an early report by Werschkun and
Thiem [80].

Aza–Claisen rearrangement, known as the Overman rearrangement [50, 51]; is a
thermal [3, 3]-sigmatropic rearrangement of the allylic trichloroacetimidates for the
stereoselective synthesis of nitrogen containing natural products and iminosugars.
Thus, rearrangement of allylic acetimidate 11 obtained from allylic alcohol 10 upon
reaction with NaH/Cl3CCN, in xylene under reflux conditions, offer a valuable
route to allyl amide 12 (Scheme 3). This rearrangement has also been utilized for
the synthesis of various bioactive azasugars, as described later in this article.
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The Johnson–Claisen rearrangement [13, 25, 28, 83] on allylic orthoester 15,
derived from the reaction of allylic alcohol 13 with trimethyl orthoacetate 14 in the
presence of catalytic propionic acid, afforded d,c-unsaturated carboxylic ester, with
the olefin moiety in 16, with exclusive E-geometry, in the case of substituted olefins
(Scheme 4). This thermal rearrangement reaction was exploited for the construction
of diverse bioactive azasugar analogues.

Application of the above general class of [3, 3]-sigmatropic rearrangement
reactions to the synthesis of varied carbohydrate analogues and mimetics are dis-
cussed in the following sections.

2 Monosaccharide Modifications

The skeletal rearrangement reactions of various endo- and exo-cyclic 1,5-dienes led
to the formation of diverse C-glycosides including 2-C-and 3-C-branched sugars in
good yields and stereoselectivity.

2.1 Synthesis of C-Branched Carbohydrates

2.1.1 Synthesis of C-Glycosides

C-Glycoside mimetics [15, 37, 38, 61] are non-hydrolysable analogues of naturally
occurring O-glycosides and play an important role in a wide range of biological
events [75, 16, 69, 76]. C-Glycosides have emerged as an attractive synthetic target
owing to their therapeutic applications on the one hand and their applicability to
serve as chiral building blocks for general synthetic transformations on the other [1,
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8, 52, 77]. Synthesis of such derivatives primarily relies on either Claisen [9] or
Ireland-Claisen [25, 26, 72] rearrangement on sugar-derived allyl vinyl ethers or
silyl ketene acetals, respectively [80].

Fairbank and co-workers [19] developed a method of sequential Tebbe methy-
lation [71] in combination with Claisen rearrangement to synthesize diverse range
of b- and a-C-glycosides. Tebbe reagent mediated methylenation of glycal esters
17a–c afforded derivatives 18a–c, that subsequently underwent thermal rear-
rangement at 180 °C in benzonitrile or tributyl amine to afford b-C-glycosides 19a–
c, in 84–89% yields and high stereoselectivity. Under identical reaction condition or
in the presence of various Lewis acid promoters including AlCl3, BF3.OEt2, Yb
(OTf)3 and TiCl4, compounds 21a–c, prepared through Tebbe methylenation of 20,
afforded a mixture of a- and b-C-glycoside products. Synthesis of pure a-anomer
over b-anomer was successfully accomplished by performing thermal reaction at
195 °C in either xylene or benzene solvent in a sealed tube. Indeed, a-C-glycosides
22a-c were derived through rearrangement of benzylidene protected allo-deriva-
tives 21a–c at 195 °C in benzene or xylene in a sealed tube, in excellent yields
(Scheme 5).

By employing a similar approach, stereoselective synthesis of a-C-glycosides
from substituted glycal esters was accomplished [20]. However, the isomerization
of enol ether derivatives prior to rearrangement led to a mixture of rearranged
products. Thus, thermal rearrangement of palmitic enol ether derivative 23 at 195 °
C in xylene afforded 24 and 25, in a ratio of 1.3:1, in 85% yield. Product 25 was
synthesized to form via a partial isomerization of enol ether 23 to more substituted
tautomer, before the rearrangement reaction. However, treatment of derivative 26 in
xylene as solvent under similar condition afforded only product 27a (Scheme 6), in
85% yield. Whereas, using as benzene solvent led 27b to form in almost equal
amount as that of 27a.
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The Tebbe–Claisen rearrangement in amino acid-substituted vinyl ethers pro-
vided an easy access to b-C-glycosyl amino acid derivatives [7]. An illustration of
this sequence is the methylenation of glycal esters 28a–d to 29a–d, followed by
thermal rearrangement, leading to a variety of b-C-glycosyl amino acids 30a-d, in
47–97% yields and in high stereoselectivity (Scheme 7). However, a similar
methylenation of glycal esters of substituted a-amino acids was unsuccessful.

2-C-Branched carbohydrates are important subunit of many bioactive natural
products, and antibiotics [34, 22, 23]. Among many methods [55, 59, 6, 39, 60, 62,
65, 73, 82], the stereoselective synthesis of 2-C-branched sugars primarily relies
heavily on thermal rearrangement of glycal-derived allyl vinyl ethers.

A facile synthesis of 2-deoxy-2-C-alkyl glycal derivative was developed, which
offers a novel route to prepare a series of 2-deoxy-2-C-branched sugars from
2-hydroxy glycal ester-derived 1,5-diene precursor [12]. The synthetic strategy
consists of following key reactions: (i) C-allylation at C-1; (ii) Wittig methylenation
at C-2 and (iii) implementation of the Cope rearrangement of 1,5-diene function-
ality. Treatment of vinyl ester 31 with allyl bromide in the presence of NaH/aq
DMF afforded O-allylated derivative 32 and C-allylated derivative 33, in a ratio of
9:1 as an inseparable mixture. Heating the crude reaction mixture at 165 °C in a
sealed tube transformed O-allyl derivative 32 to C-allyl derivative 33, in an overall
yield of 63% starting from derivative 31. The C-allyl derivative 33 remained to be
an inseparable anomeric mixture, in a ratio of 55:45. Wittig methylenation of
derivative 33 afforded C-2-methylene a-C-glycoside 34 and C-2-methylene b-C-
glycoside 35, the anomers could be separated through chromatography (Scheme 8).

O

O

O

24

O

(CH2)14 CH3

Ph

O

O

O
O

Ph

(CH2)13 CH3

25

O

O

O

Ph
O

(CH2)14 CH3

23

Xylene, 
sealed tube

195 oC, 85%

O

O

O

27a

O

(CH2)14 CH3

Si

O

O

O

Si

O

(CH2)14 CH3

26
But

But

But

But

d6-benzene,
sealed tube

195 oC, 94%

O

O

O

27b

OSi
But
But

(CH2)13 CH3

24:25 = 1.3:1

27a:27b = 1.4:1

Scheme 6 a-C-Glycosides prepared via tandem Tebbe/Claisen rearrangement

O Tebbe
reagent

THF, pyridine
-40oC to rt

O

O

O O

R28a-d

R=Bu3N or PhCN

180 oC

NHBoc

CO2But

NHBoc

CO2But

NHBoc30a-d

Si
tBu

tBu
O

O

O

O

R29a-d

Si
tBu

tBu
O

O

O

Si
tBu

tBu O

R

Scheme 7 Synthesis of b-C-glycosyl amino acids

[3, 3]-Sigmatropic Rearrangement as a Powerful Synthetic Tool … 137



When heated at 240 °C in diphenyl ether, the a-anomer 34 smoothly underwent
rearrangement to afford 2-deoxy-2-C-alkyl glycal 36, in 72% yield (Scheme 9). On
the other hand, thermal rearrangement did not occur with the b-anomer 35, illus-
trating the topological requirement for the rearrangement to be effective on a
1,5-diene synthon. Glycosyl donor properties of glycal derivative 36 were uncov-
ered through further synthetic modifications, for which the terminal olefin was first
subjected hydration selectively, with the aid of hydroboration-oxidation reactions
using 9-BBN in THF and H2O2 (30%)/aq. NaOH (3 N) to afford 35 [12]. Terminal
hydroxyl group in 37 was protected as an acetate 38 (Scheme 9).

The haloglycosylation strategy [11] was employed on derivative 38, in the
presence of appropriate aglycosyl and glycosyl acceptors, in the presence of NIS in
CH2Cl2 at room temperature. In the event, haloglycosylation afforded 2-C-branched
glycosides 39-47, in good yields and with a-anomeric configuration (Scheme 10).
Haloglycosylated disaccharide 43 and 44 were also derived using glycosyl acceptor
alcohols under similar reaction conditions. In addition, an intramolecular iodogly-
cosylation with terminal olefin-derived glycal alcohol 37 afforded the oxepine 45,
with exclusive b-anomeric configuration. Subsequent deiodination reaction of
glycosides 43 and 45, using Bu3SnH/AIBN

in benzene afforded 2-C-branched glycosides 46 and 47, respectively, in good
yields and stereoselectivity (Scheme 1).
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2-Vinyloxymethyl glycal has also been employed to implement Claisen rear-
rangement so as to derive 2-C-branched carbohydrate derivatives [66]. For exam-
ple, the thermal rearrangement of 2-vinyloxymethyl-3,4,6-tri-O-benzyl-D-glucal
49, derived from endo-glycal alcohol 48, afforded derivatives 50a and 50b, in 84:16
ratio, respectively. A NaBH4 mediated reduction of aldehyde functionality afforded
inseparable mixture of 2-C-methylene-b-C-glycoside 51a and 2-C-methylene-b-C-
glycoside 51b. Interestingly, anomerization of a-C-glycoside to b-C-glycoside was
also realized through ring opening, followed by intramolecular oxa-
Michael-addition reaction, when the crude reaction mixture was purified through
silica gel chromatography. In contrary, under similar reaction conditions, derivative
52 furnished 53, as a single diastereomer along with unexpected product 54, in
84:16 ratio, respectively (Scheme 11).

Encouraged by the above results, the opportunity to derive dideoxy-2-C-bran-
ched sugars from 2-vinyloxymethyl glycals was also investigated [68]. When
heated at 180 °C in toluene in a sealed tube, derivative 55 underwent rearrangement
to afford inseparable mixture of 3-deoxy-2-C-methylene-a/b-C-glycosides 56, in
35% yield, along with ring-opened product 57, in 50% yield (Scheme 12).
Anomers were separated after reduction of the aldehyde group, using ethanolic
NaBH4 at −10 °C. Furthermore, Zn(OAc)2-mediated anomerization of a-anomer to
b-anomer was also utilized to prepare 2-C-branched-b-C-glycosides. Synthesis of a
series of dideoxy-2-C-methylene-a- and b-C-glycosides was accomplished in good
yields and diastereoselectivity. b-Anomer of 56 facilitated formal stereoselective
synthesis of (-)-brevisamide 58 [36, 74] (Scheme 12).
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Thermal Claisen rearrangement of 2,3-unsaturated vinyl glycosides was also
exploited to derive 3-C-branched glycal derivatives [67]. A base-promoted thermal
fragmentation of selenone glycoside 59 afforded allyl vinyl ether 60, which
underwent rearrangement at 160 °C in the presence of N,N′-dimethyl aniline/
nitrobenzene to afford 3-C-branched aldehyde 61, in 85% yield (Scheme 13).
Similarly, allyl vinyl ethers derived from the corresponding acetate protected
derivative of D-galactal, L-rhamnal, L- and D-arabinal were also transformed to 3-C-
branched aldehyde derivatives, in good yields. The methodology was further
exploited through the synthesis of a series of cis-fused perhydrofuro[2,3-b]furan and
cis-fused perhydro-5-oxo-furo[2,3-b]furan derivatives from 3-C-branched sugar
analogues. For example, perhydrofuro[2,3-b]furan 62 was derived from 60, through
ozonolysis of the olefin, followed by acid-catalysed acetalization. The synthetic
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strategy was extended further to prepare 3-C-branched carboxylic acid derivatives,
which were then transformed to cis-fused perhydro-5-oxo –furo[2,3-b]furan
derivative 63.

In contrast, 3-C-branched glycal building block 61 was successfully used for
synthesis of 2,8-dioxabicyclo[3.3.1]nonene 64 and 2,8-dioxabicyclo[3.3.1]nonane
65, in good yields and in a stereocontrolled fashion, upon (i) reduction of aldehyde
moiety and (ii) TMSOTf-mediated cyclo-esterification reactions (Scheme 13b) [56,
57].

Stereocontrolled synthesis of natural products, such as, isoneosemburin 69 and
neosemburin 70 were accomplished using [3, 3]-sigmatropic rearrangement as a
key reaction. Dess–Martin periodinane oxidation of 66, followed by Wittig
homologation furnished allyl vinyl ether 67, which upon heating at 160 °C in N,N′-
dimethyl aniline and nitrobenzene, afforded desired 3-C-branched derivative 68, in
62% yield (Scheme 14). Functional group reduction, followed by a series of
transformations on 68 led to the synthesis of 69 and 70 (Scheme 14b) [56, 57].

2.2 Synthesis of Azasugars

Polyhydroxylated nitrogen containing cyclic and bicyclic frameworks are known as
azasugars. Azasugars are important as glycosidase inhibitors [4, 10, 70] and serves
as potential therapeutic agents [64, 79]. Thermal rearrangements were used in the
facile synthesis of a variety of azasugars, for example, Johnson–Claisen orthoester
rearrangement was employed for the synthesis of tetrahydroxy perhydroaza azu-
lenes 73 and 74, from D-glucose-derived epimeric allylic alcohols 71 [42, 43]. The
epimeric allylic alcohols 71, on treatment with trimethyl orthoacetate in the pres-
ence of catalytic propionic acid at 145 °C afforded derivative 72, in 90% yield
(Scheme 15), which was transformed to derivatives 73–76, through a series of
further synthetic manipulations [42, 43].

Aza–Claisen rearrangement on 2-(hydroxymethyl) glycal derivatives was
implemented to prepare 2-C-methylene-N-glycosyl amides and their potential uti-
lization for the construction of several azasugar analogues [21]. Thus, rearrange-
ment of 3,4,6-tri-O-benzyl-2-C-(hydroxymethyl) galactal 77, in the presence of
NaH and trichloroacetonitrile at room temperature, afforded a- and b-N-glycosyl
tricholoroacetimidates 79a and 79b, in 9:1 ratio, respectively (Scheme 16). Glucal
derivative 78 also rearranged to glycosyl amides 80a and 80b, in a ratio of 3.7:1,
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Scheme 14 a Stereoselective synthesis of 3-C-branched derivative 68; b natural products 69 and
70 derived from 68
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respectively. Further synthetic manipulations on glycosyl amides 79a and 79b
afforded L-altro-deoxynojirimycin 81. Similarly, 80a and 80b were also trans-
formed to L-ido-deoxynojirimycin 82 and L-allo-deoxynojirimycin 83
(Scheme 16). Hydroxymethyl modified compound 82 exhibited selective and
moderate binding potency against a-galactosidase (IC50 = 8.5 mM), in contrast to
its parent analogue L-ido-deoxynojirimycin, which did not exhibit any inhibition.

More recently, the Aza–Claisen rearrangement was also employed to derive
bioactive azasugar analogues from 2-C-hydroxymethyl glycals that were obtained
from the corresponding D-arabinal, L-arabinal, and D-xylal precursors [58].
Thermal rearrangements of 3,4-di-O-benzyl-2-C-hydroxymethyl-D-arabinal,
L-arabinal and 3,4-di-O-benzyl-2-C-hydroxymethyl-D-xylal derivatives provided
inseparable mixture of a/b-N-glycosyl trichloroacetamidates 84a/b, 85a/b and 86a/
b, respectively, as described in Scheme 17. Glycosyl amides 84a/b and 85a/b were
further transformed to isogalactofagomine 87 and ent-isogalactofagomine 88,
respectively. Additionally, synthesis of isofagomine 89 and 5-epi-isofagomine 90
were also prepared from glycosyl amides 86a/b, through a series of synthetic
transformations (Scheme 17).

2.3 Synthesis of Carbasugars

Carbasugars are hydrolytically stable unnatural carbocyclic sugar mimetics, form as
important component of many native oligosaccharides, nucleosides and glycoside
mimetics and posses promising antiviral, antitumor, and antibiotic activities [3].
Thermal or catalyst-promoted sugar-to-carbocycle rearrangements provided a
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straightforward access to several six-, seven- and eight-membered carbasugar
scaffolds.

Triisobutylaluminum (TIBAL)-promoted reductive [3, 3]-sigmatropic rear-
rangement was utilized by Sinaÿ and co-workers to prepare gem-difluoro carba-
sugar analogues from gem-difluoroalkyne precursors [14]. Treatment of alkyne 91
with dicobalt octacarbonyl, followed by a reductive TIBAL-mediated rearrange-
ment of 92 in toluene afforded 93, in a one-pot fashion, in 75% overall yield
(Scheme 18). Ceric ammonium nitrate mediated decomplexation and oxidative
cleavage of the alkyne moiety of 93 afforded gem-difluoro carba-
a-D-glucopyranose 94. Ti(OiPr)Cl3-promoted rearrangement of 92 at −78 °C in
THF provided cyclohexanone derivative 95, which upon a stereoselective reduction
of ketone to alcohol 96 and a series of further synthetic manipulations afforded
b-anomer 97 (Scheme 18).
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Stereoselective synthesis of carbasugar analogues was also accomplished
through thermal Claisen rearrangement on glucal derived allyl vinyl ether, namely,
3,4-di-O-PMB-D-glucal derivative 98 [18]. Thermal treatment of derivative 98 at
250 °C afforded carbasugar 99, in a good yield (Scheme 19). Subsequent ethanolic
NaBH4-mediated reduction of unstable aldehyde functionality to alcohol 100, fol-
lowed by a series of synthetic manipulations afforded enantiopure vinyl epoxides
101 and 102. Pseudoglycosyl donor properties of epoxide 101 was realized through
a glycosylation with 1,2;3,4-di-O-isopropylidine-a-D-galoctopyranose under acidic
conditions, so as to form a stereocontrolled O-linked carba-disaccharide 103
(Scheme 19). These findings open-up the versatility of thermal rearrangement for
the construction of a wide range of carbasugar skeletons and related O-linked
carba-oligosaccharide analogues.

A reliable and straightforward route to synthesize Tamiflu, a potent inhibitor of
viral neuraminidase, was devised from a carbohydrate precursor by using thermal
Claisen rearrangement as a key reaction [41]. Derivative 104 under reflux condition
underwent the key rearrangement reaction to afford cyclohexene derivative 105,
which was followed by a series of synthetic manipulations to afford compound 106
(Scheme 20). Binding studies against neuroendocrine PC12 cells showed a
significant inhibition of vesicular excocytosis.
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Triisobutylaluminium (TIBAL)-promoted thermal rearrangement protocol is also
reliable to synthesize seven-membered carbasugars in a pronounced stereoselective
fashion [27]. Thus, heating 3,4-O-di-benzyl-2-methylene-5-vinyl-tetrahydrofuran
107 at 80 °C in the presence of TIBAL in toluene afforded 108, in 63% yield
(Scheme 21).

Eight-membered carbocycles are novel class of unnatural cyclic sugar analogues.
A facile synthesis of cyclooctanic derivatives 110 through thermal or
triisobutylaluminium-promoted Claisen rearrangement of allyl vinyl ether, namely,
2-methylene-6-vinyltetrahydropyrans 109 was pioneered early on by Paquette and
co-workers (Scheme 22) [33].

Thiem and co-workers developed the Claisen rearrangement either stand alone
reaction or in combination with a glycosylation reaction to prepare various enan-
tiopure cyclooctenyl glycosides [29]. Thermal rearrangement of D-glucose derived
enol ether 111 at 185 °C in nitrobenzene afforded 5-cyclooctenone 112, which
upon reduction followed by a glycosylation with b-trichloroacetimidate 113 fur-
nished a-glycoside 114, in 51% yield and enantiopure form (Scheme 23). Further,
Glca1 ! 4Man disaccharide-derived 1,5-diene precursor 115 underwent thermal
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rearrangement at 180 °C in n-decane/toluene (5:1) to provide glycosylated
cyclooctenone derivative 116, in 70% yield.

Synthesis of galtosylated cyclooctenone derivative using Claisen rearrangement
protocol was also achieved following a similar protocol [32]. Thus, thermal rear-
rangement of 1,5-diene 117 at 180 °C in n-decane/toluene (2:1) under microwave
irradiation led to the formation of glycosylated product 118, in 69% yield
(Scheme 23).

Unlike endo-glycals, the thermal rearrangement of exo-cyclic allyl vinyl ether
primarily relies on altered reaction condition to afford desired rearranged products,
implying that the thermal rearrangement depends entirely on the activation
parameters employed. In this context, Thiem and co-workers studied both thermal
and catalyst-induced thermal rearrangements of D-glucose and D-mannose-derived
allyl vinyl ethers to prepare enantiopure and highly oxygenated eight-membered
ring carbocycles [31]. When 2,3,4-tri-O-benzoyl derivative 120, derived from
tosylated derivative 119, heated at 145 °C in xylene, compound 121 resulted in
60% yield (Scheme 24). Triisobutylaluminum-promoted rearrangement of benzy-
lated analogue 123, secured from tosylate 122 at rt in dichloromethane afforded
rearrangement product 124, in 57% yield (Scheme 24). Shorter reaction times and
higher temperatures are found to be better for the thermal rearrangement reaction.
X-ray crystallography and NMR spectroscopy studies revealed that the
5-cyclooctenone derivatives exhibited enhanced conformational flexibility, cover-
ing chair, boat and twist-chair conformations.

3 Synthesis of C-C-Linked Disaccharides

Hydrolytically stable C-linked disaccharides are particularly interesting carbohy-
drate analogues of the native O-glycosides [5, 17, 49]. Claisen rearrangement was
regarded as a highly efficient and reliable synthetic route to access C-C-linked
disaccharide analogues.

A Claisen rearrangement-based straightforward approach to prepare various
hydrolytically stable C-C-linked disaccharide analogues [81] was developed by
Thiem and co-workers. The methylene-bridged disaccharide analogues were pre-
pared through ketene acetal [3, 3]-sigmatropic rearrangement as the key reaction.
Simultaneous enolization and in situ silylation to the corresponding
D-arabinose-derived ketene acetal 125 afforded rearranged epimeric disaccharides
126 and 127, in a 1:1 diastereomeric ratio and in 15% overall yield (Scheme 25).
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Similarly, rearrangement of L-arabinose-derived derivative 128 afforded epimeric
products 129 and 130, in an improved overall yield of 40%.

Allyl ketene acetal rearrangement in endo-cyclic olefin was exploited further as
precursors to derive C-disaccharide derivatives. The strategy consists of thermal
rearrangement of disaccharide allyl ketene acetal displaying both the double bonds
of 1,5-diene system in endo-cyclic position [30]. The derivative 132 was obtained
from glucal 131, through few steps including thermal rearrangement at 130 °C. In
the presence of n-butyl vinyl ether and diisopropylamine, derivative 132 afforded
C-C-linked disaccharides 133 and 134, with a diastereomeric ratio of 10:3,
respectively (Scheme 26). A conformational analysis in solution by NMR spec-
troscopy revealed that compounds 133 and 134 possessed a boat (B2,5) and
half-chair (4H3) conformation, respectively.

In order to synthesize nonhydrolyzable ganglioside mimetics, Sodeoka and
co-workers developed a stereoselective and highly efficient route involving
Ireland-Claisen rearrangement to derive CF2-linked ganglioside GM4 137 [24].
Difluoromethylene-bridged sialosides are analogues to naturally occurring O-sia-
losides and possess interesting conformational flexibility and biological properties.
Treatment of compound 135 in the presence of LHMDS and TMSCl at room
temperature followed by reaction with TMSCHN2 at −78 °C furnished desired
derivative CF2-linked a-(2 ! 3) sialylgalactose 136, in 86% yield (Scheme 27).
Synthesis of difluoromethylene-linked ganglioside GM4 137 was also achieved
from sialoside 136. Preliminary investigations showed that derivative 137 exhibited
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similar biological properties as that of native GM4 and moderate inhibition against
human neuraminidases, namely, NEU 2 (IC50 = 754 lM) and NEU 4
(IC50 = 930 lM).

In an effort to relate the chemical reactivity and conformational properties of
CF2-linked sialosides, a stereoselective synthesis of CH2-linked a-(2 ! 3)sia-
lylgalactose lactone [78] was conducted. The investigation showed that benzylidene
deprotected compound 138 underwent facile Ireland-Claisen rearrangement under
reflux in THF, to afford the desired product 139, in an a–b ratio of 15:1
(Scheme 27). This observation suggested that the rearrangement proceeded via
chair-like transition state of the (Z)-silyl ketene acetal intermediate. Derivative 139
was subsequently transformed to CH2-linked a-(2 ! 3)sialylgalactose lactone 140,
through a series of synthetic manipulations.

4 Miscellaneous

The Claisen–Johnson rearrangement can also be utilized for the stereocontrolled
synthesis of sugar amino acids [44]. Thus derivative 141 on treatment with triethyl
orthoacetate in the presence of propanoic acid and hydroquinone under reflux
afforded derivative 142, as the only product, through suprafacial allyl rearrange-
ment pathway (Scheme 28). Displacement of tert-butyldiphenylsilyl group with
azide group provided sugar amino acid derivative 143. Incorporation of building
block 143 onto peptidomimetics provided the encephalin analogue 144, after
subsequent reactions.

Overman rearrangement has been utilized to derive 2-C-amino glycosides from
hex-2,3-enopyranosides [35]. Allylic trichloroacetimidate 146, derived from C-allyl
glycoside 143, underwent a facile rearrangement upon refluxing in
1,2-dichlorobenzene in the presence of K2CO3, to afford 2-C-amino allyl glycoside
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147, in 96% yield (Scheme 29). However, a similar rearrangement of epimeric O-
allyl glycoside 149 led to the formation of desired 2-C-amino glycoside 150, in
23% yield and allylic chloride 151 formed as a side-product, in 37% yield [45].
Interestingly, it has been observed that the product distribution can be tuned by
using chromatographically pure allylic trichloroacetimidate. Thus, rearrangement of
pure imidate 149, derived from 148, under similar reaction condition afforded
expected O-allyl amide 150, in 82% yield. Formation of only allylic chloride 151,
in 50% yield, was realized when the crude reaction mixture was subjected to
rearrangement at 140–150 °C in xylene, in the presence of hydroquinone as a
radical scavenger (Scheme 29) [46].

Thermal rearrangement on 2-C-O- and 3-C-O-allyl-L-ascorbic acid derivatives
facilitated a convenient and stereocontrolled access to 2-C- and 3-C-branched
aldono-1,4-lactone derivatives [48]. Thermal rearrangement of 5,6-O-
isopropylidine-3-O-allyl-L-ascorbic acid 152 and 5,6-O-isopropylidine-2-O-
allyl-L-ascorbic acid 154 in toluene under reflux condition afforded the corre-
sponding 5,6-O-isopropylidine-3-allyl-2-keto-L-galactono-c-lactone 153 and 5,6-
O-isopropylidine-2-allyl-3-keto-L-galactono-c-lactone 155, respectively, in good
yields (Scheme 30).

A facile [3, 3]-sigmatropic rearrangement was also utilized to construct subunit
160 of adriatoxin 156, which is a marine ladder toxin natural product [2]. The
derivative 160 was successfully derived through extended synthetic manipulations
on 2-deoxy ribose 157, which was used to prepare the advanced level intermediate
158, in a multistep reaction sequence. Treatment of 158 with pyridinium
p-toluenesulfonate/pyridine under reflux afforded intermediate 159. Rearrangement
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reaction of 159, followed by reduction of ketone moiety afforded EF ring 160, in
94% yield (Scheme 31).

5 Conclusion and Perspective

Coupling–decoupling is an important strategy in the chemical synthesis of carbo-
hydrate derivatives and mimetics, given the nature of inherent complexities of the
molecular scaffolds. Rearrangement reactions, particularly [3, 3]-sigmatropic
reactions, provide an important route towards stereoselective carbon–carbon bond
formation. The foregoing discussion emphasizes the elegance of [3, 3]-sigmatropic
rearrangements, in the form of Claisen, Ireland–Claisen, aza–Claisen and Johnson–
Claisen routes, to modify the substituents around unsaturated carbohydrate
frameworks, through either thermal or catalyst-promoted conditions. Especially, the
implementation of these methods in endo- and exo-glycal derived unsaturated sugar
synthons allow facile access to numerous valuable synthetic targets and interme-
diates, which are used gainfully for further synthetic modifications. This article
covers the advancement during the past over a decade on the rearrangements as
expeditious tools for the stereoselective and straightforward access to large panel of
densely functionalized C-glycosides, C-branched sugars, bioactive natural products,
azasugars, carbasugar analogues, C-linked disaccharides and other important sugar
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mimetics. Reliability and efficiency coupled with topological control of [3, 3]-
sigmatropic rearrangements shall remain to ensure the sought-after nature of these
reactions in C–C and C–heteroatom bond formation in monosaccharides and their
derivatives.
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Recognition of Thiols in Coupling
Reactions to Organic and Carbohydrate
Acceptors

Zbigniew J. Witczak and Roman Bielski

Abstract Reactions of thiols in thio-click coupling processes with various reactive
systems (including carbohydrates) are compiled. A selection of simple and complex
thiols in stereoselective and non-stereoselective approaches recognizing their
reactivity is also reviewed. Solvents, employed in the discussed processes including
water, are briefly discussed as well.

1 Introduction

The coupling reaction forming C–S, C–C, or C–N bonds usually requires an
activation of the existing functional group. To control the steric outcome of the
coupling reaction, the reactive functionalities forming the new asymmetric center
should be easily accessible and kinetically favor the formation of only one
stereoisomer.

The addition of thiols to conjugated or nonconjugated multiple bonds belongs to
a few processes applicable to our coupling and decoupling (CAD) methodology [1].
The practical utility of our CAD methodology to many strategic targets is out-
standing. The strategy can be easily adopted for many complex reactive systems
provided that the activation step is strictly followed and the intermediate adducts
will be actively involved and be compatible with a specific protocol of activation.

The click reactions involving the addition of thiols have been reviewed.
Thiol-ene click chemistry, particularly applicable to polymer chemistry, was
reviewed by Hoyle and Bowman [2]. The Bowman team [3] also reviewed the
thio-Michael addition click reaction as another powerful tool in material chemistry.

Our laboratory reviewed [4] the synthesis of carbohydrate thiols as universal
coupling agents applicable in our CAD [1] methodology. The synthetic procedures
explored the versatility, stereochemical outcome of thio-click coupling reactions,
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and synthetic aspects of thiols as universal starting materials. Additionally, the thiol
activation under alkaline pH (8–9.5), polarity of the reaction solvent, and
thiol/acceptor ratio were discussed.

Two other review articles [5, 6] explore the sensitivity and specificity of organic
thiols recognition and detection in biological systems.

2 Thiol Recognition in Synthetic Approaches
in Thio-Click Addition Reactions

The thiol recognition in biological systems is a primary factor of efficacy of many
biologically important molecules containing –SH functionality. A rapidly devel-
oping area of synthetic organic and carbohydrate chemistry is exploring many
specific tools for biological ligation of natural thiols and their peptide and protein
systems.

It also utilizes a variety of other tools such as metalo-organic catalysts, effects of
polar solvents, and enzymatic systems to form stereoselectively non-hydrolyzable
C–S bonds. These sulfur bonds often are resistant to multiple enzymatic systems
widely present in living organisms. Consequently, the sulfur-linked derivatives may
escape any enzymatic intervention by scavenging the –SH group.

As already mentioned, Yoon and co-workers reviewed [6] fluorescent and col-
orimetric probes to detect three important thiols present in living organisms—
cysteine, (Cys) homocysteine (Hcy), and glutathione (GSH). Their similar chemical
character and structural composition derive from the presence of three reactive
functional groups, –SH, –COOH, and –NH2 capable of forming specifically labeled
molecules.

All these three biomolecules (Fig. 1) equipped with the mercapto group play a
crucial role in maintaining functionality of biological systems. Their low cellular
levels are linked or implicated in many diseases. Therefore, the development of
fluorescent and colorimetric probes for their detection is of utmost importance. Shiu
and co-workers reported [7] a highly selective FRET-based fluorescent probe to
detect cysteine (Cys) and homocysteine (Hcy).

Huo and co-workers reported [8] the chemistry of the functionalized chromene
moiety as a “lock”, the thiol as a “key”, and a mercury (II) ion as a “hand”, a single
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molecular automated recognition system. The simplified aspect of the thiols
recognition mechanism is shown in Scheme 1.

Clayden and MacLellan [9] reported the asymmetric synthesis of specifically
designated tertiary thiols and their functionalized thioethers. Selected strategic
coupling approaches are shown in Scheme 2.

Whereas tertiary thiols are important synthetic templates, their dominant reactive
character must be recognized during coupling reactions, including thiol-yne. In the
presence of metal catalysts, their reactivity increases and the reaction time is sig-
nificantly shortened as, compared to catalyst-free methodologies [10]. Among
many metal catalysts, the following primary catalysts were employed for con-
struction of C–S bonds during synthesis of S-thioglycosides: nano indium oxide
[11], iridium complex (Ir(COD)2BF4), [12], and palladium diacetate [Pd(OAc)2]
phosphine ligand system [13, 14]. The highly efficient palladium diacetate cat-
alyzed synthesis of thioglycosides is depicted in Scheme 3.

Misra and co-workers [15] reported a green chemistry approach toward synthesis
of 3-thio-2-deoxy and 3-dithiocarbamate sugar derivatives. This efficient method-
ology uses no catalyst and is performed in water as a polar solvent. The products
high yields and purities are impressive as compared to other methods. Examples are
shown in Scheme 4.
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Scheme 1 A single molecular machine thiol recognition system
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Misra and co-workers [16] developed also an odorless methodology of preparing
1-thio-sugars and thio-Michael adducts of carbohydrate derivatives as intermediates
for the advanced syntheses of thio-sugars. Selected synthetic routes to these
intermediates are shown in Scheme 5.
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Krohn and co-workers [17] developed a successful methodology of Lewis
acid-catalyzed opening of 1,6-anhydro sugars with 1,3-propanedithiol to produce
open chain aldehydes protected as 1,3-dithianes. The methodology constitutes a
simple route to the complex macrolide building blocks, which are difficult to
synthesize. The primary example of this strategy is illustrated in Scheme 6.

Joshi and Anslyn [18] developed a novel approach to dynamic library of thiol
exchange with b-sulfido-a,b-unsaturated carbonyl compounds.

The equilibrium between thiols and b-sulfido a,b-unsaturated carbonyls is
observed within a few hours. These particular time scales make this system ideal for
creation of dynamic combinatorial library.

The team cleverly utilizes the previously well-established thio addition to
b-sulfido-conjugated system, as shown in Scheme 7.

Anslyn and co-workers [19] also recently developed a unique thio-click coupling
and decoupling approach, which utilizes a reversible amino and thiol coupling via a
conjugate acceptor. Scheme 8 illustrates this elegant methodology.

Interestingly, Shi and Greaney [20] reported earlier (in 2005) a similar reversible
Michael addition approach. The authors developed specific reaction conditions for
subsequent decoupling. The synthetic approach is shown in Scheme 9.

Among approaches used for the synthesis of macrolide thiols and disulfides,
Otto and co-workers [21] constructed a dynamic combinatorial library. Dynamic
libraries of macrocyclic disulfides form spontaneously upon stirring a mixture of
three selected dithiols at pH 7–9 in an open flask. Oxygen from the air is sufficient
to effectively oxidize thiols to disulfides. The simplified aspect of these thio
functionalization reactions is shown in Scheme 10.

Rim and co-workers [22] discovered a 1,3,5-triacryloylhexahydro-1,3,5-triazine
(TAT) system for an ionic thiol-ene click reaction with the formation of functional
tripodal thioethers. The authors continue to explore previously unknown chemistry
of the TAT moiety and its potential biological importance and applications.
According to the authors, thiol-ene reactions tolerate a wide range of functionalities
including amino, hydroxyl, carboxylate, and trimethoxysilyl groups. Commercially
available aliphatic and aromatic thiols efficiently reacted with TAT to produce thio
adducts in high yields (63–96%) and high purity. Some of the aspects of thiol-ene
click reactions are shown in Scheme 11.

Gothelf and co-workers [23] developed a cleavable amino-thiol linker for
reversible linking of amines to DNA. This discovery has a great practical potential
for the exploration of various protection techniques of functionalized DNA
derivatives. Some aspects of this new methodology are depicted in Scheme 12.
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Schumacher and co-workers [24] created a new approach to the protein
PEGylation utilizing maleimide bridging of disulfides. The highly reactive conju-
gate system of selected functionalized maleimides can be coupled with disulfides to
form C–S functionalized derivatives as shown in Scheme 13.

Campopiano and co-workers [25] discovered novel glutathione S-transferase
(GST) inhibitors using a dynamic, combinatorial chemistry approach. The synthetic
approach to this new class of inhibitors begins exploration of these fascinating and
medicinally important molecules. Some of the examples are depicted in Scheme 14.

Shiu and co-workers [26] developed cleavable reagents to modify
cysteine-containing peptides in an aqueous medium. Highly reactive alkynes were
used as starting materials, as depicted in Scheme 15.

Finally, Dondoni and co-workers [27] highlighted a critically important
approach in thio-click chemistry; thio-ene cluster formation, and thiol-yne click
reaction [28, 29]. Dondoni [30] further developed a thiol-yne strategy applied to
diagnostic aspects of serum albumin. Massi and Nani [31] reviewed previously
reported methods of thiol-yne click chemistry, creating an up-to-date chronology.
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3 Conclusion

The new strategical developments in the construction of protected diverse molec-
ular targets of biological importance are growing steadily. Among the important
areas, the glycoscience is one with particularly enormous growth. Other areas
including biomolecular and macromolecular chemistry are developing as well.
Among many strategic approaches, thiol directed functionalization and coupling
reactions are of great importance and applicability.

When applied to thiols the CAD methodology will always utilize the conve-
nience of four essential factors: the reacting system, catalysts, solvents, and thiol
reactivity. We hope that the CAD strategy of creation of sacrificial unit will be
further developed into conventionally applicable approach to many new targets of
biological importance.

Additionally, other multiple approaches were developed for forming C–S bonds
via methodologies utilizing thiol-ene and thiol-yne additions, providing the desired
coupling C–S products in a highly stereoselective manner. Moreover, specific
reaction conditions are compatible with the stability of the functionalized substrates
and products, so yields of desired coupling products are not compromised. The
demonstrated thiol-ene and thiol-yne sequences indicate the great potential of
functionalized organic and carbohydrate thiols in the synthesis of highly func-
tionalized biomimetic structure motifs by operationally simple protocols. It is worth
adding that some of the discussed processes became competitive to the addition of
thiols to conjugates multiple bonds such as the Michael addition. All of the new
strategies currently available or under development constitute a significant mile-
stone in the area of glycoscience. These new synthetic methodologies are of utmost
importance and will be closely followed, as many new biological targets will
constitute promising prospects for the future syntheses.
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Chemical Approaches Towards
Neurodegenerative Disease Prevention:
The Role of Coupling Sugars to Phenolic
Biomolecular Entities

Catarina Dias, Ana M. Matos and Amélia P. Rauter

Abstract Polyphenols are natural molecular entities exhibiting a wide variety of
bioactivities including anticholinergic and/or antiamyloidogenic activities. Their
low solubility is recognized as a key factor for bioavailability and their glycosy-
lation is indeed relevant to improve the bioaccess to these molecules. In this
chapter, chemical and enzymatic syntheses of glycosylated flavonoids, stilbenoids,
phenylethanoids and phenylpropanoids are illustrated, covering examples that
demonstrate the impact of coupling sugars to bioactive aglycones in their
bioavailability and in their pharmacological activity. The chapter is focused par-
ticularly on glycosyl polyphenols with promising activities against neurodegener-
ative impairments, given their potential to intervene in biological processes that
cause catastrophic diseases, namely the Alzheimer’s disease.

1 Introduction

Polyphenols are plant secondary metabolites present in the common human diet and
known to play important roles in human health. They are poorly absorbed, resulting
in a very low concentration in the circulatory streams [69]. The modification of their
physicochemical properties such as solubility and partition coefficient by glyco-
sylation seems to exert a positive influence on the entry of polyphenols into
enterocytes [69]. The low solubility of most of the polyphenol aglycones may also
result from their tendency to form aggregates via hydrophobic interactions with
aromatic rings, and hydrogen bonding by the hydroxy groups [3]. In nature,
polyphenols occur often as glycosylated derivatives. The sugar moiety of
polyphenol glycosides plays a major role in their absorption [69] but polyphenol
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glycosylation may also exert other benefits by improving bioavailability or pre-
venting oxidation by masking phenolic groups. In this chapter, synthetic strategies
via chemical or enzymatic methodologies to access biologically active glycosyl
polyphenols are illustrated, covering flavonoids, stilbenoids, phenylpropanoids and
phenylethanoids. Natural occurrence and compound bioactivities are also reviewed
for the promising polyphenol molecular entities described that exhibit neuropro-
tective activities.

2 Glycosylated Flavonoids

Flavonoids are polyphenolic secondary metabolites in the plant kingdom whose
structural feature is based on derivatives of a phenyl-substituted 1-phenylpropane
possessing a C15 skeleton. In this chapter, the given examples focus particularly on
flavones, whose structure is that of a 1-benzopyran (chromene), in which the aro-
matic ring is designated as ring A and the pyran as ring C, along with the (substi-
tuted) phenyl group (ring B) on ring C at position 2 (flavone) or position 3
(isoflavone). Thousands of different scaffolds have been isolated and structurally
identified over the past decades, and many have been reported due to their
wide-range bioactive profiles often associated with very potent antioxidant and
anti-inflammatory effects [70]. They may occur as aglycones or as the corresponding
glycosylated forms, either as O-glycosides or C-glycosyl derivatives; yet, the
advantages of glycosyl flavones over the corresponding aglycones have been
highlighted in the context of Alzheimer’s disease with respect to their ability to
remodel and inactivate neurotoxic amyloid b (Ab) aggregates [36], again reinforcing
the importance of the sugar moiety for optimized anti-neurodegenerative activity.

The growing interest in the therapeutic potential of glycosyl flavonoids has
motivated organic and medicinal chemists to develop efficient synthetic and bioen-
zymatic routes involving a diverse collection of sugar coupling reactions. By
describing the synthesis of some of the most promising molecular entities with
neuroprotective activities, we will provide an overview of the most useful method-
ologies for the generation of flavones bearing in their structure O-linked or C-linked
sugars, covering both chemical and enzymatic synthesis reported in the literature.

2.1 Flavone Glycosides

The 7-O-b-glucuronide of baicalein, baicalin (1), is one of the most abundant
compounds in Scutellaria baicalensis Georgi, a plant extensively used in traditional
Chinese medicine for the treatment of inflammatory disorders, bacterial infections,
among others [6]. Baicalin (1) itself was recently found to improve Ab-induced
learning and memory deficits in rats by attenuating hippocampal injury and neuron
apoptosis [11]. Its anti-inflammatory activity has actually been proposed as a
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paramount mechanism underlying these neuroprotective effects [6], namely by
inhibiting microglial activation and inflammatory cytokine secretion [83].
Moreover, baicalin (1) could also upregulate antioxidant enzymes such as super-
oxide dismutase, catalase and glutathione peroxidase, thus contributing to
decreased oxidative injury in the brain of diseased animals [11].

Based on its promising therapeutic potential, Li and co-workers described an
efficient route for baicalin (Scheme 1) starting from the selectively acetylated
aglycone 3, which was accessed after a series of simple protection–deprotection
reactions [45], and using the first type of sugar donor ever applied in the synthesis
of flavonoid glycosides: a glycosyl bromide [62]. In this method, 6-OTBDPS
protected bromide 2 was coupled to the aglycone in an Ag2O-promoted reaction
that afforded only the b-glucoside in 92% yield due to acyl neighbouring group
participation, thus overpowering the otherwise dominant anomeric effect that would
have given the a-anomer as the major product. After deprotection with TBAF,
position 6″ was then submitted to Widlanski oxidation using TEMPO and BAIB to
give the glucuronic acid derivative 4, followed by a deacylation reaction that led to
the desired product, baicalin (1).

The 4′-hydroxy analogue of baicalin (1), scutellarin (5), is the major component
of the Erigeron breviscapus Hand-Mazz flavonoid extract, also used in traditional
Chinese medicine for the treatment of cerebral infarction and other cardiovascular
diseases [54]. Similarly, this compound was found to attenuate neuroinflammation
through the suppression of microglial activation [15], and was indeed associated
with major improvements in neuronal injury and behaviour of rats with cerebral
ischemia [14, 68]. Moreover, it is able to inhibit Ab aggregation in vitro, while
preventing Ab-mediated neuronal cell death [91].

Nonetheless, pharmacokinetic studies have revealed that scutellarin (5) displays
a rather poor bioavailability due to the action of endogenous b-glucuronidase
enzymes that readily hydrolyze the glycosidic bond [5, 17, 23]. To surpass this
problem, Li and co-workers designed and synthesized the scutellarin b-O-glucosyl
analogue 6 with improved physicochemical properties and an even more
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Scheme 1 Reagents and conditions: a Ag2O, 4 ÅMS, quinoline, r.t. (92%); b TBAF, AcOH,
THF, 4 h (86%); c TEMPO, BAIB, DCM/H2O, r.t. (87%), d Mg(OMe)2, MeOH, r.t. (85%) [45]
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pronounced attenuation of H2O2-induced neuronal damage when compared to
scutellarin (5) [40]. Using scutellarin itself as the aglycone source, the authors
coupled compound 7 to the glucosyl bromide 8 with Ag2O and CuSO4 as pro-
motors; yet, the b-O-glucoside 6 was achieved in only moderate yield (40%)
(Scheme 2).

Among the most promisingO-glucosyl flavonoid leads against neurodegenerative
diseases is quercetin 3-b-O-glucoside (10) (trivial name: isoquercetin), which has
been isolated from a variety of sources, including mangos or medicinal plants such
Serjania erecta Radlk (Sapindaceae) orPsidium guajavaL. [18, 46, 48]. In addition to
its antioxidant and anti-inflammatory activities, this compound is able to prevent
hippocampal neuronal apoptosis after cerebral ischemia and reperfusion injury [76,
77], and displays protective effects against Ab-induced cytotoxicity. Importantly, it
was also found to inhibit both BACE-1 and AChE with IC50 values of 41.2 and
66.9 µM, respectively [26, 27]. Furthermore, a comparative study between
polyphenolic glycosides and their respective aglycones has shown that whilst quer-
cetin (11) acts by remodelling Ab toxic oligomers into large aggregates, isoquercetin
(10) rapidly disaggregates the amyloid structures into soluble polypeptides as a result
of a synergistic action between the sugar and the aglycone [36].

Isoquercetin (10) can be obtained from quercetin (11) by the action of UGT78D1, a
flavonoid-specific uridine diphosphate glycosyltransferase (Scheme 3) that catalyzes
the in vitro regioselective transfer of a glucose or a rhamnose unit from UDP-glucose
or UDP-rhamnose, respectively, to flavonoid glycosyl acceptors containing a
hydroxyl group in position 3, as reported by Ren and co-workers [59]. This study was
able to clarify the substrate specificity of this enzyme in detail, showing that only
flavones hydroxylated in both rings A and B are recognized by UGT78D1, high-
lighting 2′-OH flavones as exceptions to this rule.

Tiliroside (12) is a kaempferol 3-b-O-glycoside that can be found in Agrimonia
pilosa or Potentilla chinesis for instance, and displayed stronger AChE inhibitory
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activity when compared to isoquercetin (10), with an IC50 value of 25.5 lM [27,
57]. It was also found to inhibit neuroinflammation in activated microglial cells by
modulating pro-inflammatory intracellular pathways, which was at least in part
attributed to its antioxidant properties [71].

The synthesis of tiliroside (12) was described in 1981 by Vermes and co-workers
(Scheme 4) [72]. In the first step of this route, glucosyl bromide 13 and 4’,7-O-
dibenzyl kaempferol (14) were coupled in a reaction promoted by Ag2CO3 to afford
the b-anomer in 54% yield. After debenzylation followed by acetylation and
selective removal of the 6″-O-chloroacetyl protecting group, intermediate 15 was
generated and subsequently esterified by p-coumaroyl chloride in pyridine. Further
deprotection directly afforded tiliroside (12) in good yield. Many other phenyl-
propanoid glycosides with neuroprotective activities such as this one will be pre-
sented and their synthetic routes described in detail in Sect. 3.
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2.2 C-Glycosyl Flavones and Isoflavones

In spite of the remarkable neuroprotective effects associated with the flavone
O-glycosides described above, C-glycosyl flavonoids have been receiving growing
attention for their insusceptibility to in vivo hydrolysis by glucosidases, allowing
them to remain intact in the blood circulation following oral administration [9].
Even though the synthesis of the C–C bond usually requires stronger conditions
when compared to the formation of the C–O bond in O-glycosides, a variety of
methods have been reported in the literature over the past few decades, offering a
wide range of options for regio- and stereoselective reactions using different gly-
cosyl donors and acceptors when the time comes to design a synthetic route for the
target compound [64].

Vitexin (17) and isovitexin (18), the 8-b-C- and 6-b-C-glucosyl derivatives of
apigenin, respectively, are good examples of the potential of natural C-glycosyl
flavonoid derivatives against neurodegenerative disorders. These compounds can be
found in Serjania erecta Radlk (Sapindaceae) [18] or the flour from the Prosopis
alba seed [4], for instance, and both were able to inhibit AChE and BChE with IC50

values ranging from 6.2 to 12.2 µM, although vitexin was substantially more
effective as a BACE-1 inhibitor than isovitexin (IC50 = 51.1 µM vs. >100 µM),
thus indicating a preference for the sugar moiety to be in position 8 for improved
affinity towards the enzyme [7, 8]. Vitexin (17) has also been described to exert
neuroprotective effects in cerebral ischemia and reperfusion injury by positively and
negatively modulating cell proliferation and apoptosis pathways, respectively [79].
In addition, vitexin (17) was found to have a more pronounced impact in reversing
Ab-induced cytotoxicity not only when compared to isovitexin (18), but also when
put alongside with the earlier presented isoquercetin (10) [18].

Back in 1995, Mahling and co-workers developed a synthetic route for both
vitexin (17) and isovitexin (18) by taking advantage of the Fries-type rearrangement,
described to occur in O-aryl glycosides with high regio- and stereoselectivity to
afford the corresponding ortho-hydroxy C-glycosyl phenolic derivative [32, 47, 64].
Hence, in the first step of this synthesis (Scheme 5), the reaction of the glycosyl
trichloroacetimidate 19 with the silyl-protected acetophenone 20 was catalyzed by
TMSOTf at-30 °∁ and afforded the a-O-glycoside 21 in 85% yield. After cleavage of
the remaining TBS group followed by regioselective benzylation in position 4, a
Fries-type rearrangement took place in another TMSOTf-catalyzed reaction, this
time at room temperature, to afford the corresponding b-C-glycosyl derivative in
57% yield. Subsequent acylation converted this derivative into intermediate 17 and,
at this point, the Baker–Venkataraman rearrangement was carried out and resulted in
a mixture of compounds 23 and 24, which were both cyclized and further
deprotected after separation to give vitexin (17) and isovitexin (18).

Vitexin (17) and isovitexin (18) were also obtained as protected intermediates in
a more recent and concise synthesis developed by Furuta and co-workers [16] with
the ultimate goal of accessing compound 25, an anti-inflammatory glycosyl flavone
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isolated from oolong tea extract [24]. In this route (Scheme 6), trichloroacetimidate
19 was directly coupled with the monobenzyl-protected acetophenone 26 to afford
the desired b-C-glucosyl derivative in 69% yield, which was further acylated to
give intermediate 27. In contrast with the previous work by Mahling et al., this
procedure involves the initial formation of a glycoside at low temperature, which
then undergoes, by warming up, the O ! C Fries-type rearrangement in situ [64].

In another one-pot reaction using potassium carbonate in pyridine under reflux,
intermediate 27 was converted into both protected isovitexin (28) and protected
vitexin (29); yet, to accomplish the synthesis of the target compound, only 28
proceeded in this route. After debenzylation, it was submitted to an intramolecular
Mitsunobu reaction using modified experimental conditions in which inversion of
the configuration of carbon 2″ led to the transformation of the gluco derivative into
the desired manno derivative in tandem with the formation of a fused tetracyclic
system with the aglycone. Further deprotection afforded the target compound 25,
but it is still interesting to note that this was the major product of Mitsunobu
reaction regardless of the presence of a primary alcohol and another phenolic group
in its precursor, thus highlighting reaction regiospecificity.

Orientin (31) and isoorientin (32) are another pair of C-glucosyl flavonoid
derivatives extensively studied for their potential against neurodegenerative
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processes and can both be found, for instance, in buckwheat bran [92], Glochidion
hypoleucum (Miq.) Boerl leaves, or Stellaria holostea [1]. Orientin (31) was able to
alleviate cognitive deficits in mice with Alzheimer’s disease, while attenuating
mitochondrial dysfunction induced by Ab [84]. Moreover, it exerted neuroprotec-
tive effects by inhibiting the activity of three members of the caspase family,
including caspase 3, which is directly involved in synaptic loss and cognitive
dysfunction in Alzheimer’s disease [37, 10]. Both orientin (31) and isoorientin (32)
are BACE-1 inhibitors with IC50 values of 16.0 and 20.9 µM, respectively,
showing that the presence of the additional hydroxy group in position 3′ when
compared to vitexin (17) and isovitexin (18) positively affects the affinity towards
the enzyme, especially in the case of 6-b-C-glucosyl derivatives. Furthermore, they
are also AChE and BChE inhibitors and seem to be slightly selective towards the
later, with similar IC50 values of roughly 11 µM [7, 8].

In contrast to the described synthetic approaches for vitexin (17) and isovitexin
(18), each of these luteolin C-glucosyl derivatives has been accessed individually in
more effective, regioselective routes. Kumazawa and co-workers reported, on the
one hand, the synthesis of orientin (Scheme 7) in which the glucosyl fluoride 33
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was coupled with acetophenone 34 in a BF3�Et2O-promoted reaction to afford the
b-C-glucosyl derivative 35 in 96% yield [33]. Subsequently, an aldol condensation
led to chalcone 37 which, after cyclization and deprotection, gave orientin (31) in
very good yield.

On the other hand, these authors were able to develop a synthetic path towards
isoorientin (Scheme 8) using the same coupling methodology but taking advantage
of differences in hydrogenolysis rates between benzyl and 2-methylbenzyl pro-
tecting groups [34]. Indeed, after a series of protection-deprotection reactions, the
free hydroxy group was para to the sugar moiety in intermediate 40, and after aldol
condensation, cyclization and deprotection, isoorientin (32) were successfully
generated. It is noteworthy that, in this route, the C-glycosylation step was sig-
nificantly less effective (75% yield) than the one described in the synthesis of
orientin (31, 95% yield), even though the coupling method applied was the same in
both cases. Given that the only difference between the two glycosyl acceptors was
the 2-methylbenzyl group in compound 39, this result highlights the impact of
protecting groups on the efficiency of this type of coupling reactions.

More recently, the biosynthesis of vitexin (17), isovitexin (18), orientin (31) and
isoorientin (32) was accomplished by Hao and co-workers using Desmodium
incanum root proteins, starting from the corresponding 2-hydroxyflavanones, the
required substrates of C-glycosyltransferases existent in Desmodium spp. [21, 22].
As clarified in a previous report [29], Wessely–Moser isomerization is responsible
for the interconversion between the corresponding 8-b-C- (45 and 46) and 6-b-C-
glucosyl derivatives (49 and 50), as 2-hydroxyflavanones may exist in solution in
either open chain or cyclized structures (Scheme 9). In spite of the consequent lack
of regioselectivity, these intermediates afforded the respective flavones in overall
excellent yields after acid-promoted chemical dehydration.

Puerarin (51), the major component of Puerariae Lobatae Radix [82], is another
C-glucosyl flavonoid with potential against neurodegenerative disorders and has
received particular attention in regard to its ability to act against diabetes-induced
cognitive dysfunction, complementing its known antidiabetic activity [44, 82, 84].
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This is of particular importance due to the well-established relationship between type
2 diabetes and Alzheimer’s disease [31] and, in fact, puerarin (51) was found to have
neuroprotective activity in STZ-induced diabetic rodents with learning and memory
deficits by exerting antioxidant, anti-inflammatory and anti-apoptotic effects [42, 89].
In addition, this C-glucosyl isoflavone was able to attenuate Ab-induced oxidative
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stress, cell injury and resulting cognitive impairment [39, 41, 78, 86, 90], and could
also improve learning and memory functions in rats with vascular dementia by
activating cellular antioxidant defense mechanisms [87].

The total synthesis of puerarin (51) was firstly reported by Lee and co-workers in
2003 [38] (Scheme 10). In this approach, the benzyl protected glycopyranolactone
52 was coupled to the lithiated glycosyl acceptor 53 at low temperature, followed
by reduction with triethylsilane and BF3�Et2O to give the b-anomer in 56%. After a
couple of protection-deprotection reactions, a Friedel-Crafts reaction catalyzed by
AlCl3 and subsequent deacetylation gave intermediate 55, which then underwent
aldol condensation with p-methoxybenzaldehyde (56) to afford chalcone 57. After
acetylation, TTN-promoted oxidative rearrangement of ring B followed by closure
of ring C and demethylation gave puerarin (51) in moderate overall yield.

The trihydroxyisoflavone analogue of puerarin (51) is the 8-b-D-glucosylgenis-
tein (58), the main component of the ethyl acetate extract of Genista tenera, a plant
found in Madeira island and used in folk medicine to treat diabetes [25]. In addition
to its potent antidiabetic activity, 8-b-D-glucosylgenistein (58) was found to interact
with Ab1-42 polypeptides, suggesting potential neuroprotective effects as well. In
this study, the binding epitope of 8-b-D-glucosylgenistein (58) with Ab was dis-
closed, confirming the already expected key role of both aromatic rings in the
resulting interaction, and reinforcing the importance of the sugar moiety in the
antiamyloidogenic activity of this compound.

The synthesis of 8-b-D-glucosylgenistein (58) (Scheme 11) was accomplished
by coupling the commercially available glucopyranoside 59 and acetophenone 60
catalyzed by TMSOTf, to give the desired C-glycosylation product in 56% yield,
which was selectively benzylated to afford intermediate 61 [25]. Then aldol con-
densation with p-benzyloxybenzaldehyde followed by acetylation led to the for-
mation of chalcone 63 and subsequent TTN-promoted oxidative rearrangement,
ring closure and deprotection afforded the target compound, 58.
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In a nutshell, the coupling of sugars with polyphenols to generate bioactive
glycosyl flavonoids may involve a variety of different strategies and experimental
conditions which primarily depend upon the available starting materials, reaction
promoters or catalysts, and the nature of the pursued C–C or C–O bond. Regio- and
stereoselectivity can be achieved with the use of the appropriate sugar protecting
groups and glycosyl acceptor, while temperature is a key factor in the formation of
either O- or C-glycosyl derivatives, particularly when a Fries-type rearrangement is
involved in the reaction mechanism. Also, by covering the synthesis of structurally
complex compounds such as the presented bioactive glycosyl flavones and iso-
flavones, this section enclosed a number of useful protection–deprotection strate-
gies, interesting rearrangement reactions and cyclization approaches, which may be
convenient for the synthesis of new nature-inspired glycosylated molecules towards
neurodegenerative disease prevention.

3 Stilbenoid Glycosides

Stilbenoids are natural compounds occurring in a number of plant families, particu-
larly in grapevine [2]. Amongst them, the most well known is resveratrol (E)-
3,4′,5-trihydroxystilbene, (64), possessing anti-inflammatory, antioxidant and
chemopreventive activities. This powerful compound is present in wine and has been
speculated to be responsible for so-called French paradox, where the saturated fat rich
French diet correlates with a low mortality from coronary heart disease [60, 81].
Resveratrol also occurs ubiquitously in nature as resveratrol 3-b-glucoside (piceid,
67) (Fig. 1). Other stilbenes include pterostilbene (E)-4′-hydroxy-3,5-
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dimethoxystilbene, (65), piceantannol (E)-3,3′,4′,5-tetrahydroxystilbene, (66)
(Fig. 1) and astringine (68) which biological activities have been reviewed [63].

Much attention has also been paid to stilbenes potential ability to protect from
neurodegeneration. In fact, research points resveratrol as neuroprotective, not only
due to the already mentioned antioxidant and anti-inflammatory activities, but also
due to its ability to inhibit Ab oligomeric cytotoxicity and to reduce neuronal cell
death [58]. In a comparative study, the inhibitory activity of a series of stilbenes
against Ab (25–35) fibril formation was assessed. Both resveratrol 64 and piceid 67
effectively and dose dependently inhibited Abmore extensively than curcumin [61].

Despite the promising activities of resveratrol and its glycoside piceid, their
bioavailability in humans is quite poor [73, 81]. Indeed, the oral bioavailability of
resveratrol is less than 1% as a consequence of quick and extensive metabolism,
mainly through glucuronidation and sulfation, although it is not known whether
resveratrol metabolites have a positive biological impact. The water-insolubility of
stilbenes such as resveratrol, pterostilbene and piceatannol limits their further
pharmacological exploitation. Literature shows a number of efforts to develop new
stilbene analogues with higher solubility and bioavailability, and glycochemistry
has definitely played a very relevant role. Glycosylation allows water-insoluble and
unstable organic compounds to be converted into the corresponding water-soluble
and stable compounds.

The synthesis of piceid itself was first described by Orsini and co-workers, in an
attempt to obtain this natural product more efficiently (Scheme 12) [53]. The
synthetic strategy aimed at building the stilbene skeleton first, by Wittig reaction of
the aldehyde 69 and phosphonium ylide 70, followed by desilylation. Methyl
protected intermediary 71 was then glycosylated in the aqueous base under the
phase transfer catalyst benzyltriethylammonium bromide (BTEAB) which afforded
glucoside 73 in 32%. The diglucoside was also formed and isolated in 13% yield.
Further deprotection (2 steps) afforded piceid [66] in 60% yield (13% overall yield)
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Chemical Approaches Towards Neurodegenerative Disease … 179



[53]. This methodology was also employed to the synthesis of other stilbene gly-
cosides such as combretastatin analogues.

More recent efforts towards glycosylation of resveratrol take advantage of bio-
transformation for a simpler and more efficient synthesis. Glucosyltransferase
PaGT3 from Phytolacca americana expressed in Bacillus subtilis was used to
convert resveratrol into its 3- and 4′-b-glucosides (67 and 74), as well as pteros-
tilbene and piceatannol into their 4′-b-glucosides 75 and 76, respectively,
(Scheme 13). Glucosylation reactions were performed at 37 °∁, in potassium
phosphate buffer supplemented with UDP-glucose and enzyme. Although the
procedure was not very effective towards piceid (12% yield), it afforded the 4′-
b-glucosides in yields ranging from 50 to 76% [20].

Glycosylation of stilbenes was also performed using cultured cells from
P. Americana and glucosyltransferase (PaGT). This biocatalytic glycosylation
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using cultured cells, in opposition to the direct use of the extracted enzyme,
afforded resveratrol glucosides 67 and 74 in 35 and 22% yield, respectively, [65],
favouring the formation of piceid, and 77% of piceatannol glucoside 76, which
proved to be the best substrate for this enzyme. Pterostilbene was only slightly
converted into 75.

In addition, resveratrol 3- and 4′-b-glucosides were further glycosylated using
cyclodextrin glucanotransferase (CGTase) to afford resveratrol 3- and 4′-
b-maltosides (77 and 78), respectively, with yields of 17 and 27%. The phospho-
diesterase (PDE) inhibitory activity or resveratrol and pterostilbene was enhanced
by glycosylation, since resveratrol 3- and 4′-b-glucosides, resveratrol 4′-
b-maltoside and pterostilbene 4′-b-glucoside were better PDE inhibitors than their
corresponding aglycone. This is particularly relevant as PDE inhibitors could be
used in the treatment of neurodegenerative disorders such as Alzheimer’s disease as
they show potential to exert a neuroprotective role. Interestingly, piceatannol 4′-
b-glucoside revealed also potent histamine release inhibitory activity (anti-allergic
activity) [20, 65].

Enzymatic synthesis has also been employed in further glycosylation of the
natural piceid, generating more soluble piceid glycosides such as 79, which was
obtained after incubation of piceid with maltosyltransferase from
Caldicellulosiruptor bescii and maltotriose at 70 °∁, in 18% yield. The water sol-
ubility of maltosyl piceid 79 is 8540 and 1860 times greater than that of resveratrol
and piceid, respectively [55]. Since the a-1,4-glycosidic linkages present in 79 can
be easily hydrolyzed in vivo by a-glucosidase, this piceid glycoside could poten-
tially be a resveratrol prodrug, with increased bioavailability and delayed meta-
bolism [55]. Several piceid glucosides have also been obtained using cyclodextrin
glucanotransferase from Bacillus macerans [49].

More recently, a sucrose phosphorylate from Thermoanaerobacterium ther-
mosaccharolyticum (TtSPP) was engineered envisioning quantitative glycosylation
of resveratrol in aqueous media (Scheme 14). Desmet and co-workers were able to
identify a residue particularly important in the active site of TtSPP, which normally
does not have a pocket deep enough for the binding resveratrol. Such residue, R134,
was replaced by a smaller residue aiming at leaving an opening in the enzyme’s closed
conformation, enabling the accommodation of larger substrates. Indeed, the variant
R134A, where arginine 134 was replaced by alanine, proved to have a reasonable
affinity for resveratrol and to be very effective in the glycosylation of resveratrol at
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gram scale, allowing the quantitative production of resveratrol 3-a-glucoside in an
aqueous system, using sucrose as a cheap glycosyl donor [12].

Cyclodextrin glucanotransferase was also used to convert resveratrol and starch
to a-glucosylated resveratrol products at 3-OH, at 4′-OH and at both 3-OH and 4′-
OH, with increased water solubility when compared to that of resveratrol [69].
Interestingly, while the water solubility of piceid is 0.37 g/L, its alpha anomer
presented solubility higher than 2 g/L [69]. Nevertheless, it would be interesting to
compare the bioactivity of 82 with its anomer piceid, as configuration may play an
important role in bioactivity and bioavailability, as demosntarted for the solubility.
To the best of our knowledge, no bioactivity studies were conducted on resveratrol
3-a-glucoside so far.

Keeping in mind the challenge of resveratrol low water solubility, a new
resveratrol analogue was developed, where glucosyl units were added to a
resveratrol core with a succinate linker. It was speculated that the presence of
glycosyl groups may also improve bioavailability by influencing phenomena taking
place upstream of entry into erythrocytes, as occurs for quercetin 3-O-glucoside [3].
For the construction of the resveratrol analogue, a succinyl linker was firstly
attached to the 3-hydroxy group of diacetoneglucose (83) (Scheme 15). The
resulting succinyl ester (85) was used for the transesterification with resveratrol
hydroxy groups using EDC. Hydrolysis of the isopropylidene protecting groups
afforded the resveratrol derivative 87 in a 57% overall yield. This compound is
relatively stable in acidic conditions but can be converted into resveratrol by blood
esterases. Pharmacokinetics parameters were also improved, as its administration
resulted in a blood concentration versus time curve shifted to longer times in
comparison to resveratrol. This chemical transformation is particularly attractive as
it may be employed in other bioactive polyphenols with poor water solubility. In
addition, coating the hydroxy groups with sugar moieties can even make them more
palatable [3]. Thus, it would be interesting to study this kind of modification in
other polyphenols and, in addition to pharmacokinetics properties, study its influ-
ence in their organoleptic characteristics.

In summary, selected examples of glycosyl stilbenoids chemical and enzymatic
synthesis were presented and described the reported benefits of stilbene
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glycosylation for the usefulness of such biomolecular entities towards prevention of
neurodegenerative impairments and related diseases.

4 Phenylethanoid and Phenylpropanoid Glycosides

A number of phenylethanoid and phenylpropanoid glycosides, either of natural or
synthetic origin, have been described to possess neuroprotective activities, tackling
both the amyloid cascade and the cholinergic system.

Acteoside (95) is a natural phenylpropanoid glycoside, also known as verbas-
coside, first isolated from the plant Verbascum sinuatum in the 1960s [28].
Meanwhile, a number of relevant bioactivities have been described, including its
neuroprotective properties. Acteoside, isolated from Orobanche minor, strongly
inhibits the aggregation of Ab1-42, with an IC50 of 8.9 µM [35] and protects
against Ab-induced cell injury by attenuation of reactive oxygen species produc-
tion, by modulation of the apoptotic signal pathway through Bcl-2 family [75] and
by upregulation of heme oxygenase-1 [74]. However, even before the mechanisms
of neuroprotection were unravelled, the unsatisfactory extraction of this natural
product from plant sources, prompted Sakuno and co-workers to develop the total
synthesis of acteoside [28]. The synthetic strategy involves reaction of glucosyl
chloride 88 (which was prepared from the peracetylated corresponding sugar) with
the phenyletyl derivative 89 by the Koenigs-Knorr method in the presence of silver
carbonate (Scheme 16). The presence of an acetyl group at position 2 directs to the
formation of the 1,2-trans glycosidic bond through a neighbouring group partici-
pation mechanism [28]. A series of protection and deprotection steps to afford
glycoside 91 is followed by the introduction of the caffeoyl moiety by esterification.
Oxidative cleavage of the 3-O-allyl group and rhamnosylation, performed with
2,3,4-tri-O-acetyl-a-L-rhamnopyranosyl trichloroacetimidate in the presence of
boron trifluoride diethyl etherate gives the expected a-rhamnoside 94 in 73% yield.
Finally, two considerable challenges lie on both the selective deacetylation over the
cleavage of caffeoyl ester, and the selective removal of benzyl groups while keeping
the double bond. Acetyl cleavage was consummate with methylamine in methanol
(MeNH2–MeOH), after which catalytic transfer hydrogenation of benzyl ethers
using 1,4-cyclohexadiene as a hydrogen source afforded acteoside (95) success-
fully, in an overall yield of 3.5% [28].

More recently, an alternative and more efficient route towards phenylethanoid
glycosides, such as acteoside, has been described [51], using a low substrate
concentration and N-formylmorpholine modulated glycosylation for the construc-
tion of b- and a-glycosidic bonds. Interestingly, contrary to what was reported by
Kawada and co-workers, the coupling of the b-glucoside 98 with the protected
caffeic acid furnished not only the (E)-isomer of 99, but also trace amounts of the
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(Z)-isomer. Nevertheless, acteoside was obtained in an overall yield of 10.8% (E/Z
12:1) (Scheme 17) [51].

It is well-established that enhancing cholinergic transmission by blocking the
activity of acetylcholinesterase (AChE) slows down the AD-associated decline in
behaviour and cognition. The natural phenylpropanoid diglycoside rosavin (107)
and its analogues (E)-3-phenylprop-2-en-1-yl b-D-xylopyranosyl-(1!6)-b-D-
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c TFA, rt (98%) [3]
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glucopyranoside (115), (E)-3-(4-methoxyphenyl)prop-2-en-1-yl a-L-arabinopyr-
anosyl-(1!6)-b-D-glucopyranoside (116) and (E)-3-phenylprop-2-en-1-yl a-L-
rhamnopyranosyl-(1!6)-b-D-glucopyranoside (117) (Scheme 19) displayed a
remarkable anti-AChE with IC50 values of 1.72, 3.71, 4.23, 2.05 µM, respectively
[43]. Indeed, rosavin displayed the most potent AChE inhibition out of the natural
compounds described so far. This natural product was firstly synthesized as shown
in Scheme 18. The disaccharide 104 was first constructed by reaction of the gly-
cosyl bromide 102 with the isopropylidene protected glucose 103. After cleavage of
the isopropylidene groups, acetylation and the introduction of the anomeric sulfanyl
group, the glycosyl donor 105 was obtained. Activated by iodine, this donor reacted
with the cinnamyl alcohol to afford the acetylated precursor 106, which further
deprotection gave rosavin (107).

Rosavin, along with its natural analogues 115–117, was also synthesized by an
alternative methodology, where the phenylpropanoid monoglycosides 113a and
113b were first synthesized, and then coupled with the appropriate glycosyl
trichloroacetimidate (118, 119 or 120), promoted by TMSOTf. Further deprotection
afforded the natural rosavin analogues (Scheme 20). The same procedure was
employed for the synthesis of a small library of phenylpropanoid glycosides, with
derivatives incorporating substituted phenyl groups with F, Cl and Br, and varying
the methoxy and hydroxy substitution patterns. However, none of the synthesized
derivatives was as active as the natural diglycosides 107, 115–117 [43]. Other
methodologies for the synthesis of rosavin and its counterparts can be found in the
literature, including the use of Mizoroki–Heck type reaction, involving the coupling
of phenylboronic acid and allyl glycosides [30].

Other examples of powerful anti-AChE glycosides are the derivatives of the
natural antidepressant helicid, synthesized starting from 4-hydroxybenzaldehyde,
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followed by glycosylation, deprotection and condensation with amines, as depicted
in Scheme 21 [80]. These transformations afforded noteworthy AChE inhibitors
with IC50 under 10 µM, three of them even under 0.55 µM. The synthetic approach
was based on the reaction of glycosyl bromides with 4-hydroxybenzaldehyde in the
presence of TBAB to afford the corresponding protected phenyl glycosides.
Subsequent Zemplén deacetylation yielded the sugar-linked helicid analogues 122
and 124. Schiff base derivative 127 was synthesized by reaction of 126 with
methoxyamine (Scheme 21) [80]. Although an extensive library of helicid
derivatives was obtained by this method, only the most active ones are depicted in
Scheme 21. Interestingly, while helicid was not active up to 500 µM, its epimer at
C-3 (122) presented an IC50 of 0.45 µM. However, the most potent inhibitor is the
4-formylphenyl b-D-ribopyranoside (124). It exhibits the same configuration of
carbons 2, 3 and 4 as helicid but its hydroxymethyl group is replaced by a hydrogen
atom, presenting an IC50 value of 0.20 µM on electric eel AChE, twice more active
than galantamine. Also the Shiff base 127 has an IC50 value of 0.49 µM. These
results highlight the close correlation of the bioactivity with the sugar structure [80].

Structurally similar to the compounds discussed so far is also salidroside (132)
(Scheme 22), a phenylpropanoid glycoside isolated from Rhodiola species that is
one of the active principles responsible for plant antidepressant and anxiolytic
activities. The low content of salidroside in Rhodiola sachalinensis, the unsus-
tainable overexploitation of this species, and the need to fully exploit its potential
clinical applications, have encouraged chemists to the develop a synthetic approach
towards 2-(4-hydroxyphenyl)ethyl b-glucopyranoside. Various examples in the
literature show the preference for the silver carbonate promoted glycosylation of
tyrosol (128), which aromatic hydroxy group can be protected or unprotected, using
peracetylated glucosyl bromide as a glycosyl donor [19, 66, 67]. In 2011, a
multi-kilogram scale-up of salidroside was reported, featuring the selective acety-
lation of tyrosol aromatic hydroxy group in aqueous media, and affording the target
natural glycoside in 72% yield (Scheme 22) [66].

Outstandingly, this natural glucoside protects neurons from glutamate-induced
oxidative stress and apoptosis and was shown to be therapeutically effective against
cognitive decline during ageing. Salidroside also intervenes in the amyloid cascade
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events, as it protects against Ab25–35-induced oxidative stress. In fact, pretreat-
ment with salidroside noticeably attenuated Ab25–35-induced loss of cell viability
and apoptosis in a dose-dependent manner [88]. A fairly recent study also supports
these findings and further attests the activity of this tyrosol glycoside by showing
that it protects four different Drosophila models of AD against Ab-induced neu-
rotoxicity. The study also reveals that salidroside decreased Ab levels and Ab
deposition in the fly’s brain and ameliorated toxicity in Ab-treated primary neuronal
culture [85].

However, perhaps one of the most well-known phenylpropanoid derivatives
with well-documented neuroprotective activities is curcumin (133, Scheme 22), an
active ingredient in the spice turmeric consisting of two cinnamoyl units linked by a
methylene group. Curcumin has been reported to act on several biochemical
pathways associated with the onset and progression of AD. It disrupts amyloid-b
and tau peptide aggregation, inhibits inflammation and protects against oxidative
stress [50, 52]. However, its pharmaceutical use is restricted due to its poor water
and plasma solubility and consequent low bioavailability [52, 56]. Considering that
the addition of a sugar moiety would significantly increase the water/plasma sol-
ubility of the molecule while retaining all the characteristics of the curcumin
pharmacophore, a clicked galactose–curcumin conjugate was developed using
click-chemistry [13].

Such soluble “clicked” sugar conjugate of curcumin (SC) was synthesized as
depicted in Scheme 22. The curcumin monoalkyne 134 was coupled with an
acetyl-protected galactoside bearing an azide and, after removal of acetyl groups, a
galactose-curcumin conjugate possessing a triazole-based linker was obtained. This
non-toxic curcumin derivative is ca. 1000 times more soluble than curcumin in
water, and exhibits enhanced ability to inhibit both amyloid-b and tau aggregation,
at concentrations as low as 8 and 0.1 nM, respectively [13] (Scheme 23).
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5 Conclusion

This chapter is devoted to highlight the biological importance of linking sugars to
polyphenols and to the methodologies described for this purpose. Examples of
polyphenol glycosides, that exhibit an increased neurodegenerative protective effect
when compared to their aglycones, are given in this chapter. The role of sugar
binding to improve polyphenol solubility and ameliorating its bioavailability is also
clearly illustrated with examples. Chemical and enzymatic approaches to glycoside
synthesis are described for various families of polyphenols, namely stilbenoids that
include the well-known resveratrol, phenylethanoids and propanoids covering also
the “dimeric analogue” curcumin and the flavonoids, covering only flavone gly-
cosides. To flavone and isoflavone C-glycosylation is given a particular attention,
given the relevance of the C–C bond, that is not hydrolytically cleaved, allowing C-
glycosyl flavonoids to remain intact in the blood circulation following oral
administration.

We really hope that this chapter will encourage chemists and biochemists to
further investigate the role of sugar binding to polyphenols, not only to diversify
and optimize coupling conditions but also to discover new biomolecular entities to
effectively prevent neurodegenerative impairments with clinical applications.
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Probing for Trypanosoma cruzi Cell
Surface Glycobiomarkers
for the Diagnosis and Follow-Up
of Chemotherapy of Chagas Disease
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Abstract Trypanosoma cruzi is a protozoan parasite that causes Chagas disease in
humans. Linear and branched O-glycans with non-reducing, terminal a-galactosyl
(a-Gal) glycotopes located on cell surface glycosylphosphatidylinositol (GPI)-
anchored mucins of the infective trypomastigote form of the parasite are foreign to
humans and elicit high levels of anti-a-Gal antibodies in Chagas disease patients (Ch
anti-a-Gal antibodies). These antibodies have the capability to lyse the parasite in a
complement-dependent or -independent manner. Ch anti-a-Gal antibodies have a
considerably higher reactivity to the parasitic surface a-Gal glycotopes than the
normal human serum (NHS) anti-a-Gal antibodies, which are present in every healthy
human being. A series of ten mercaptopropyl saccharides with a-Gal moieties at the
non-reducing end, all connected to another galactose unit, and five
non-a-Gal-containing glycan controls were synthesized, and conjugated to
maleimide-derivatized bovine serum albumin. This produced neoglycoproteins
(NGPs), which were assembled into glycoarrays for the interrogation with sera of
chronic Chagas disease patients and healthy individuals using chemiluminescent
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enzyme-linked immunosorbent assay (CL-ELISA). This study identified the terminal
Gala(1,3)Galb disaccharide as an immunodominant T. cruzi glycotope and bio-
marker, which shows a considerable binding differential between Ch and NHS
anti-a-Gal antibodies. Therefore, this glycotope is suitable for the diagnosis of Chagas
disease, and could also be potentially used for follow-up studies for the effectiveness
of chemotherapy in Chagas disease patients.

1 Introduction

Chagas disease is an infectious disease caused by the protozoan parasite
Trypanosoma cruzi, which is transmitted by blood-sucking insect vectors of the
Reduviidae family, popularly known as “kissing bugs”. Transmission can also
occur by blood transfusion, organ transplantation, ingestion of tainted foods and
liquids, and by the congenital route. Currently, approximately 8–10 million people
are infected, and approximately 12,000 die every year, mostly as a consequence of
cardiomyopathy [1, 2]. Chagas disease is endemic to South and Central America;
however, due to the migration of many thousands of chronically infected, asymp-
tomatic individuals from endemic areas, Chagas disease now exists in non-endemic
regions such as the U.S., Europe, Australia, New Zealand, and Japan [2–5].

The cell surface of T. cruzi has heavily O-glycosylated glycosylphosphatidyl-
inositol (GPI)-anchored mucins, which are the major constituents of a particularly
dense glycocalyx [6–8]. Unlike the O-glycans of GPI-mucins from the
insect-derived developmental stages of the parasite, that have been characterized in
several strains and genotypes, the structural details of the O-glycans of mucins from
the mammal-dwelling trypomastigote form (tGPI-mucins) are mostly unknown [6,
9, 10]. However, through partial structural analysis and immunoassays it is known
that the majority of these tGPI-mucin O-glycans contain highly immunogenic,
non-reducing terminal a-galactopyranosyl residues [11], here abbreviated as a-Gal,
aGal, or Gala, omitting the explicit designator “p” for pyranose. Interestingly, these
terminal a-Gal residues are completely absent in GPI-mucins derived from the
insect vector-dwelling epimastigote and metacyclic trypomastigote forms or stages
[6–10]. The aGal residues are partial structures of most likely several immuno-
dominant glycotopes and are recognized by the highly abundant, protective
anti-a-Gal antibodies present in the sera of patients in the acute and chronic phases
of Chagas disease [11, 12]. These antibodies are responsible for controlling the
parasitemia in both stages of the infection [11–13]. The O-glycosylation of the
T. cruzi mucins is a posttranslational modification in which a-N-acetylglucosamine
(GlcNAca) is added to a threonine side chain by the UDP-GlcNAc:polypeptide
a-N-acetylglucosaminyltransferase in the Golgi apparatus [14]. This a-GlcNAc
moiety is heavily 4,6-di-O-substituted, albeit 4-O monosubstitution also exists
[11–16]. In addition, 2-O-substituted Gal, 3-O-substituted Gal, 4-O-substituted Gal,
6-O-substituted Gal, and 2,6-di-O-substituted Gal motives also exist, indicating that
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tGPI-mucin O-glycans are galactose-rich and predominantly branched [11].
Nevertheless, the only tGPI-mucin O-glycan that has been fully characterized to
date is the linear trisaccharide Gala(1,3)Galb(1,4)GlcNAca. It is strongly recog-
nized by Ch anti-a-Gal Abs, but only weakly by anti-a-Gal Abs from healthy
individuals [normal human serum (NHS) anti-a-Gal Abs] [11], which are produced
mainly against Gram-negative enterobacteria of the human flora [17]. These
enterobacteria (e.g., E. coli, Serratia spp., Enterobacter spp., Klebsiella spp.,
Salmonella spp., Citrobacter spp., and Shigella spp.) have a number of different
non-reducing, terminal aGal-linked glycans, mostly Gala(1,2)-R, Gala(1,4)-R and
Gala(1,6)-R (where R is the remaining side chain or core glycan) on the
lipopolysaccharide (LPS) core oligosaccharides or O-antigens [18]. The glycotope
Gala(1,3)Galb(1,4)GlcNAca has so far not been reported in enterobacteria.

Despite the existence of intraspecies polymorphism in the O-glycans of the
GPI-mucins, the expression of highly immunogenic, non-reducing terminal aGal
residues seems to be highly conserved in tGPI-mucins from at least four major
T. cruzi genotypes or discrete typing units (DTUs) known to infect humans (i.e.,
TcI, TcII, TcV, and TcVI) [11, 19–21]. This is supported by numerous studies
showing the abundant presence of high levels of protective Ch anti-a-Gal Abs in
patients from different endemic and nonendemic regions [11, 12, 19, 22–30].

2 Results and Discussion

Here we present the identification of an immunodominant glycotope present on the
T. cruzi cell surface that is strongly recognized by anti-a-Gal antibodies from
chronic Chagas disease (CCD) patients. In order to identify potential T. cruzi
aGal-containing glycotopes, we synthesized a biased library of ten glycans con-
sisting of mono-, di-, and trisaccharides with terminal aGal moieties based on the
partial structural information available for tGPI-mucin O-glycans [11]. The syn-
thetic glycans were conjugated to bovine serum albumin (BSA) to produce neo-
glycoproteins (NGPs), which were assembled into glycoarrays and interrogated
with pooled sera of T. cruzi-infected and healthy individuals using chemilumi-
nescent enzyme-linked immunosorbent-assay (CL-ELISA) [24]. We reasoned that
with a glycan library in hand, polyclonal anti-a-Gal Abs from CCD patients could
be used as probes for the identification of immunodominant T. cruzi glycotopes.
Antibody recognition of certain saccharides would suggest that these saccharides
are immunogenic glycotopes or glycotope partial structures that exist on the cell
surface of the infective trypomastigote form that lives in the human host. Due to the
structural diversity of the trypomastigote cell surface O-glycans, several glycans
with aGal moieties differently connected to another underlying sugar, most likely
another galactose unit, could potentially be identified as immunogenic glycotopes.

For the synthesis of a potential aGal-containing library, three factors had to be
considered: (a) the size and connectivity of the saccharide targets; (b) a suitable
linker allowing for the conjugation to BSA; and (c) a versatile synthetic strategy
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allowing for the use of common precursors. We synthesized a total of ten
aGal-containing mercaptopropyl saccharides (1–10, Fig. 1) suitable for conjugation
to commercially available maleimide-derivatized BSA. In order to shine light on
whether Ch anti-a-Gal Abs can recognize a single monosaccharide, mercaptopropyl
Gala (1) [31, 32] was included in the study. The mercaptopropyl glycosides of the
following five aGal-containing disaccharides were also included: Gala(1,2)Galb (2)
[32]; Gala(1,3)Galb (3) [32]; Gala(1,3)Gala (4); Gala(1,4)Galb (5) [32]; and Gala
(1,6)Galb (6) [32]. In addition, the mercaptopropyl glycosides of Gala(1,3)Galb
(1,4)Glca (7) [32], and the linear tGPI-mucin trisaccharide Gala(1,3)Galb(1,4)
GlcNAca (8) [33] were selected as targets. Trisaccharide 8 serves as a positive
control, and trisaccharide 7 may shine light on the importance of the third sugar at
the reducing end for antibody recognition. In addition, the trisaccharides Gala(1,2)
[Gala(1,6)]Galb (9) and Gala(1,2)[Gala(1,3)]Galb (10) were included because they
represent branched O-glycans with two terminal aGal units. Lastly, six different
putative negative controls that lack terminal aGal units were also included in the
library: the mercaptopropyl glycosides of monosaccharides Galb (11) [32],
GlcNAcb (12) [33], GlcNAca (13) [33], the disaccharides Galb(1,4)Glcb (14) [32],
and Galb(1,4)GlcNAca (15) [33], as well as cysteine [32, 33]. Including com-
pounds 13 and 15 in the study will provide information on whether Ch anti-a-Gal

Fig. 1 A synthetic library of saccharides with mercaptopropyl linkers: ten saccharides with
non-reducing aGal (1–10), and five saccharides that lack aGal (11–15) [32, 33]
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antibodies have the ability to recognize the reducing end mono and disaccharide
partial structures of the known T. cruzi tGPI mucin glycan Gala(1,3)Galb(1,4)
GlcNAca. Lastly, including both anomers of GlcNAc (compounds 12 and 13) may
provide information on the importance of the configuration at the reducing end of
Gala(1,3)Galb(1,4)GlcNAca.

The assembly of the glycans into a glycoarray requires their immobilization in
microtiter plate wells. This can be accomplished by conjugation of the glycan to a
protein, which adheres to Nunc MaxiSorp® microtiter plate wells made from
polystyrene by non-covalent interactions. Initially, we chose maleimide-derivatized
keyhole limpet hemocyanin (KLH) for the conjugation due to its high-loading
capacity, but this protein showed poor water solubility and made accurate
microplate-well loading impossible. Therefore, we decided to conjugate all gly-
cosides (1–15) to BSA instead, which has superior solubility properties. The
mercaptopropyl glycosides were conjugated to commercially available
maleimide-activated BSA by 1,4-addition in aqueous solution at pH 7.2, which
produced NGPs 1-BSA–15-BSA. The conjugation was carried out in the presence
of a water-soluble phosphine to reduce any sugar disulfides. The NGPs prepared in
this manner have the tendency to aggregate over a time period of several months
when kept in solution at 4 °C, which is in accordance with a recent study on the
stability of BSA and lysozyme that had been exposed to reducing conditions [34].
Therefore we recommend storing the NGPs frozen at −20 to −80 °C, in small
working aliquots to avoid repeated freeze-thaw cycles. Scheme 1 shows the con-
jugation of trisaccharide 7 to BSA producing the NGP 7-BSA as an example. The
average glycan load per BSA molecule can be determined by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS).

Figure 2 illustrates the glycan load determination of 2-BSA by MALDI-TOF-
MS as a representative example.

Schemes 2, 3, and 4 illustrate the syntheses of mercaptopropyl glycosides 2, 7,
and 8 as examples of synthetic strategies applied for the generation of the
aGal-containing glycan library. The most important synthetic feature that we
applied for the synthesis of all aGal-containing disaccharides and trisaccharides
[32, 33], is the use of Kiso’s di-tert-butylsilylidene galactosyl donor 18 (Scheme 2)
allowing for the stereoselective a-galactosylation despite the presence of a benzoyl
protecting group at position 2 [35, 36]. For the synthesis of mercaptopropyl di-
saccharide 2, unprotected allyl b-galactoside 16 [37], synthesized from a per-
acetylated allyl galactoside precursor [38], was protected as its isopropylidene ketal
[39] followed by silylation with tert-butyl-diphenylsilylchloride to give acceptor 17

Scheme 1 Conjugate addition of mercaptopropyl saccharide 7 to ImjectTM maleimide-activated
BSA from Thermo Fisher Scientific produced NGP 7-BSA with a glycan load of 16 glycans per
BSA molecule
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Fig. 2 MALDI-TOF mass spectra of BSA and 2-BSA: in this case, the average loading is 25
disaccharide units per BSA molecule, based on the m/z difference of [BSA]+ and [2-BSA]+

Scheme 2 Synthesis of mercaptopropyl disaccharide 2: a 2,2-dimethoxypropane, pTsOH, DMF
(85%); b TBDPSCl, DMAP, DCM (95%); c TMSOTf, DCM, 4 Å MS (82%); d HF-pyr, THF,
0 °C (91%); e DCM, H2O, TFA (98%); f AcSH, AIBN, THF, 350 nm (83%); g NaOMe, MeOH
(quant.)

Scheme 3 Synthesis of the aGal-containing mercaptopropyl trisaccharide 7: a Bu2SnO, MeOH,
65°C; b PMBCl, Bu4NBr, benzene, 65°C (54% two steps); c BzCl, pyr (quant.); d DDQ, CH2Cl2,
H2O (72%); e TMSOTf, DCM, 4 Å MS (85%); f HF-pyr, THF (90%); g NaOMe, MeOH (quant.);
h Ac2O, pyr; i AcSH, AIBN, THF, 350 nm (83% over two steps)
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[40]. a-Galactosylation with the Kiso donor 18 [35, 36] afforded the fully protected
allyl disaccharide 19. Removal of the di-tert-butylsilylidene group with tetrabutyl-
ammonium fluoride or potassium fluoride in the presence of 18-crown-6 failed, but
its removal was accomplished with hydrofluoric acid-pyridine complex, which
simultaneously also removed the tert-butyldiphenylsilyl group to furnish the
dibenzoylated allyl disaccharide. Radical addition of thioacetic acid to the double
bond [31, 41, 42] of the allyl glycoside gave the thioester 20, which was depro-
tected under Zemplén conditions to afford mercaptopropyl disaccharide 2
(Scheme 2).

Scheme 3 illustrates the synthesis of mercaptopropyl trisaccharide 7 from allyl
lactoside 21 [43], which was p-methoxybenzylated at position 3 in the galactose
ring via its tin-acetal to give compound 22. It was converted into glycosyl acceptor
23 by perbenzoylation, followed by oxidative removal of the p-methoxybenzyl
group using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). a-Galactosylation
of acceptor 23 with the Kiso donor 18 furnished the fully protected allyl trisac-
charide 24, which was treated with hydrofluoric acid-pyridine complex to remove
the di-tert-butylsilylidene group. Debenzoylation followed by acetylation, followed
by radical addition of thioacetic acid by a thiol-ene reaction afforded trisaccharide
25. The reason for the debenzoylation-acetylation strategy was a more straight-
forward purification of the thiol-ene reaction product by silica gel column chro-
matography. Upon deesterification of the fully esterified trisaccharide 25 using
Zemplén conditions the target mercaptopropyl trisaccharide 7 was obtained.

The synthesis of mercaptopropyl trisaccharide 8 is much more challenging than
the synthesis of its analog 7 (Scheme 3) due to the presence of N-acetylglucosamine

Scheme 4 Synthesis of Gala1,3Galb1,4GlcNAca-(CH2)3SH (8): a Bu2SnO, MeOH; b PMBCl,
Bu4NCl, benzene (75% two steps); c BzCl, pyr (91%); d DDQ, DCM, H2O (98%); e TMSOTf,
DCM, 4 Å MS (92%); f HF-pyr, THF (90%); g Ac2O, pyr (89%, two steps); h PdCl2, MeOH
(87%); i CCl3CN, DCM, DBU (84%); j TMSOTf, DCM, 4 Å MS (30% a/b 1:4, separable by
FPLC); k TMSOTf, DCM, 4 Å MS (46%); l AcSH (77%); m AcSH, AIBN, THF, 350 nm (89%);
n NaOMe, MeOH (quant.)
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instead of a glucose moiety at the reducing end. The glycan moiety Gala(1,3)Galb
(1,4)GlcNAca present in the tGPI mucins of T. cruzi [11] is an anomer of the
well-known Galili epitope Gala(1,3)Galb(1,4)GlcNAcb [44] present on all mam-
malian cell surfaces with the exception of humans and Old World monkeys. For the
Galili epitope and its glycosides, several chemical and chemo-enzymatic syntheses
have been reported [45–52], but to the best of our knowledge there are no reports on
the synthesis of mercaptopropyl trisaccharide 8 and analogs thereof with its unusual
a-configuration at the reducing end. In order to develop a synthesis for 8 we
envisioned to utilize the Kiso donor 18, and a strategy that makes use of pre-
dominantly acyl protecting groups that can be easily installed and cleanly removed
(Scheme 4). Allyl b-galactoside 16 was converted into its tin acetal followed by
p-methoxybenzylation at position 3. Benzoylation of the remaining hydroxyl
groups and oxidative removal of the p-methoxybenzyl group with DDQ afforded
acceptor 26. This acceptor was glycosylated with the donor 18, using trimethylsilyl
trifluoromethanesulfonate (TMSOTf) catalysis to give disaccharide 27. The di-tert-
butylsilylidene group was cleaved with hydrofluoric acid-pyridine complex in
tetrahydrofuran (THF), followed by acetylation of the two hydroxyls to afford the
peracylated allyl disaccharide 28. Treatment with palladium(II) chloride in
methanol gave the hemiacetal, which was filtered immediately after consumption of
the starting material to avoid the formation of a polar by-product that is observable
after 2 h of reaction, and was converted into the a-trichloroacetimidate 29 with
trichloroacetonitrile in the presence of 1,8-diazabicycloundec-7-ene (DBU). This
donor was at first used to glycosylate the allyl GlcNAc acceptor 30 [33, 53],
obtained from allyl 2-deoxy-2-acetamido-a-D-glucopyranoside [54], by selective
benzoylation with N-benzoylimidazole [55, 56]. The glycosylation was accom-
plished with TMSOTf, but trisaccharide 31 was obtained as an anomeric mixture
(1:4 a/b) of low yield, most likely due to the well-known poor nucleophilicity of the
4-OH of GlcNAc acceptors [57]. The separation of the two diastereomeric trisac-
charides by column chromatography proved to be difficult, but can be accomplished
by FPLC. Replacement of the acceptor 30 with the allyl 2-deoxy-2-azido-Glc
acceptor 32 [33], produced from allyl 2-deoxy-2-azido-a-D-glucopyranoside [54]
by selective benzoylation [53], furnished trisaccharide 33 in 46% yield, which was
purified by flash chromatography. Reduction of the azide and installation of an N-
acetyl group with neat thioacetic acid (AcSH) gave the trisaccharide 31. Radical
addition of AcSH in the presence of azobisisobutyronitrile (AIBN) in THF under
UV light gave the thioester (not shown). All ester-protecting groups were removed
under Zemplén conditions to afford the target trisaccharide 8.

For glycoarray interrogation‚ pooled sera from ten CCD patients (ChSP) and
pooled sera from ten healthy individuals (NHSP), obtained from the ISGlobal,
Hospital Clinic, Universitat de Barcelona, were used. CCD patients had been
diagnosed by two conventional ELISA tests, one with a lysate of T. cruzi parasites
(Ortho-Clinical Diagnostics, Raritan, NJ, USA), and the other one with recombi-
nant antigens (BioELISA Chagas, Biokit S.A., Barcelona, Spain). Healthy indi-
viduals tested negative in these two ELISAs. The synthetic aGal-containing NGPs
1-BSA–10-BSA, cysteine conjugated to BSA (Cysteine-BSA), as well as the five
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non-aGal-containing NGPs (11-BSA–15-BSA), were immobilized in microtiter
plate wells, and the resulting glycoarrays were subjected to CL-ELISA [24] in two
glycoarray sets. Unlike our previously published results, in which 125 ng of NGP
was immobilized per well, and sera dilutions of 1:100 and 1:300 were used [32],
here we decreased the quantity of NGP per well to 24 ng (Fig. 3) and 12 ng
(Fig. 4), and increased the serum dilution to 1:800, because under these conditions
most NGPs show higher reactivity differentials (ratios) between ChSP and NHSP.

Figure 3 represents the first of two glycoarray studies and shows the CL-ELISA
responses for 1-BSA–11-BSA, 14-BSA andCysteine-BSA, most of which had been
previously studied under different conditions [32], using ChSP and NHSP at sera
dilutions of 1:800. It is noticeable that the NGPs 3-BSA, 7-BSA, and 8-BSA show
strong CL-ELISA reactivities with ChSP, and the greatest differentials between
ChSP and NHSP of *11 fold. All three NGPs share a common non-reducing
terminal Gala(1,3)Galbmoiety, which is highly indicative for the disaccharide Gala
(1,3)Galb being an immunodominant T. cruzi trypomastigote cell surface glycotope.
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None of these NGPs are significantly recognized by NHSP. Interestingly, the
branched trisaccharide Gala(1,3)[Gala(1,2)]Galb in 10-BSA is practically not rec-
ognized by these antibodies. It resembles the blood group B antigen Gala(1,3)[Fuca
(1,2)]GalbR, which is also not recognized by NHS anti-a-Gal Abs [58] or Ch
anti-a-Gal Abs (Almeida I.C., unpublished data). The Gala(1,3)Gala containing
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NGP 4-BSA, which differs from the Gala(1,3)Galb containing NGP 3-BSA only in
its anomeric configuration at the reducing end, also shows a strong reactivity with
ChSP, but a somewhat smaller differential between ChSP and NHSP of only *5:1
is observed. The strong reactivity with ChSP exhibited by 4-BSA could be due to the
fact that the Ch anti-a-Gal antibodies cannot distinguish between the two possible
configurations of the galactose moiety at the reducing end. Another potential reason
could be that T. cruzi trypomastigotes express both disaccharides, however, so far
the Gala(1,3)Gala glycotope has not been identified by analysis of T. cruzi-derived
lysates, and its existence remains unconfirmed. The Gala(1,2)Galb-containing
NGPs 2-BSA and 9-BSA also have strong reactivities with ChSP, which matches
reports of high levels of anti-a-Gal Abs with specificity toward the Gala(1,2)Gal
epitope in the sera of CCD patients [30]. However, the differentials between ChSP
and NHSP reactivity to 2-BSA and 9-BSA are much lower (*2 fold) than those
observed for 3-BSA, 7-BSA, and 8-BSA. The NGP 1-BSA, which contains only the
monosaccharide aGal, gave a medium strong CL-ELISA response with a poor
differential of *1.3 fold between ChSP and NHSP. 5-BSA [Gala(1,4)Galb BSA]
and 6-BSA [Gala(1,6)Galb BSA] show weak reactivities with ChSP, indicating that
neither of them is a major immunogenic T. cruzi glycotope. Their reactivities are
similar to the ones displayed by the bGal-containing NGP 11-BSA and the
lactose-containing NGP 14-BSA, which only have slightly higher reactivities than
the negative control Cysteine-BSA (Fig. 3).

The second glycoarray included the NGPs 8-BSA, 12-BSA, 13-BSA, and
15-BSA, as well as the negative control Cysteine-BSA [33]. Unlike the first gly-
coarray in which 24 ng of NGP was immobilized in each well, the second glycoarray
was constructed immobilizing only 12 ng of NGP per well. Figure 4A shows
CL-ELISA results of the glycoarray interrogation using ChSP and NHSP. Gala(1,3)
Galb(1,4)GlcNAca-BSA (8-BSA) shows a 20-fold differential between ChSP and
NHSP, whereas the NGPs GlcNAcb-BSA (12-BSA), GlcNAca-BSA (13-BSA) and
Galb(1,4)GlcNAca-BSA (15-BSA) are only weakly recognized by antibodies of
ChSP or NHSP. As expected, Cysteine-BSA showed practically no reactivity. In
addition, the glycoarray was interrogated with Ch and NHS anti-a-Gal Abs
(Fig. 4B), which had been purified by affinity chromatography using immobilized
Gala(1,3)Galb(1,4)GlcNAcb [13]. Gala(1,3)Galb(1,4)GlcNAca-BSA (8-BSA)
displays a 230-fold differential between Ch-aGal Abs and NHS-aGal Abs, while the
other NGPs (12-BSA, 13-BSA, and 15-BSA) and Cysteine-BSA remain practically
unrecognized by either Abs. Our results show that the terminal aGal moiety of Gala
(1,3)Galb(1,4)GlcNAca is essential for Ch antibody recognition. Although
GlcNAca and Galb(1,4)GlcNAca, which are underlying partial structures of Gala
(1,3)Galb(1,4)GlcNAca, are nonself glycotopes for humans, there are only very
weak antibody responses against them in ChSP. The aGal-containing
glycoarray/CL-ELISA method presented here, especially when carried out with
only 12 ng or 24 ng of antigen/well under dilute conditions is highly suitable for the
differentiation between T. cruzi-infected and non-infected sera.

Probing for Trypanosoma cruzi Cell Surface Glycobiomarkers … 205



Based on the CL-ELISA results illustrated in Fig. 3, the question of specific
glycotope recognition by Ch anti-a-Gal Abs arises: Does each of the three Gala
(1,3)Galb-containing NGPs 3-BSA, 7-BSA, and commercial Gala(1,3)Galb(1,4)
GlcNAcb conjugated to BSA (purchased from V-Labs), which is also strongly
recognized by ChSP and shows a favorable differential between ChSP and NHSP
[32], recruit its own set of antibodies from the ChSP, or are the three glycotopes
recognized by the same anti-a-Gal Abs? To address this question, we compared the
CL-ELISAs of the individual NGPs immobilized in microtiter plate wells at dif-
ferent quantities, with that of the combined NGPs immobilized in the same
microtiter plate wells at different quantities between 5 and 125 ng, and CL-ELISA
reactivities were measured at three different sera dilutions (1:100, 1:200, and 1:400)
(Fig. 5) [32]. We hypothesized if each NGP was recognized by a different set of
antibodies, one would expect significantly higher RLU readings for the combined
NGPs. However, the curves of the four experimental sets and the RLU readings
resemble each other quite closely (Fig. 5). As expected, NHSP showed almost no
binding to 3-BSA, 7-BSA, or Gala(1,3)Galb(1,4)GlcNAcb-BSA up to 125 ng.
With ChSP, the titration curves for 3-BSA, 7-BSA, and Gala(1,3)Galb(1,4)
GlcNAcb-BSA were similar. This indicates that antibodies from CCD patients
recognize all three saccharides (Gala(1,3)Galb, Gala(1,3)Galb(1,4)Glcb, and Gala
(1,3)Galb(1,4)GlcNAcb) to a similar extent. As can be seen in the titration curves
of Fig. 5, right panel, when the NGPs 3-BSA, 7-BSA, and Gala(1,3)Galb(1,4)
GlcNAcb-BSA are combined in the same wells, no significant increase in the
fluorescence signal was observed at a serum dilution of 1/100, showing that only a
very small or no synergistic effect exists. This experiment suggests that for the most
part the same antibodies recognize all three NGPs (3-BSA, 7-BSA, and Gala(1,3)
Galb(1,4)GlcNAcb-BSA) confirming that Gala(1,3)Galb is the immunodominant
disaccharide glycotope that is specifically recognized, regardless of whether it is
linked to a short alkyl chain, or whether it has a 1,4 linkage to bGlc, or bGlcNAc.

α α α βββββ

Fig. 5 CL-ELISA reactivity of ChSP and NHSP to the Gala(1,3)Galb-containing NGPs 3-BSA,
7-BSA, and the commercial NGP Gala(1,3)Galb(1,4)GlcNAcb-BSA, alone or combined.
Each NGP (alone or combined) was tested with ChSP and NHSP in duplicate. Figure modified
from Ref. [32]
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3 Conclusions

Synthetic strategies were developed for the synthesis of a biased library of ten T.
cruzi glycans with terminal aGal moieties, which can be interrogated with sera of
CCD patients to identify potentially immunodominant glycotopes. One of the
glycans synthesized is the mercaptopropyl glycoside of Gala(1,3)Galb(1,4)
GlcNAca, which is the only structurally defined T. cruzi tGPI mucin glycan. It was
prepared in 12 steps from known monosaccharide building blocks. The two key
features utilized throughout all glycan syntheses is the stereoselective installation of
the terminal aGal moiety with the di-tert-butylsilylidene protected “Kiso donor” 18,
and the installation of allyl glycosides at the reducing ends. We have performed
thiol-ene reactions by radical addition of thioacetic acid to the double bond of these
allyl glycosides, and saponification of the resulting thioester afforded mercapto-
propyl thioglycosides. However, allyl glycosides are very versatile, as they can be
easily converted into hemiacetals, or into aldehydes by ozonolysis, which can then
be further derivatized.

All glycans were conjugated to BSA, and the resulting NGPs were immobilized
in wells of microtiter plates, thus generating a glycoarray that was subjected to
CL-ELISA using pooled sera from CCD patients (ChSP), and healthy individuals
(NHSP). ChSP strongly recognized the terminal disaccharide Gala(1,3)Galb indi-
cating that this glycotope is immunodominant. No matter if this disaccharide is
connected to a short alkyl residue or to a glucose or N-acetylglucosamine moiety,
the same set of Ch anti-a-Gal antibodies seem to recognize this disaccharide. The
terminal disaccharide Gala(1,3)Galb is specifically recognized by Ch anti-a-Gal
antibodies with a large differential of 10–20 fold between CCD sera and the NHS
when only 12 or 24 ng of the NGP is immobilized per well, and when the sera are
diluted at 1:800. All other saccharides synthesized and conjugated to BSA gave
poor reactivity differentials between ChSP and NHSP or had significantly weaker
reactivity with ChSP. Interestingly, the nonself Galb(1,4)GlcNAca and GlcNAca
glycotopes are not recognized by ChSP, which stresses that the terminal aGal
residue is essential for ChSP binding. Our data indicate that based on the large
differential in reactivity, fully synthetic, structurally defined Gala(1,3)
Galb-containing NGPs could be used as biomarkers for the diagnosis of Chagas
disease and could potentially be used for follow-up of chemotherapy, thus replacing
purified and heterogeneous tGPI-mucins currently used for these purposes [19, 21,
23–25, 59]. In addition, synthetic Gala(1,3)Galb-containing glycoconjugates could
potentially be suitable for the development of glycan-based therapeutic and/or
preventive vaccines for experimental vaccination against T. cruzi infection, as we
recently proposed [33].
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Syntheses and Functions
of Glycosaminoglycan Mimicking
Polymers

Yoshiko Miura, Tomohiro Fukuda, Hirokazu Seto and Yu Hoshino

Abstract Glycosaminoglycans (GAGs) are important polysaccharides in the living
system. Though total syntheses of GAGs oligosaccharides have been reported, it is
still difficult to obtain GAGs. In this investigation, GAGs mimetics were prepared
by polymerization of vinyl sugars instead of total synthesis. Glycopolymers are
polymers with pendant saccharides, and exhibit a strong molecular recognition due
to the multivalency. GAGs mimicking glycopolymers were prepared by polymer-
izing acrylamide derivatives carrying sulfated N-acetyl glucosamine (GlcNAc). The
polymer interactions with proteins were investigated. The glycopolymer libraries
were prepared with varying molecular weight, sugar structure, and sugar ratios.
The GAG glycopolymers with biodegradable backbone, dendrimer, and arrays were
also prepared. The inhibitory activity of Alzheimer amyloid beta peptides by the
glycopolymers was investigated in detail. The glycopolymer with sulfated GlcNAc
inhibited the aggregation of amyloid beta (Ab) and the multivalency of sulfated
GlcNAc was the key of the interaction. The activity depends on the chemical
structure of glycopolymers. Also, the sulfated saccharide function was correlated to
the functions of native GAGs.

Y. Miura (&) � T. Fukuda � H. Seto � Y. Hoshino
Department of Chemical Engineering, Graduate School of Engineering, Kyushu University,
744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan
e-mail: miuray@chem-eng.kyushu-u.ac.jp

T. Fukuda
National Institute of Technology, Toyama College, 13 Hogo-machi, Toyama City, Toyama
939-8630, Japan

H. Seto
Department of Engineering, Fukuoka University, 8-19-1 Nanakuma, Jonan-ku, Fukuoka
814-0180, Japan

© Springer International Publishing AG 2018
Z.J. Witczak and R. Bielski (eds.), Coupling and Decoupling of Diverse
Molecular Units in Glycosciences, https://doi.org/10.1007/978-3-319-65587-1_10

213



1 Introduction

Saccharides play important roles in living systems. Compounds containing sac-
charides include glycolipids, glycoproteins, and polysaccharides [1].
Polysaccharides have various functions in living organisms. They can act as the
source of energy, cause compounds to be water soluble, are building units of cell
walls, and can act as biological ligands for molecular recognition. Among them,
proteoglycans and GAGs are extracellular and known to relate to the important
molecular recognition and tuning of biological activities [2]. The proteoglycans also
contain GAGs with the backbone protein. GAGs are involved in various biological
phenomena such as cell differentiation, cell proliferation (activation of growth fac-
tor), immune response, and angiogenesis, antithrombus, and protein structures [2–4].

GAGs are polysaccharides having alternating structure of amino-sugars [N-acetyl
glucosamine (GlcNAc) and N-acetyl galactosamine (GalNAc)] and uronic acids
[iduronic acid (IdoA), and glucuronic acid (GlcA)] [2, 5] (Fig. 1). With the exception
of hyaluronic acid, most GAGs are highly sulfated, and their sulfated patterns and
saccharide structures are specific. GAGs are natural polymers of poly anions with
relatively highmolecular weights. The chemical structures ofGAGs are classified into
some categories: hyaluronic acid is non-sulfated polysaccharide with GlcNAc and
GlcA.Heparinwith GlcNAc and IdoA/GlcA is a highly sulfatedGAGexhibiting anti-
thrombogenicity. Chondroitin sulfate with GalNAc and GlcA is a component of
cartilage responsible for the compression resistance. The chemical structures ofGAGs
are complicated due to the possibility of various sulfation patterns, various chiral
patterns, and two stereoisomers at the glycosidic (anomeric) position.

Fig. 1 Representative chemical structures of glycosaminoglycans
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Since GAGs exhibit various important functions and possess prominent prop-
erties important in biochemistry and biomaterials, many groups have tried total
syntheses of GAGs [5]. It would be of great value for research and development if
there was a stable supply of GAGs. The effective total synthesis would offer a stable
supply of GAGs and enable detailed biochemical studies. Additionally, the methods
of retro synthesis have been studied. In the synthesis of heparin and heparan sulfate,
the important GAGs oligosaccharide like IdoA(2S)(a1–4)GlcNS(6S) were specially
investigated. Even though the biological activity of formed oligosaccharides was
much weaker than that of original GAGs, oligosaccharides showed some of the
GAGs function such as blood platelet binding and antithrombin III binding [6, 7].
The Kusumoto group reported the total synthesis of a pentasaccharide of GAGs [8],
and the Huang group reported the synthesis of octasaccharides by the sophisticated
glycosylation and protective group approach [9]. The Seeberger group reported the
library of GAGs oligosaccharide and microarrays [10]. The synthesis of GAGs
oligosaccharides was also accomplished by biological methods [11].

In spite of the enthusiastic researches by organic chemists, the attained syntheses
are limited to oligosaccharides. Since GAGs are polysaccharides with large
molecular weight, the biological activities of the oligosaccharides are much weaker.
In general, the saccharide–protein interactions are weak and can be amplified by
taking advantage of multivalency. The multivalent compound can amplify the
sugar–protein interaction. The Hsieh-Wilson group reported the glycopolymers
with GAGs disaccharide and tetrasaccharide [12]. The Suda group has reported the
glycodendrimer with oligosaccharides of GAG that can amplify the interaction with
growth factor and platelet [13]. The strong interaction of native GAGs is con-
tributed by multivalent effect. Many groups have reported the synthesis of multi-
valent sugar compounds such as glycodendrimers, glycopeptides, and
glycopolymers [14]. Among them, glycopolymers show the strongest multivalent
effects to proteins and cells. In addition, the glycopolymers have the advantage of
being applicable to biomaterials. Taking into account the availability and a potential
for strong interactions, a glycopolymer with GAGs functionality is very attractive.
In this chapter, we describe the method of GAG mimicking when employing a
glycopolymer.

2 Glycopolymer and Multivalency

There are many kinds of multivalent compounds. We define glycopolymers as
polymers with pendant saccharides. The Kobayashi group [15] and the Whitesides
group [16] demonstrated their practical significance and application in the early
studies from 1980s. The glycopolymers can be applied as biomaterials for cell
cultivation, sugar-recognition proteins (lectins), and virus neutralization, indicating
the importance of multivalency.

Multivalent effects of glycopolymers are based on the plural binding of gly-
copolymers to proteins, and the increase of the binding possibilities due to the
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multivalent display. The plural binding of a glycopolymer has an advantage of the
enthalpy gain, and the increase of the binding possibilities is preferable to the
entropy gain. The glycopolymer is thermodynamically advantageous due to both
enthalpy and entropy factors. This contributes to strong biological activities. The
previous reports suggest that the polysaccharide of GAGs has a multivalent
structure for protein binding [12, 13]. The structure of the saccharide and its
multivalency are the key to GAGs biological activities.

The preparation of glycopolymers was mostly accomplished by polymerizing
sugar derivatives. The sugar derivatives with acryl amide, methacrylate, acrylate,
and norbornene were reported to produce glycopolymers [14]. The glycopolymers
were prepared by the orthogonal reaction to sugars such as radical polymerization.
We have reported the preparation of various glycopolymers by employing radical
and living radical polymerizations [14]. The Kiessling group reported the synthesis
of glycopolymers with a controlled molecular weight by ring-opening metathesis
polymerization (ROMP) [17]. Recently, the technology of polymer synthesis was
much improved. The controlled polymerizations were attained by living radical
polymerization and ROMP. Polymers with special structures like glycodendrimers
and glycostar polymers have been also reported. Since the native saccharides have
precisely controlled structures, the incorporation of recent synthetic polymer
techniques can enable the well-controlled glyco-mimetics.

We propose a new approach to mimicking the function of GAGs. The GAGs
structure can be divided into the functional saccharide component and polymeriz-
able sugars. The monomer (polymerizable) sugars were polymerized by radical
polymerization. The glycopolymers can show the strong interaction to the target
protein due to multivalency. The advantage of the GAGs mimicking polymer is the
easy preparation as compared to total synthesis, which can lead to the preparation of
GAGs mimicking libraries (Fig. 2).

3 Sulfated Saccharides and Polymers

Since sulfated sugars are specific components in GAGs, we mimicked the GAGs
with glycopolymer with sulfated sugars [18]. The synthesis of polymerizable sugars
requires usually a tedious procedure. In order to simplify the synthetic procedures,
p-nitrophenyl glucosides were used as starting materials. Acrylamide phenyl
6-sulfo-GlcNAc was prepared as the monomer. It is worth noting that
6-sulfo-GlcNAc was reported to play a significant role in living systems [19]. The
polymer was prepared by using an initiator. The advantage of employing the gly-
copolymer was an easy preparation of molecular libraries. First, we prepared the
GAGs mimicking polymer library of 6-sulfo-GlcNAc with varying sugar density
(Fig. 3), where densities were adjusted by the copolymerization with acrylamide.
The function of sulfated glycopolymers was investigated by studying the interaction
to Alzheimer amyloid beta proteins [Ab (1-40) and Ab (1-42)] that are pathogens of
the Alzheimer disease [20, 21] (Fig. 3).
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Ab (1-42) spontaneously aggregates to form protein amyloid. The aggregation of
Ab (1-42) was examined in the presence and in the absence of sulfated gly-
copolymers. The aggregation of Ab was monitored by fluorescent intensity of
thioflavain T (ThT) that binds to protein amyloid and shows strong fluorescence
[22]. The fluorescence of ThT decreased in the presence of the sulfated gly-
copolymer. The decrease of ThT fluorescence depended on the sugar content of the
glycopolymer. The glycopolymer with the modest sugar (10–30%) content showed
the inhibition effect on the Ab (1-42) aggregation. The addition of sulfated gly-
copolymer also affected the conformation of Ab. Ab (1-42) has a b-sheet structure
in the aggregated state, but the glycopolymer addition decreased the b-sheet con-
tent. In addition, the addition of sulfated glycopolymer changed the morphology of

Fig. 2 The concept of GAGs mimicking glycopolymers

Fig. 3 The toxic nanofibrils of Ab (1-42) were changed into nontoxic objects by addition of a
GAGs mimicking polymer carrying 6-sulfo-GlcNAc
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Ab aggregates from toxic nanofibrils to spherical aggregates. The cytotoxicity of
Ab was examined by in vitro assay of HeLa cells.

It has been reported that GAGs are related the various protein amyloidosis
including Alzheimer, prion disease, and Creutzfeldt-Jakob disease [23]. Protein
amyloidosis occurs on the cell surfaces, and GAGs have been reported to play
important roles in the amyloidosis as triggers and catalysts. Since GAGs are
involved in the protein amyloidosis, the GAGs mimicking polymer of poly
(6-sulfo-GlcNAc/acrylamide) controlled the amyloidosis of Ab.

4 Molecular Weights of GAGs Mimicking Polymers
and Functions

Functions of GAGs often depend on the molecular weight due to the different
physical properties and cell permeability. For example, it has been reported that
low-molecular weight heparin has a longer half-life in antithrombus than usual high
molecular weight heparin. It is because heparin can exhibit different mechanisms of

Fig. 4 GAGs mimicking
polymers synthesized by the
RAFT polymerization with
different molecular weights
(top). Ab (1-40) aggregation
in the presence of
glycopolymers (bottom)
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antithrombus activity at different molecular weights [24]. It has been also reported
that the GAGs molecular weight in protein affects amyloidosis [25].

Since the molecular weight of the glycopolymer can be controlled by living
radical polymerization, the glycopolymers with different molecular weights were
prepared [26]. There are many methods of living radical polymerization. We
employed a reversible addition-fragmentation chain transfer (RAFT) polymeriza-
tion because it offers an advantage of controlled polymerization in bulky mono-
mers. Despite the known difficulties of the RAFT method to control the molecular
weight of polyacrylamide, the glycopolymers with different molecular weights (105,
104 and 103) were prepared. In order to clarify the role of uronic acid, the gly-
copolymers were prepared using 6-sulfo-GlcNAc and GlcA, with the similar sugar
contents.

The function of the glycopolymers was investigated using Ab (1-40). The
velocity and the degree of amyloidosis were measured with fluorescent ThT and the
morphology was evaluated by AFM (Fig. 3). The addition of the glycopolymer
with 6-sulfo-GlcNAc delayed the beginning of amyloidosis, and the glycopolymer
with a low molecular weight induced the stronger delay effect on amyloidosis. The
addition of glycopolymer with GlcA had no effect on the starting point and velocity
of amyloidosis but reduced the degree of amyloidosis. The glyco-terpolymer with
both 6-sulfo-GlcNAc and GlcA showed strong inhibitory effects on the decrease of
velocity and degree of amyloidosis. In all cases, the glycopolymers with lower
molecular weight showed stronger inhibitory effect, which suggested the validity of
the discussed mimicking method (Fig. 4).

The role of each sugar in GAGs was analyzed employing glycopolymers. The
influence of nucleation and amyloid fibril elongation were analyzed based on the
kinetics of amyloidosis. The glycopolymer with sulfo-GlcNAc inhibited the

Fig. 5 GAGs mimicking polymers with various polymer backbone. a Dendrimer, b biodegradable
poly(c-glutamate) and c polyrotaxane
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nucleation of amyloid protein by the interaction with the sulfate group and Ab. The
glycopolymer with GlcA modestly inhibited the elongation of the amyloid. The
conjugation of the two effects in the terpolymer effectively inhibited the protein
amyloidosis. Interestingly, the terpolymer with sulfated sugar and uronic acid offers
the best mimic of GAGs in the inhibition of amyloid.

The inhibitory effect was also estimated by a computational chemistry. The
interaction of the glycopolymer with Ab(1-42) is an electrostatic interaction and
His13 and His14 are considered to interact with the glycopolymer sulfate group.

5 Glycopolymer Library with Other Sulfated Sugars

The functionalities of GAGs are strongly related to the sugar structure. Since
various sugars are involved in the natural GAGs, it is of interest to expand GAGs
mimic libraries onto other sulfated sugar monomers. The sugar monomers with
region selective sulfation were prepared using a protective group chemistry.
3-Sulfo-, 4-sulfo-, 6-sulfo-, and 3,4,6-sulfo-GlcNAc were prepared, and gly-
copolymers with those sugar were prepared. The monomers have little different
chemical components from the natural GAGs, but the glycopolymer showed the
biological activities based on the monomer sugar structure.

Glycopolymers were evaluated for their inhibitory activity on Alzheimer’s
b-secretase (BACE-1), which is the enzyme producing Ab proteins from amyloid

Fig. 6 The structure of GAGs mimicking saccharides and the morphology of Ab (1-42). The
monomeric saccharide induced the nanofiber and trimeric saccharide induced the spherical object
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precursor protein [26]. It has been reported that GAGs regulate the activity of
BACE-1. The Turnbull group reported that the addition of heparin oligosaccharides
reduced the activity of BACE-1 [27]. The glycopolymers with sulfated GlcNAc and
GlcA were prepared by radical polymerization, and the activity on BACE-1 was
measured using fluorescence spectra of a FRET labeled peptide.

The addition of sulfated sacccharides can change the enzyme activity. While the
glycopolymer with 3-sulfo-GlcNAc or 4-sulfo-GlcNAc activated the enzyme
activity up to 150%, the glycopolymer with 3,4,6-GlcNAc and 6-sulfo-GlcNAc
reduced the activity up to 20%. It has been reported that GAGs regulate the ori-
entation of BACE-1 on the cell surface. The results suggest that the regio-selective
sulfation of polysaccharide is a key to control the enzyme activity. On the other
hand, the sugar monomers were also investigated, but the results did not show
significant differences, which suggests the importance of the multivalent effect.
Glycopolymers only having 6-sulfo-GlcNAc structures showed the strong inhibi-
tory effect on BACE-1. The strong activity of 6-sulfo-GlcNAc was based on the
easy accessibility due to the flexible sulfate group at the 6 position. The gly-
copolymer with 3,4,6-sulfo-GlcNAc showed the strongest activity.

The glycopolymer binding to BACE-1 was analyzed by docking simulation. The
glycopolymers with 3,4,6-sulfo-GlcNAc bound to positively charged protein sites,
including the active site of enzyme with electrostatic interactions. The glycopoly-
mers with 3-sulfo- and 4-sulfo- moieties bound to other sites of enzyme also by
electrostatic interaction, which increases the enzyme activity.

6 GAGs Mimic with Other Backbones

Considering the potential biological application of a polymer as a drug, the bio-
compatible and biodegradable polymers are more appropriate. The glycopolymers
with 6-sulfo-GlcNAc were prepared by conjugation to poly(c-glutamate) by taking
advantage of the amide formation [28]. The addition of the sulfated glycopolymer
with poly(c-glutamate) inhibited the aggregation of Ab (1-40) (Fig. 5a). The
inhibitory effect was comparable to that of the glycopolymer with a polyacrylamide
backbone. Also, another GAGs mimicking polymer of poly(c-glutamate) with a
sulfonate group was prepared. It turns out that GAGs mimic without the sugar
moiety does not work on the Ab aggregation. This result proves that though the
chemical structures of glycopolymers were totally different from the native GAGs,
the saccharide moiety is indispensable to GAGs mimicking functions.

Various polymer backbones provide the diversity of GAGs mimics (Fig. 5). The
advantage of using the glycopolymer is a facile preparation of the molecular library.
However, it is difficult to obtain the glycocluster with a clear structure. In order to
obtain the uniform GAGs mimics, the glycodendrimers with 6-sulfo-GlcNAc were
prepared by utilizing the click chemistry approach [29]. The glycodendrimer pro-
vides the defined sugar cluster, and there is no polydispsesity in the molecules. The
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glycodendrimer with higher generation (2nd and 3rd) displayed the densely packed
sugars, and the glycodendrimer with higher generation showed the inhibitory effect
on the Ab aggregation.

7 GAGs Mimic Array on Gold Substrate

GAGs mimicking compounds in this study were polymers in which their chemical
structure can be modified and diverse. The conjugation of the glycopolymer to the
interface enables the detailed analyses with biosensing techniques such as surface
plasmon resonance (SPR) and quartz crystal microbalance (QCM). The Seeberger
group reported the use of the GAGs oligosaccharide arrays on the substrate [10].
Suda et al. [13] reported the use of GAGs mimicking arrays with dendrimer to
analyze the protein–sugar interaction.

We prepared GAGs mimicking dendrimer arrays and analyzed the interaction
with Alzheimer Ab (1-42) (Fig. 6). The glycodendrimer arrays were prepared by
orthogonal reactions belonging to the click chemistry [30]. Tri-, di- and monovalent
sulfated sugars were synthesized and immobilized on the gold substrate. The
interaction with Ab (1-42) was investigated by AFM, SPR, and a cell cytotoxicity
assay. The interaction with Ab was weak in monovalent state but amplified by
divalent and trivalent sugars. The morphology of Ab was specific to sugar arrays.
While Ab formed a nano-fibril on monovalent sugar, it formed a toxic spherical
object on divalent and trivalent sugars. The results showed that the morphology of
Ab was controlled by the interaction with GAGs, which suggests that the multi-
valency of sulfated sugars is important in Alzheimer disease.

Thus, it can be said that the GAGs mimicking arrays are effective when
investigating the sugar structure, the multivalency, and the biochemical mechanism.

8 Conclusion

Glycosaminoglycans (GAGs) are important polysaccharides in the living systems.
While successful total syntheses of GAGs oligosaccharides have been reported, it is
still difficult to obtain GAGs. In this investigation instead of total synthesis to form
GAGs, glycopolymers mimicking GAGs were prepared. Glycopolymers are poly-
mers with pendant saccharides and exhibit a strong molecular recognition due to the
multivalency. GAGs mimicking glycopolymers were prepared by polymerization of
acrylamide derivatives carrying sulfated N-acetyl glucosamine (GlcNAc) and the
resulting products’ interaction with proteins was investigated. The glycopolymer
libraries were prepared with varying molecular weight, sugar structure, and sugar
ratios. The GAGs glycopolymer with biodegradable backbone, dendrimer, and
arrays were also prepared. The inhibitory activity of the glycopolymers on the
Alzheimer amyloid beta peptides was studied in detail. The glycopolymer with
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sulfated GlcNAc inhibited the aggregation of Abs [(1-40) and (1-42)] and the
multivalency of sulfated GlcNAc was the key to the interaction. The activity
depends on the chemical structure of glycopolymers. The sulfated saccharide
function was correlated to the functions of native GAGs.
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Methods for the High Resolution Analysis
of Glycoconjugates

Christopher Gray and Sabine L. Flitsch

Abstract Glycans and their conjugates form the largest and most diverse class of
biological molecules found in nature. These glycosides are vital for numerous
cellular functions including recognition events, protein stabilisation and energy
storage. Additionally, abnormalities within these structures are associated with a
wide range of disease states. As a result, robust analytical techniques capable of in
depth characterisation of carbohydrates and their binding partners are required. This
chapter provides an overview of currently used analytical techniques, focussing on
chromatographic and mass spectrometry-based methods.

1 Introduction

Glycosylation involves the enzymatic transfer of a carbohydrate from a donor
molecule to a substrate such as a protein, lipid or another carbohydrate, forming
elongated and often branched glycoconjugate structures. Diverse varieties of these
glycoconjugates coat the surface of all cells and act as receptors for glycan-binding
species such as lectins, antibodies or pathogens [1, 2]. Glycosylation is the most
prevalent post-translational modification (PTM) observed within nature; in fact, it is
thought that greater than half of all known proteins are glycosylated [3]. It is widely
reported that these glycans are vital for regulation of many biological interactions
such as cell–cell recognition, [4] cell adhesion [5], immune response [6], infection
[7, 8] and fertilisation [9–11]. It has also been shown that aberrant glycosylation is
related to several diseases including cancer [12–17], muscular dystrophy [5] and
pancreatitis [18, 19]. Even subtle changes in carbohydrate structure can result in
vastly different interactions, make them susceptible to proteolysis or alter glyco-
conjugate tertiary structures and thus affects the observed biological response [5,
15, 17, 20–25]. It remains unclear a priori how changes within a glycan structure
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will affect the resultant biological function [26]. Knowledge of these structure–
function relationships could enable the development of novel therapeutics or
diagnostics [27–29]. Additionally, carbohydrates are foreseen as routes to novel
fuels and materials [30–32], providing further requirement for rigorous analytical
approaches to characterise them.

However, there are inherent difficulties in analysing the ‘glycome’, the entire
complement of glycans and their glycoconjugates produced by an organism under
specified conditions of time, space and environment [2], compared to the widely
researched genome and proteome. Firstly, glycan structures are not directly encoded
from genetic information. Moreover, glycosylated macromolecules tend to exist in
multiple glycoforms and are often low abundant compared to their
non-glycosylated counterparts, thus requiring enrichment prior to analysis. These
glycoforms vary depending on conditions, such as disease state [18], age [33], and
gender [9, 34] further increasing the complexity of glycome analysis. Finally, the
elucidation of glycan chemical structures using most analytical techniques is
extremely challenging. Glycans can be composed of a far greater number of natural
monosaccharide building blocks (several hundred) compared to the 4 nucleotides
and 20 essential amino acids found in DNA and proteins, respectively [2], although
there is a core of 10 major monosaccharide units found within vertebrates (Fig. 1).

These monosaccharide building blocks are often stereo- or regio-isomers of one
another (unlike nucleotides or amino acids) making their characterisation more

Fig. 1 The common monosaccharides found in vertebrates including the shorthand used by the
Consortium for Functional Glycomics. Glc = Glucose, Gal = Galactose, Man = Mannose,
Fuc = Fucose, GlcNAc = N-Acetylglucosamine, GalNAc = N-Acetylgalactosamine,
Xyl = Xylose, GlcA = Glucuronic acid, IdA = Iduronic acid and Neu5Ac = N-acetylneuraminic
acid. Glc, Gal and Man isomers form the hexoses (Hex), GlcNAc and GalNAc isomers the N-
acetylhexosamines and GlcA and IdA isomers the hexuronic acids
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analytically challenging [35]. Additionally, the glycosidic bond formed between
monosaccharides can adopt two different configurations, namely a- and b-, where
the binding monosaccharide lies either above the plane of ring, or planar to the ring,
respectively (Fig. 2). This linkage can also form at several positions resulting in the
formation of branched structures, which are primarily linear combinations of amino
acids and nucleotides, respectively [2, 36, 37]. Finally, these carbohydrate rings can
potentially exist as furanose or pyranose forms.

There are two common types of protein glycosylation, (not to be confused with
the chemically similar process glycation which occurs non-enzymatically): N-gly-
cosylation and O-glycosylation. Typical eukaryotic N-glycosylation involves
enzymatic en bloc transfer of the glycan Glc3Man9GlcNAc2 from dolichol phos-
phate to asparagine residues within in the consensus peptide sequence
Asn-Xxx-Ser/Thr (where Xxx is any amino acid except proline) [2, 38, 39]

Fig. 2 Scheme depicting two a-/b-stereoisomers (red), two regioisomers (green) and two
pyranose/furanose isomers (blue)
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although this is not always the case [3]. The Glc3Man9GlcNAc2 modification is
synthesised first on the cytoplasmic face of the endoplasmic reticulum
(ER) membrane in a stepwise manner from dolichol phosphate to Man5GlcNAc2,
This is then ‘flipped’ so that it faces into the ER lumen, where additional glycosyl
transferases modify this species producing Glc3Man9GlcNAc2 that is then trans-
ferred in a co-translational event en bloc, mediated by an oligosaccharyltransferase,
to the asparagine acceptor of the forming polypeptide chain [2, 40]. Various gly-
cosidases and glycosyltransferases further modify this glycoconjugate within the
Golgi apparatus, generating a structure that can be classed as one of three classes
(Fig. 3): high mannose, where the N-glycan core (Man3GlcNAc2) is comprised of
only branched Man and GlcNAc residues; complex where the cores antennae are
functionalised with other saccharides including galactose, fucose and sialic acid;
and hybrid where a single antennae from the core structure is functionalised with
mannose residues (a1–6 arm) and the others with complex structures. N-glycosy-
lation primarily occurs on secreted or membrane-bound proteins within eukaryotes
or archaea [41] and was later shown to occur on proteins within the Gram-negative
bacterium Campylobacter jejuni [42]. Unlike N-glycosylation in eukaryotes, there
is no conserved carbohydrate sequence transferred en bloc to proteins (i.e.
Glc3Man9GlcNAc2 for eukaryotes), although certain motifs seem to be important
such as the presence of a reducing acetamido group for bacterial N-oligosaccharide
transferases [40]. Also archaea and bacterial N-glycans are structurally different
compared to eukaryotic N-glycans possessing, for example, hexuronic acids or
bacilosamine residues, respectively [40].

O-glycosylation occurs post-translationally onto the –OHgroup of typically serine
or threonine residues within proteins. Unlike N-glycans, O-glycans are synthesised
stepwiseonglycoproteins and tend tobemuch shorter than theirN-glycancounterparts
consistingof just a single residue in somecases [38].WithinEukaryotes, initial transfer
of a-GalNAc, which is the most common addition, and a-Fuc to proteins occurs in the
Golgi, whereas O-mannosylation is initiated in the ER and O-GlcNAcylation and
glucosylation occurs in the cytosol (and nucleus for O-GlcNAc) [2, 38, 43]. These
carbohydrates may then be extended by a series of glycosyltransferases in the Golgi.
For the most common type of O-glycosylation, O-GalNAc, a series of eight common
core structures exist (Fig. 4). UnlikeN-glycosylation no consensusmotif has yet been
identified for O-glycosylation, making O-glycosylation site identification more
challenging [44]. For specific classes of O-glycosylation though, protein sequence
preferences have been identified allowingprediction of potentialO-glycosylation sites
[45]. Certain proteins, known as mucins, are heavily O-glycosylated with GalNAc:
these will be the focus of Chap. “[3,3]-Sigmatropic Rearrangement as a Powerful
Synthetic Tool on Skeletal Modification of Unsaturated Sugars”.

Glycan structures are routinely assigned using minimal analytical information,
based on the assumption that their biosynthetic pathways are highly conserved,
which is not necessarily always the case [19, 46, 47]. Alternatively, structures can
be directly elucidated to varying degrees by NMR, tandem mass spectrometry or
sequential glycosidase treatment followed by chromatographic separation [15, 46,
48–50]. However, these approaches are limited by either sensitivity or specificity.
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Fig. 3 The biosynthetic pathway by which the oligomannose structure transferred to proteins
forming N-glycans is generated (a). Various glycosidases and glycosyltransferases then act on this
glycan to produce the different types of N-glycans observed within eukaryotic organisms (b).
Figures are taken from Varki et al. [2]
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Consequently, high-throughput analytical methodologies capable of sequencing
glycan structures and further identifying protein binding partners are highly sought
after. Mass spectrometry (MS)-based techniques offer the capability of elucidating
structural information on a wide range of biological analytes including peptides,
proteins and glycans in a high-throughput manner. However, they are often unable
to unambiguously assign carbohydrate structures given that most monomeric
building blocks are simple epimers of one another. Integration of ion mobility
spectrometry, a technique that separates ions by their rotationally averaged collision
cross section, with (tandem) mass spectrometry offers the potential capability to
separate these isomeric precursors and product ions, which would greatly aid glycan
characterisation. Of particular interest is the ability to separate and determine the
cross section of isomeric mono-/disaccharide product ions, which crucially could be
indicative of the stereochemistry of the residue, the anomeric configuration, ring
size and regiochemistry. Therefore, IM-MS has the potential to fill a gap in the
Glycomics community, namely a high-throughput carbohydrate sequencing
strategy.

High-throughput strategies to identify proteins that bind to glycans are also of
great interest. Most high-throughput strategies involve arraying thousands of gly-
cans to a solid support, incubating them with purified proteins, washing and then
visualisation by fluorescence or radiation. However, these approaches rely on
purified material and incorporation of a fluorescent or radioactive tag. (Tandem)
Mass spectrometry of proteins adhered to the arrays, or peptides resulting from
on-chip proteolysis, offers a rapid and direct means to unambiguously characterise
unlabelled bound proteins, even from endogenous mixtures.

Multiple MS-based strategies underpin the ability to characterise glycans and
their binding partners. Glycans and their conjugates are initially ionised, principally
by matrix-assisted laser desorption ionisation (MALDI) or electrospray ionisation
(ESI), as either cation or anion adducts and then can be made dissociate if required
[51]. These precursor or product ions are then separated based on their
mass-to-charge (m/z) ratio mass and subsequently detected.

Fig. 4 Basic core O-
GalNAcylated structures [44]
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2 Mass Spectrometry Techniques Applied
to Glycoconjugate Analysis

2.1 Ionisation Techniques

2.1.1 Electrospray Ionisation (ESI)

Electrospray ionisation (ESI), or nanospray ESI (nESI) for nanoflow, is a soft
ionisation technique, i.e. it causes little to no fragmentation of the molecules during
ionisation, including large molecules such as proteins [52] and protein assemblies
[53, 54]. It is also the most commonly used ionisation strategy in biomolecule
analysis as it can be operated at atmospheric pressure and can be easy coupled to
liquid chromatography meaning that a mixture of analytes can be separated on-line
prior to ESI-MS analysis. However, samples can be directly infused by syringe
pumps or static nESI tips. ESI and nESI operate at µL min−1 and nL min−1 flow
rates, respectively, permitting analysis of low amounts of analyte suitable for
biological samples. (n)ESI emitters are subjected to a high potential electric field
(1–5 kV) [55]. At the capillary tip a large electric field is formed (*106 V m−1)
resulting in the charged analyte solution being polarised, i.e. in positive ion mode a
negative potential is applied across the capillary therefore positively charged
molecules are drawn to the end of the tip. This field also causes the meniscus at the
capillary nozzle to be perturbed forming a cone (Taylor cone) as shown in stage 1
Fig. 5.

When the force the electric field exerts is high enough, the tip of the Taylor cone
is destabilised resulting in the formation of a jet of charged droplets that repel one
another, causing them to spread out orthogonally and accelerate towards the counter
electrode by electrostatic attraction [52, 57, 58]. These droplets evaporate, which
may be aided by an inert drying gas such as nitrogen and elevated temperatures,
until the point where the Coulombic repulsive forces of the charged analyte
destabilise the droplet. This occurs slightly below the Rayleigh limit where
repulsion equals the surface tension. At this point, the droplets ‘explode’ forming
even smaller droplets. The precise mechanisms of ion formation from these droplets
are not clear and are thought to be dependent on the nature of the analyte ion. Three
postulated mechanisms are the ion evaporation model (IEM) [59], the charged
residue model (CRM) [60] and the chain ejection model (CEM) [56, 61]. The IEM,
believed to be prevalent for small molecules (e.g. glycans), involves ejection of a
small analyte ion from the surface of a small (nm radius) charged droplet when the
Rayleigh limit is sufficiently high. This process is kinetically disfavored for large
molecule ions, which are thought to form by the CRM [56]. In the CRM, solvent
continually evaporates from the droplet containing the analyte. As the final solvent
shell evaporates, the remaining charge within the droplet is transferred to the
analyte. During this process, analytes are charge reduced so they maintain the
Rayleigh limit by IEM ejection of solvated protons and small ions [56]. Finally the
CEM, which suggests unfolded ‘chains’ migrate to the droplet surface when the
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Fig. 5 Schematic depicting the ESI ionisation mechanism (a) and schemes depicting ion
formation models for the ion evaporation model (IEM), charged residue model (CRM) and the
chain ejection model (CEM) (b) (redrafted version of figure from Ref. [56])
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Rayleigh limit is reached. This charged chain is then liable to be ejected from the
surface of the droplet. Sequentially, more and more of the charged chain is ejected
from the droplet until the remainder of the droplet evaporates or the entire analyte is
ejected [62]. This mechanism is believed to occur for large disordered analytes,
such as polymers or disordered proteins and accounts for the observed higher
analyte charge states than the CRM would predict [56]. Regardless of the ion
formation mechanism, the composition of the sprayed solution will impact the
formed ions and as a result can perturb the measured mass spectrum. ESI solutions
often contain organic solvents such as methanol or acetonitrile to lower the surface
tension of electrospray droplets improving desolvation and thus ionisation.
Furthermore, these solutions tend to contain volatile acids, such as formic acid, for
positive ion mode or bases, such as ammonia, for negative ion mode providing a
source of protons or a proton sink, respectively. Conversely, molecules can be
promoted to form metal adducts by doping the solution with salts such as sodium
formate or lithium chloride. Structured proteins can also be stabilised through
buffering with volatile salts such as ammonium acetate [53].

ESI is advantageous as it can produce large (kDa to MDa) ions, even from
non-volatile, thermally labile compounds and is typically compatible with con-
ventional liquid chromatography techniques [52]. Also given that these ionised
species are typically multiply charged, their m/z values tend to fall within the
operating range of most mass spectrometers [58]. However, ESI, like most ioni-
sation techniques, suffers from a low tolerance towards salts, therefore, samples
must be desalted prior to analysis. Finally, as the technique is very sensitive, the
spray chamber must be kept very clean to avoid contamination and signal sup-
pression [63].

2.1.2 MALDI

Matrix-assisted laser desorption ionisation (MALDI) is, like ESI, a soft ionisation
technique, although involves desorption of analyte ions from the solid phase induced
by irradiation with a pulsed UV laser at 337 or 355 nm for 1–10 ns [58, 64, 65].
Interestingly, unlike ESI, analyte ions generated tend to only be singly charged,
greatly simplifying mass spectra. Analytes are co-crystallised with an excess of a UV
absorbing organic acid matrix (1:5000), on an inert metal (typically a stainless steel
or gold) target, forming ideally homogenous crystals. The matrix has two main
purposes, firstly it separates analyte molecules preventing analyte–analyte interac-
tions that may hinder desorption and ionisation, and secondly and more importantly,
it absorbs most of the UV radiation from the laser pulse protecting the analyte
(Fig. 6). The matrix may also act as proton sources or sinks depending on the
operation mode [66]. Different matrices work better for ionisation of different classes
of analytes, so the choice of the matrix depends on the analyte being studied. For
example sinapinic acid (SA) works well with proteins, a-cyano-4-hydroxycinnamic
acid (CHCA) is good for small proteins and peptides, 2,4,6-trihydroxyacetophenone
(THAP) is good for glycans and 2,5-dihydroxybenzoic acid (DHB) is commonly
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used for all organic molecules and is particularly useful for those analytes which are
labile for example, covalently modified peptides. Upon UV absorption the matrix
sublimes in vacuo causing rapid expansion, which results in analyte and pho-
toionised matrix molecules being ejected into the gas phase, although most remain
uncharged (primary ionisation) [58, 67]. There are several models for ionisation with
none being completely accepted. The two most accepted are the cluster ‘(refined)
Lucky Survivors’ and the gas-phase proton transfer [64, 68–72]. The ‘Lucky
Survivors’ model states that the singly and multiply charged analyte ions are pre-
formed in the matrix solution and retain their solution charge during
co-crystallisation. Following a UV laser pulse, the matrix and analyte sublime and
the multiply charged analyte ions undergo secondary neutralisation reactions with
free electrons until they become singly charged [73]. The gas-phase protonation
model suggests secondary collisions, within the MALDI plume, between the neutral
analyte and charged UV matrix molecules in the gas plume results in ionisation of
the analyte (secondary ionisation). The matrix charge is either preformed in solution
or resulting from the laser energy being absorbed by the matrix (pooling—Coupled
Chemical and Physical Dynamics model) [70, 74]. Recently, it has been reported
that it is highly likely that both ionisation mechanisms are involved [73]. This
ionisation technique is advantageous as it is quick and produces little fragmentation
of analyte ions. However, ions produced by MALDI are metastable, and therefore
are liable to dissociating during traversing the field-free region of the Time-of-Flight
(ToF) mass analyser that is typically coupled with a MALDI source. Metastable

Fig. 6 Schematic of MALDI ionisation of positively charged analytes (red) co-crystallised with
an excess of UV-absorbing matrix (blue)
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decay is more prominent for larger species whose time-of-flight is greater. This
causes a loss in sensitivity due to a reduction in the number of intact analyte ions
reaching the detector [55]. Nevertheless, this post-source decay can be exploited in
MS2 studies. Another disadvantage of MALDI is the limitation of analysing ions
below m/z of 500 due to the excess number of matrix-derived ions that can saturate
the signal. Salts and other buffers also hinder MALDI, although to a lesser extent
compared to ESI [58, 63].

2.2 Mass Analysers

2.2.1 Quadrupole

Quadrupoles are composed of four parallel rods, ideally with a hyperbolic cross
section, arranged in a diamond shape. Each opposing rod is electrically connected
to one another and has the opposite polarity to the pair of rods perpendicular to
them (Fig. 7). Both pairs possess a direct current (DC) potential and are overlaid
with an alternating radio-frequency (RF) potential. In the case where the analyte
ions are positive, when the RF and DC potential in the x–z plane is positive the
analyte ions are focussed into the centre of the quadrupole.

Fig. 7 Scheme depicting transmission though a quadrupole mass analyser and the respective
potentials applied to the rods at a certain point in time. Depending on the magnitude and polarity of
the applied potentials, certain ions of a given m/z posses stable trajectories and are transmitted
through the quadrupole (blue) unlike others that collide with the rods and annihilate (red)
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When the RF polarity switches to negative (more than the DC positivity), the
ions are accelerated towards the x–z plane rods. Ions of low mass and higher charge
will be accelerated more than heavier ions of lower charge and may collide with the
electrodes at which point they will be discharged and pumped off as neutral species.
As a result, only ions with high m/z are transferred (referred to as the high pass mass
filter). The y–z plane rods operate at an opposite DC potential to those in the x–
z plane (for this example negative). In this case, ions of large m/z are more likely to
collide with the rods as they are less likely to respond to the focussing that occurs
when the alternating RF potential becomes positive unlike ions with lower m/z.
Therefore, only ions with a low m/z are transferred (the low pass mass filter). The
net effect of these two filters is that only a narrow range of ions will have a stable
trajectory and thus pass through the quadrupole [75]. If the DC and RF voltage is
increased whilst keeping the DC to RF ratio constant, new stable trajectories will be
created for ions with an increasing m/z value, allowing a range of ions of different
m/z values to be scanned [58]. Controlling the DC and RF ratio plays a significant
role in the resolution of this mass analyser with a lower DC to RF ratio producing a
lower mass resolution. The stability of ions passing through a (hyperbolic) quad-
rupole field possessing both DC and RF potential can also be expressed in terms of
the Mathieu equations (Eqs. 1 and 2) [75].

ax ¼ �ay ¼ 4eU
mr20x

2
ð1Þ

qx ¼ �qy ¼ 2eV
mr20x

2
ð2Þ

where U and V are the DC and alternating RF potential, respectively, x is angular
frequency of the applied RF, e is the electronic charge, m is the mass, r0 is this
distance from the z-axis (i.e. centre of the four rods) and a and q represent points in
space. Plotting solutions of a and q against one another generates a graph defining
the a and q values at which ions possess a stable trajectory through the quadrupole
(Fig. 8).

Quadrupole mass analysers are advantageous as they are small, inexpensive,
have a high scanning speed and when three are coupled together (triple quadrupole
instrument) they are capable of selective reaction monitoring experiments (SRM).
In a SRM experiment, Q1 and Q3 only allow transmission of a specified precursor
and product ion, respectively, improving detection of a specific ion. On the other
hand, they have a limited mass resolution and have a finite mass range unlike linear
ToFs (Sect. 1.2.2.3) [76].

2.2.2 Quadrupole Ion Trap

Unlike quadrupole (and the later discussed ToF) mass analysers, quadrupole ion
traps enable trapping and storage of gaseous ions that can be ejected after a defined
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period of time. For 3D quadrupole ion traps (Paul trap), ions are gated into the trap
to prevent ion escape [65]. The trap itself consists of three hyperboloidal electrodes,
two end-cap electrodes and a ring electrode between them (Fig. 9) [78]. DC and RF
potentials are applied to the end-cap and ring electrodes, respectively, resulting in
the formation of a parabolic potential well (shaped like a saddle in 3D), which ions

Fig. 8 Plot of solutions to the Mathieu equations for a given m/z (a). Regions highlighted as A, B,
C and D are trajectories with both x and y stability. The majority of quadrupoles operate in
stability region A (lower voltages) [77]. Also shown is a zoomed in diagram of region A for three
ions with different m/z, (m1, m2 and m3) (b). The dashed line indicates the scan line for which
trajectories for m1, m2 then m3 become stable as the magnitude of U:V is increased
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become trapped in [79]. Stable m/z ion trajectories are dictated by the Mathieu
equations akin to quadrupoles (Fig. 8). An inert gas (*1 mTorr helium) is added to
the trap to dampen the kinetic energy of the ions in the trap through collisions and
as a result stabilises the ions trajectory and confines it to the centre of the trap. Ions
can be ejected from the trap by linearly increasing the RF amplitude causing the ion
trajectories to eventually become unstable, with low m/z becoming unstable first
then higher m/z-ions, when the voltage reaches the resonant frequency of the ion, at
which point the ions are ejected from the trap and are detected externally.
Therefore, ions are not discarded prior to detection unlike beam type instruments
[65]. RF voltages can also be applied to the end-cap electrodes in resonance with
the periodicity for specific or multiple m/z ion(s), resulting in these trapped ions
gaining kinetic energy and moving away from the centre of the trap. When this
energy is high enough ions are ejected from the trap [78, 80]. This enables ejection
of larger ions which would otherwise require impractically high voltages by raising
the RF amplitude of the ring electrode alone [80]. Crucially, for tandem MS
experiments, ions of a given m/z can also be isolated by this method. This resonance
can also be exploited to raise the trapped ions kinetic energy enough so that they
undergo CID without being ejected from the trap. This enables multiple ion dis-
sociation stages to be performed (MSn) [65, 80].

The main disadvantage of 3D ion traps is poor resolving power since small
changes in the RF potential ramp can result in ejection of a 1 m/z window—under
normal operating conditions 3D quadrupole ion traps can identify singly charged
ions from m/z 500–2500 with a resolution of 0.2–0.5 Da [78]. They also have
longer ion detection times given they trap ions for MS, as opposed to the µs
required for ions to reach the detector from the source of beam type instruments.

Ions can also be trapped in linear quadrupole ion traps, which function in a similar
manner to the 3D quadrupole ion traps except with elongation of all electrodes
(additionally a buffer gas is not always essential for trapping). As a result, a greater
number of ions can be trapped compared to the 3D ion traps. Furthermore, the
ejection efficiency of linear quadrupole ion traps is much greater and therefore the
sensitivity is improved [81]. However, the mass resolution is also much poorer and is
typically limited to studying species m/z < 2000 [58]. It is also important for both
types of ion traps to not overfill the trap, otherwise, space charge effects can become
apparent, which will further reduce the resolving power and mass accuracy [81].

2.2.3 ToF

Linear and reflectron time-of-flight (ToF) mass analysers are capable of determining
the m/z ratio of an ion from the time it takes that ion to travel through a field-free
region in a vacuum after being accelerated by an electrical potential. Ions with
lower m/z values reach the detector before those of high m/z values as they are
accelerated to a greater velocity (v) [65]. This can be easily represented through
equations for linear ToFs (linear drift region). The kinetic energy (½mv2) gained by
the ion is equal to the accelerating potential energy (eV where e is the charge of an
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electron and V is the accelerating potential) (Eq. 3) and the time-of-flight (ToF) is
related the length of the flight tube (L) (Eq. 4), the m/z value can thus be determined
using Eq. 5 below:

zeV ¼ 1
2
mv2 ð3Þ

TOF ¼ L
v

ð4Þ

TOF ¼ L
m

2zeV

� �1
2

ð5Þ

where z is the ion charge [58].
Reflectrons work around the same principle except that ions are reflected by an

‘ion mirror’ (a series of electrostatic ion guides with increasing potential) angled to
reflect these ions towards a secondary detector preventing them from being reflected

Fig. 9 Photograph of a transverse section of a 3D quadrupole ion trap with the electrodes
labelled. Ions are trapped within the volume between the electrodes. Amended from March [78]
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back to the source (Fig. 10) or colliding with other ions coming from the source.
The purpose of the reflectron is to correct for differences in kinetic energy of ions of
the same m/z value which would otherwise result in slight differences in computed
mass and thus loss of resolution [82]. Ions of greater velocities penetrate into the
reflectron ‘mirror’ more than those of a lower velocity. These ions are then
accelerated towards the detector by the ‘mirror’. The ions that had penetrated the
mirror the most (higher kinetic energy) spends more time under an accelerating
potential than the lower penetrating ions. This results in focussing the ions as the
ones with a higher velocity have had to travel a longer distance. This v-optic
reflectron is shown schematically in Fig. 10. A second reflection (w-optic) can
increase the resolution even further, although this comes at the expense of sensi-
tivity (factor of 3 compared to v-optic) as the longer drift-times increases the
likelihood of metastable decomposition [58].

ToFs are advantageous as they can have a high resolving power and linear ToFs
theoretically have no upper mass limit, as all that is required is the ion to be capable
of travelling intact through the drift tube. Also spectra can be acquired rapidly,
which allows for spectral averaging. However, reflectrons require a higher vacuum
than quadrupole analyzers and the ambient temperature needs to be controlled very
carefully so that the thermal energy of the ions is not increased [58]. MALDI
ionisation is usually used in combination with a ToF mass analyser as they com-
plement one another, since MALDI produces a defined pulse of ions allowing the
packets time-of-flight to be measured. Also MALDI and the ToF analyser can be
placed in-line reducing ion loss.

Fig. 10 Diagram depicting the reflectron mode ion trajectory for three ions, with identical m/z but
different velocities, through a time-of-flight mass analyser
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2.3 Tandem Mass Spectrometry for the Analysis
of Glycopeptides

Fragmentation of (glyco)peptides can be used to determine the sequence of the
peptide and also possibly the site that is glycosylated. There are three methods for
fragmentation that shall be discussed, firstly collision-induced dissociation (CID),
secondly electron transfer dissociation (ETD) and finally infrared multiphoton
dissociation (IRMPD). There is a nomenclature for naming the ions produced by
peptide and glycan fragmentation known as the Domon–Costello nomenclature (A-,
B-, C-, X-, Y- and Z-ions) and the Roepstorff–Fohlmann–Biemann (a-, b-, c-, x-, y-
and z-ions), respectively (Fig. 11) [51, 83].

2.3.1 CID

Collision-induced dissociation (CID) (previously referred to as collisionally activated
dissociation or CAD) is the most common method used for fragmentation of glycans
and peptides for sequence elucidation. For peptides, CID often generates b- and
y-product ions derived from the N- and C-terminus, respectively, as a result of the
amide bond dissociation (Fig. 11). CID of glycans (approximately 0.1–1 eV or 10–
100 eV in ion trap or beam type analysers, respectively [84]) commonly results in
fragmentation either side of the glycosidic bond generating B/C- and Z/Y-ions from
the non-reducing and reducing termini, respectively. At higher energies, fragmenta-
tion across the ring is also observed. During CID, analyte ions are accelerated through

Fig. 11 Domon-Costello nomenclature for glycan fragmentation (a) [51] and
Roepstorff-Fohlmann-Biemann nomenclature for peptide backbone fragmentation (b). [83]
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an inert neutral gas such as helium or argon. The energy the analyte ion gains from
colliding with the gas is converted into internal energy that is distributed throughout
the structure. It results in dissociation of typically labile bonds although charge
directed mechanisms may result in dissociation of thermodynamically more stable
moieties. For protonated peptides, this charge directed cleavage is best described by
the mobile protonmodel [85, 86]. Themobile protonmodel states that at high internal
energy mobile protons are able to protonate less thermodynamically favourable
positions, such as the amide nitrogen in the peptide backbone compared to when the
internal energy is lower and protonates only basic residues. Protonation of the amide
nitrogen weakens the bond and thus allows the peptide backbone to fragment [87].
Protonated glycoconjugates often fragment to yield primarily glycosidic product ions
[88], whereas deprotonated species also generate cross-ring fragments [88–90].
However, since free-carbohydrates typically lack any basic groups (proton sinks),
they often preferentially form metal adducts with sodium or potassium without an
additional metal dopant. Doping carbohydrate samples with other metals such as
lithium, silver [91], or manganese [92] greatly affects the propensity of specific
product ions, which has been proposed to be a result of differential metal binding sites
facilitating dissociation by differing pathways [92]. Typically, large ions with low
charge densities, such as potassium and rubidium, tend to dissociate to lose the metal
adduct over fragmenting the carbohydrate structure, whereas for small highly charged
ions like lithium extensive fragmentation is observed [93–95]. At higher energies,
cross-ring fragmentation also becomes prevalent compared to glycosidic fragmen-
tation. Also the nature of glycosidic fragmentation depends on themetal adduct. It has
been reported for example that [M + Mg]2+ adducted carbohydrates dissociate to
yield more cross-ring fragments compared to the [M + 2Li]2+ equivalent, whilst
[M + Ag]+ adducts produce almost no cross-ring fragments [95]. Therefore, studying
glycans and glycoconjugates with different adducts can produce complementary
structural information [88, 96]. Additionally, chemical derivatization such as
permethylation/acetylation appears to favour formation of glycosidic fragment ions
[97]. Finally, the presence of other product ions depends on the identity of the glycan
and its regiochemistry [98]. The stereochemistry of the glycosidic bond often results
in different ion yields rather than the formation of different product ions. Currently,
there is little knowledge of these product ion structures [51, 94, 99] and, unlike for
peptides, no definitive mechanisms for glycan dissociation have been elucidated [85–
87, 100, 101].

CID of glycoconjugates commonly yields diagnostic product ions losses such as
m/z 162, 164, 180, 203 and 221 corresponding to dehydrated hexose, deoxy hexose,
hexose, dehydrated N-acetylhexosamine and N-acetylhexosamine respectively. As a
result, neutral loss scanning of these diagnostic species facilitates the identification
of precursor glycoconjugates. Conversely, product ions analysis of glycan fragment
ions (e.g. m/z 204 for [HexNAc–H2O + H]+) can also facilitate glycan precursor
identification.

There are issues using CID fragmentation when studying glycans and their
conjugates. Firstly, CID typically fragments the most labile bonds which for gly-
copeptides tend to be the glycosidic linkages between the peptide and the glycan
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(although for high mannose containing N-glycans the glycosidic bond can remain
intact). Loss of the glycan from O-glycopeptides goes via a mechanism that
regenerates the alcohol group on the serine/threonine residues [102], preventing
characterisation of the glycosylation site. This loss of the labile glycan moiety is
elevated for beam instruments like quadrupole-ToFs [103]. Furthermore, this
fragmentation pathway often comes at the expense of backbone fragmentation,
therefore higher collisional energies are often required to fragment the peptide
backbone [103]. In addition, the glycan chains themselves also fragment by CID
typically producing B/Z- and C/Y-ions in positive ion mode, but A/X-ions can also
be observed where the ring itself fragments greatly complicating tandem mass
spectra [51]. CID-induced migrations of Fuc [104–106], hexose [107] and sulphate
[108] groups have been observed for protonated and deprotonated carbohydrates,
further complicating analysis [105, 107, 109, 110], although this has not yet been
reported for metal adducted analytes [109, 111].

2.3.2 ETD

Electron transfer dissociation (ETD), not to be mistaken with electron capture
dissociation (ECD), is a less widespread fragmentation technique compared to CID.
Dissociation is achieved by an electron transfer reaction between a gaseous radical
such as fluoranthene or anthracene and the analyte ions of interest. For peptides, the
resultant radical ion is unstable and results in the fragmentation of the bond with the
lowest barrier of dissociation, which tends to be the N–Ca backbone bond gener-
ating c- and z-ions (also fragmentation of the amine within proline has been
reported) [112, 113]. ETD fragmentation is much more efficient for peptides with a
high charge density as lower charge allows for the possibility of non-covalent
intrapeptide interactions that could contain the extra electron, thus preventing
dissociation [114]. Although overall fragmentation of smaller peptides by ETD is
less efficient than CID, ETD has a major advantage as the glycosidic linkage does
not preferentially undergo fragmentation thereby enabling the observation of
fragment peptide ions with the glycan still attached [103]. Application of ETD,
therefore, increases the likelihood of being able to pinpoint the site of glycosylation.
However, for highly charged free glycans (such as glycosaminoglycans or high
valency metal cations), ETD (and electron detachment dissociation) has been
shown to be capable of causing primarily cross-ring fragmentation whereas CID
produces primarily glycosidic dissociation [115–119].

2.3.3 IRMPD

Infrared multiphoton dissociation (IRMPD), first reported by Beauchamp and
co-workers [120], involves irradiation of trapped mass-selected ions, typically
achieved in quadrupole ion traps or Penning traps, with infrared radiation from a
tunable infrared laser (Fig. 12). The wavelength of the laser is ramped over a period
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of time causing unimolecular fragmentation (for carbohydrates this dissociation
produces CID like product ions [121, 122]) of the trapped ions only when they
possess resonant vibrational modes [123]. Therefore a plot of the wavelength
against the fragmentation yield, /, normalised to the respective laser power at each
given frequency, generates an action IR spectrum of the gas-phase ion. Additional

Fig. 12 Scheme depicting the typical orientation of the tuneable IR laser as it passes through the
ion cloud in a Paul (3D-quadrupole ion) trap and Penning trap (a). Schematic of the IRMPD
mechanism, the internal energy the ion gains resulting from photon absorption at the fundamental
vibrational frequency is dissipated by sequential intramolecular vibrational re-distribution
(IVR) events (b). Also depicted are cartoon bending and stretching modes for a region within
hexose isomers Glc and Gal and the action IR spectra of these two molecules (c). Figure parts
a and c are taken from Polfer [123]
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molecular dynamic (MD) simulations can yield key atomistic or conformation
information for small molecules or secondary structural features for peptides or
proteins that would be unobtainable by convention MS-based methods alone [121–
126]. Therefore IRMPD-MS could be an extremely powerful technique to aid
characterisation of often isomeric carbohydrates [124, 126], though this approach is
limited by the availability of bench top IR lasers that cover a wide and tunable range
[123]. To achieve action IR spectroscopy spanning the majority of the IR range,
free electron laser facilities are required [127]. Theoretical and experimental
comparisons are also extremely challenging since theoretical calculations typically
assume harmonic vibrational spectra, whereas experimental spectra are anharmonic.
Also the absorption of IR radiation is not necessarily linearly scaled with the
imparted energy, therefore experimental intensities may vary as compared to the
theoretical spectra. Finally intramolecular vibrational re-distribution results in band
broadening and red-shifting, which needs to be accounted for the experimental
spectrum [123]. Generation of reasonable gas-phase candidate structures, from
which theoretical IR spectra may be determined, is also not trivial given the typical
inherent conformational diversity within molecules.

3 Glycan Sequencing Strategies

Glycan characterisation can be achieved to various degrees by a number of tech-
niques. Most of these techniques are limited to studying solely glycan moieties that
have been removed from their conjugates prior to characterisation, although
methods exist that are capable of characterising the glycan constituents of intact
glycoproteins [128], glycopeptides [46] or other glycosides [37, 129]. For N-gly-
cans, glycan release is normally achieved enzymatically using one of three
enzymes-peptide-N-glycosidase F (PNGase F), which selectively cleaves the bond
between the reducing GlcNAc residue and the Asn residue (preferably without a
core a1-3 Fuc moiety); endoglycosidase F (Endo F) that cleaves between the
chitobiose core; or endoglycosidase H (Endo H), which also cleaves between the
chitobiose unit of only high mannose or hybrid N-glycans (Fig. 13) [2, 50]. As
Endo F/H cleavage leaves a glycan unit attached to the protein/peptide, sites of
glycosylation can also be characterised using typical proteomic strategies (e.g.
proteolysis followed by LC-MS2).

In comparison, the glycan moiety is completely removed when using PNGase F,
also converting the Asn residue to Asp, making glycosite characterisation more
challenging. This can be overcome by performing the transformation in 18O-water
which results in the formation of an 18O-Asp residue [130]. No similar enzymes are
known for O-glycan deglycosylation making them more challenging to process. As
a result, O-glycans are typically cleaved chemically using either reductive
b-elimination [48, 50, 131, 132] (Fig. 14) or hydrazinolysis (Fig. 15) [133–135].
However, hydrazinolysis may result in sequential loss of the reducing-terminal
residues (peeling), inhibiting complete sequence elucidation [133, 134]. After
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release, the glycans can be enriched and purified using either lectin affinity [136–
138], porous graphitised carbon (PGC) [139–141] or size exclusion columns [142]
and/or tagged with a fluorescent label [49, 143, 144]. Since these glycans normally
exist in multiple glycoforms, the released glycans are typically fractionated by
chromatography prior to their characterisation [15, 145–149]. Conversely, glycans
can be hydrolysed into their constituent monosaccharides by TFA or sulphuric acid
treatment [150, 151] followed by re-N-acetylation [152]. The relative abundances
and composition of these monosaccharides are then elucidated.

Fig. 13 Representative structure for a hybrid type N-glycan and the potential endoglycosidases
(orange) and example exoglycosidases (red) that can act on it

Fig. 14 Proposed mechanism for sodium borohydride induced reductive b-elimination of O-
glycans [50]
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Fig. 15 Potential reaction mechanism for hydrazinolysis of an O-glycan including the ‘Peeling’
side reactions [135]
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3.1 Glycosidase Treatment

Treatment of unknown glycans with cocktails of glycosidases, whose specificity
and activity are well characterised, is one of the most routinely employed strategies
to facilitate elucidating monosaccharide sequence and glycosidic linkage informa-
tion [49, 50, 153]. Glycosidases fall into two groups, endoglycosidases that cleave
non-terminal monosaccharides or glycosidic bonds to aglycons (such as proteins
and lipids) and exoglycosidases that cleave monosaccharides from the non-reducing
terminus in a stepwise manner. Both types are typically extremely specific for a
given monosaccharide and linkage type. Therefore, sequential treatment of
unknown glycans with specific exoglycosidases enables deduction of both the
monosaccharide sequence and the linkage information. A wide variety of exogly-
cosidases have been characterised that cleave Galb (Bovine testes) [154], Galb1-4
(Streptococcus pneumoniae) [155], GlcNAcb (Streptococcus pneumoniae) [156],
Neu5Aca (Streptococcus pneumoniae) [157], Mana1-2/3 (Xanthomonas maniho-
tis) [158], Mana1-6 (Xanthomonas manihotis) [158] and Fuca1-2 (Xanthomonas
manihotis) [158] to name a few (Fig. 13). Detection of enzymatic hydrolysis
products is facilitated by other analytical techniques (usually MS and/or LC) [15].
This approach is routinely employed in N-glycan sequencing. N-glycans consist of
well-characterised core oligosaccharide structures and the enzymatic transforma-
tions that act on them all relatively well characterised (at least for mammalian
systems) [15, 26, 153]. To enable characterisation, however, glycans must be
purified prior to hydrolysis so that changes resulting from the enzymatic action can
be monitored. Therefore, a priori fractionation techniques are required which can be
challenging for oligosaccharides since they are often chemically similar.
Additionally, glycosides capable of cleaving all potential glycosidic linkages have
yet to be elucidated limiting this approach. Finally, the sequential enzymatic pro-
cesses involved are low-throughput and often tedious [88].

3.2 Glycan-Binding Probes (GBPs)

One of the earliest approaches to identify carbohydrate structures was to employ
well-characterised glycan-binding proteins (GBPs), such as lectins or antibodies, as
affinity probes (Fig. 16) [138, 159–162]. A wide variety of GBP specificities has
been characterised that recognise a diverse range of glycan moieties [20, 163–168].
This enables elucidation of a range of divergent carbohydrate functionalities. For
example, the lectin Concanavalin A (ConA) preferably binds high mannose N-
glycans (a-Man specific), whereas Lotus tetragonolobus lectin (LTL) binds to
fucosylated glycans [163]. The difference in structural specificities of two GBPs can
also be more subtle. For example, Sambucus nigra (SNA) only binds to
a-2,6-sialylated carbohydrates [20], whereas Maackia amurensis II (MAL II) binds
preferentially to terminal a-2,3-sialylated N-glycans [164]. Unlike most other
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Fig. 16 Scheme depicting incubation of fluorescently tagged MAL I (sialic acid specific lectin)
and ConA (high mannose N-glycan specific) with an array of O- and N-glycans and their resultant
fluorescent response after washing
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sequencing strategies, the use of GBPs allows for glycan profiling at the macro-
scopic level in the form of tissue staining [169, 170] and microscopic in the form of
a cell [171, 172], as well as being capable of characterising glycoconjugates or free
glycans [173–177]. These GBPs are typically labelled with a fluorescent or
radioactive tags to facilitate detection of binding [138, 174, 178], which is disad-
vantageous compared to other label-free strategies, although label-free detections
techniques are also viable in certain situations such as MALDI-ToF MS [161, 162]
and surface plasmon resonance (SPR) spectroscopy [179, 180] can also be arrayed
enabling high-throughput glycan profiling of glycoconjugates [36, 161, 162, 181–
183] or even cells [172] and bacteria [184, 185]. Similarly, lectins can be attached
to supports, enabling selective enrichment of glycosides with a given structural
motif (lectin affinity chromatography) [186]. Unlike other profiling strategies,
however, lectin arrays yield few molecular structural features and because of
promiscuous lectin binding specificities, are liable to produce misleading
information.

3.3 Liquid Chromatography

For carbohydrate analysis, liquid chromatography (LC) is exploited primarily as a
separation and to a lesser extent as a characterisation tool [49, 50, 147, 187–190].
LC separates analytes based on their differing affinity towards a defined stationary
phase. Analytes that display poor retention (or are highly soluble in the mobile
phase) are sequentially eluted before those that have higher retention. Detection of
eluted molecules is normally achieved by spectroscopic means if the analyte pos-
sess a chromophore or by MS when the LC is placed in-line with the mass spec-
trometer. Confirmation of an analytes identity can be facilitated through comparing
its retention time to a known standard [188, 189]. This strategy has been greatly
facilitated by the development of a database (GlycoBase) consisting of experi-
mental chromatograms (and mass spectra) for various separation techniques (e.g.
HPLC, capillary electrophoresis etc.) under a specified set of standard conditions
[188, 189]. For glycans, monitoring alterations in glycan retention times (often
described in ‘glucose units’ (GU) with reference to a ladder of dextran polymers
[145]) after incubation with various glycosidase ‘cocktails’, whose specific activi-
ties are well characterised, can enable comprehensive elucidation of stereochemical
sequences [15, 26, 37, 145]. This approach relies heavily on access to glycosidases
capable of removing all natural glycosidic linkages, which currently is not
achievable. Characterising unknown glycans with a series of glycosidases would
also be time-consuming. LC techniques to separate carbohydrates have lagged
behind other biomolecules, primarily because carbohydrates lack a distinct chro-
maphore to facilitate their detection [148]. Additionally, they display poor retention
and separation on classical C18 reversed-phase (RP) columns given their highly
hydrophilic nature [147, 191]. Recently, it has been reported though that separation
of underivatized carbohydrates on RP columns can be improved through
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incorporation of an orthogonal separation tools such as ion mobility-mass spec-
trometry (IM-MS) [147]. As a result of poor separation on RP columns, carbohy-
drates are typically derivatised prior to LC analysis to add a chromaphore and
increase hydrophobicity. This is typically achieved through coupling of an ami-
nated chromophore, such as 2-aminobenzamide, 2-aminobenzoic acid or
2-aminopyridine, to the reducing aldehyde functionality of carbohydrate moieties
(reductive amination) [144, 192]. Permethylation of carbohydrates also improves
retention on C18 RP-LC supports and facilitates MS-based detection [193, 194],
although this relies on quantitative derivatization which can be challenging for
larger sterically more hindered structures. Despite the application of these strate-
gies, separation of glycan isomers remains challenging by C18 RP-LC methodology
alone [148, 191, 195]. As a result several other LC approaches consisting of novel
stationary phases have been developed, such as high pH (also referred to as
high-performance) anion-exchange chromatography (HPAEC) [196], hydrophilic
interaction chromatography (HILIC) [15, 197] and porous graphitic carbon
(PGC) [140, 198, 199], which do not rely on derivatization strategies (Fig. 17).

HPAEC is well established for the high resolution separation of underivatized
carbohydrates [196, 200, 201]. HPAEC columns typically consist of an agglom-
eration of non-porous polystyrene-divinylbenzene and smaller polystyrene-
divinylbenzene beads possessing quaternary amine groups [200]. Carbohydrate
samples are deprotonated with high pH mobile phases (pH > 12, linear gradi-
ent *10–100 mM sodium hydroxide to sodium acetate) resulting in separation by
anion-exchange with the quaternary amine stationary phase [200]. Classically
glycans eluted from HPAEC columns are quantitatively detected by pulsed
amperometric detection (PAD), since carbohydrate possess no chromophore.

Fig. 17 Examples of common stationary phases for RP (C18) (a), HPAEC (CarboPac, dionex)
(b), HILIC (ZIC-HILIC SeQuant®) (c) and PGC (d)
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Conveniently, most of the eluted analyte can be recovered after detection.
Unfortunately, HPAEC is often limited to small oligosaccharides (trisaccharides or
less) and is thus typically used for monosaccharide composition analysis. Also due
to the high-levels of salt, HPAEC is not amenable to MS-based analytical tech-
niques without carbohydrate desalting [139]. HPAEC-PAD also requires a rela-
tively large amount of analyte (*mg).

The separation mechanisms of HILIC chromatography are much more complex
compared to RP and HPAEC [202] and are still not fully understood. The specific
details of these mechanisms are beyond the scope of this chapter. HILIC employs
polar stationary phases to which polar substrates are retained preferentially com-
pared to the less-polar mobile phase (typically composed of acetonitrile). Polar
carbohydrates are eluted by increasing the concentration of water within the mobile
phase. This enables separation of a wide range of potentially isomeric carbohy-
drates including small oligosaccharides [203], N-glycans [15, 204] and glycopep-
tides [197]. Also unlike HPAEC, the mobile phase employed is compatible with
label-free analytical techniques such as MS [204] and UV/Vis absorbance for
oligosaccharides labelled with a chromaphore [15]. As a result, the use of HILIC
separation within research science is rapidly growing [202].

PGC stationary phases are increasingly being employed for the desalting and
separating underivatized carbohydrate samples [139, 140, 199, 204–206]. As sep-
aration of aqueous analytes occurs by both hydrophobic and electronic interactions
with the PGC stationary phase, PGC chromatography is amenable to studying both
polar and non-polar substrates [141]. The precise mechanisms associated with this
separation behaviour are also poorly understood similar to HILIC [205]. Unlike
most stationary phases, PGC is extraordinarily resilient to extreme operating con-
ditions including pH 0–14, allowing separation of acidic and basic analytes in their
neutral forms, respectively; and high temperatures (200 °C) that result in improved
peak symmetry and potentially improved separation [207] and additionally
accommodate for larger flow rates with little increase in back-pressure given the
loss in viscosity associated with the mobile phase [205]. Like HILIC, PGC chro-
matography has been reported to be capable of separating branched and linear
glycan regio- and stereoisomers [140, 198, 199, 208]. Few studies have been
undertaken comparing PGC and HILIC, although a large study comparing 141
unique metabolites found HILIC (aminopropyl column at pH 9.45) provided the
greatest separation of these species [209]. Estimation of PGC retention times from
the glycan structure is also more challenging compared to HILIC and RP [204].

An issue for LC approaches for carbohydrate identification is that an internal
standard is required to validate detected carbohydrates, although this requires a
priori characterisation of that given structure for full structural elucidation [199].
Conversely, the retention times of a purified known reference library whose
structures have been characterised can be compared to unknown structures.
However, the isolation or synthesis of such a vast library would be extremely
challenging given the challenges associated with their chemical synthesis [210,
211] and the huge number of potential structures glycans that can be formed from
only a small subset of monosaccharide residues [212]. Finally, even with all these
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LC methodologies, separation of certain glycan isomers remains a significant
challenge [213], although this may be alleviated by using orthogonal tandem LC
strategies [208].

3.4 Mass Spectrometry and Hyphenated Mass
Spectrometry Methods

MS and tandem MS techniques are the most commonly employed approach to
structurally characterise glycans or glycopeptides given their speed and sensitivity
[88, 214, 215]. Additionally, unlike most of the other characterisation tools, mass
spectrometry enables direct glycosite characterisation at the glycopeptide level.

However, the primary limitation associated with studying glycans by conven-
tional MS approaches is that most of the common natural monosaccharide building
blocks are simple epimers of one another and therefore possess identical m/z
(Figs. 1 and 18). Therefore, MS alone, is limited to characterising the monosac-
charide class (i.e. hexose, N-acetylhexosamine, deoxy hexose, etc.) and is insuffi-
cient to directly identify these monosaccharide units without the use of an
orthogonal sequencing approach, and are (???) often achieved through character-
ising the glycan processing pathways [46]. Glycan regiochemistry and branching
can be elucidated either from diagnostic fragment ions [98, 215, 216] or though
analysis of tandem mass spectra of permethylated or peracetylated glycans, since
glycosidic fragments will have a number methyl/acetyl groups equal to the number
of branches from that residue [194]. However, incomplete peralkylation or per-
acetylation complicates identification of branching and they (????) often require an
additional purification step c.f. their underivatized equivalents; although, as previ-
ously mentioned, peralkylation or peracetylation strategies are also advantageous as
they improve chromatographic retention on classical RP columns and increases MS
response [190, 194]. Peralkylation and peracetylation also increase the volatility
and thermal stability of monosaccharides allowing their analysis by
gas-chromatography MS [217]. Stereochemical assignment of the monosaccharide
units and of the glycosidic bond linking them is much more challenging. As dis-
cussed previously in Sect. 1.3.1, shifts in m/z after application of specific
well-characterised exoglycosidases allows for certain moieties to be elucidated
depending on the availability of the exoglycosidase [218]. Spectral matching glycan
[88, 98, 219–223] or glycopeptide [220, 224] experimental tandem mass spectra to
those of synthesised reference standards have also shown promise in being able to
discern stereochemical (and regiochemical) information. A drawback of spectral
matching is the requirement of a characterised synthetic standard, which is not
feasible for large oligosaccharides given the number of potential isomers and
challenges associated with synthesising these standards. Although it is not clear
how well spectral similarities observed for small oligosaccharide standards will
extend to larger structures. Konda et al. have reported that MS3 (???) of a diagnostic
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fragment ion (m/z 221) corresponding to deprotonated Hex-glycolaldehyde pro-
duces a tandem mass spectrum that is diagnostic of the stereochemistry of the
monosaccharide and anomeric configuration [215, 225]. This approach would
require of a relatively small reference library to allow identification of all species,
although the approach has currently only been developed on a relatively small
reference library of Glc, Gal and Man. It also requires the formation of specific
fragments that produce these MSn structurally rich spectra, which may be chal-
lenging for larger structures. Further recent strategies include energy-resolved mass
spectrometry (ER-MS), where the product ion yields are recorded against the
specific collision energy imparted since different diastereoisomers may require
different activation energies [226–230]. For carbohydrates, these approaches often
require purification of glycan mixtures prior to analysis otherwise you are liable to
record chimeric ER-MS of iso-bars/mers that cannot be readily deconvoluted.
Using a variation of ER-MS, Nagy et al. reported the first separation of all natural
aldohexose, ketohexose and pentose monosaccharide stereoisomers including
enantiomers. This was achieved by initially forming diastereomeric complexes with
the monosaccharide of interest, a chiral reference molecule (e.g. L-serine) and Cu2+,
fragmenting them by collision-induced dissociation (CID) at a specific energy and
comparing the relative intensities of the product ions associated with loss of the
chiral reference and the glycan (Rfixed) [228, 230]. However, this strategy cannot
generate regio-/stereochemical information in regards to the glycosidic linkages and
requires glycan hydrolysis to the monosaccharide species prior to analysis; the
sequence in which the monosaccharides appear in the glycan cannot thus be
determined directly. Combining ion mobility spectrometry, an orthogonal
gas-phase separation technique, to ER-MS further improves discrimination of
isomeric carbohydrates [229].

Ion mobility (IM) spectrometry is a growing technique to characterise or sepa-
rate carbohydrates and is especially powerful when coupled to conventional MS
and LC strategies. This recent surge in ion mobility analysis of glycans is primarily
a result of the recent commercialisation of hybrid IM-MS instrumentation (2006).

Fig. 18 Example of the spectral similarity within the tandem mass spectrum of two disaccharide
isomers that have been fragmented by collision-induced dissociation (CID). Resulting product ions
of these isomeric species are also isomers of one another. CID corresponds to collision-induced
dissociation

254 C. Gray and S.L. Flitsch



IM separates species based on their rotationally averaged cross-sectional
area-to-charge (X/z) ratio, a parameter that is intrinsic to a given molecule under
a defined set of experimental conditions. Therefore, this technique possesses the
capability of separating isomeric and isobaric glycan and glycoconjugates precur-
sors and product ions, indistinguishable by MS alone and crucially when combined
with molecular dynamics may facilitate elucidation of structural and conformational
information [46, 129, 213, 229, 231–233].

Another drawback to using MS as an approach to characterise glycans is the
reported rearrangement of glycan during CID of protonated carbohydrates, as
previously mentioned in Sect. 1.2.3.1, making structure elucidation ambiguous
[104, 109]. Although this migration has never been observed for metal cationised
carbohydrates [109].

3.5 Alternative Approaches to Characterise Glycan
Structures

NMR spectroscopy is currently the only analytical technique that can directly yield
full three-dimensional structure and conformation elucidation of completely novel
carbohydrates in solution [5, 234, 235]. Given the typical biological complexity of
carbohydrates, 2D NMR experiments are normally acquired which improves
spectral dispersion and can also yield important conformational information such as
bond distances through-space between different or identical atoms for (Hetero)
Nuclear Overhauser Effect spectroscopy (H/NOESY), respectively, and connec-
tivity and stereochemical information for Heteronuclear Multiple-Quantum
Correlation spectroscopy (HMQC) [5, 235], Correlation spectroscopy (COSY)
[236] and Total Correlation spectroscopy (TOCSY) [46, 234]. The main disad-
vantages of NMR are that it is low-throughput, requires a relatively large amount of
material which is typically not-amenable to biological samples and due to the
spectra complexity of carbohydrates, samples need to be purified and isolated
which is challenging for similar glycoforms. Additionally, spectra are normally
extremely challenging to interpret and thus require computer assisted assignments
[234].

X-ray crystallography also possesses the ability to give atomistic information on
crystallised glycan and glycoconjugates structures [237, 238]. This technique like
NMR is low-throughput and additionally requires regular crystals or carbohydrate
structures, which underivatized carbohydrates rarely produce presumably due to
their inherent flexibility. Additionally, due to their flexibility, carbohydrates tend to
give poorly resolved crystal structures [237, 239].
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4 Characterisation of Glycan-Binding Proteins

(Micro)array approaches are eminently suited for the elucidation of
glycan-glycan-binding protein (GBP) partners as they can potentially offer the
ability to screen >1000 reactions in a high-throughput manner [174] and require
sub µL amounts of material. The application of array technology within both basic
and applied (e.g. clinical) research science is highly diverse and has previously been
used to study antigen binding [240], enzymatic transformations [175, 241, 242],
bacterial binding [243] and glycan-GBP binding partners [138, 159, 174] to name a
few. It is therefore unsurprising that there is a plethora of both array technologies
and analytical techniques employed. A comprehensive list of array technologies and
the analytical techniques used to screen them have been reviewed by us very
recently [244]. Whilst this review focuses on the applications of array technologies
to screen enzymatic transformations, the principles described in the review extend
to studying substrate–ligand binding partners.

For applications immobilising glycans or GBPs to self-assembled monolayers
(SAMs) on gold offer an ideal platform to study glycan–GBP partners. SAMs are
relatively thermally and chemically stable and, to some extent, mimic the fluidity of
the lipid bilayer motif present at the cell surface membrane [245]. These arrays can
be screened directly by matrix-assisted laser desorption/ionisation (MALDI)
time-of-flight (ToF) mass spectrometry (MS), a rapid label-free technique that
reveals structural information on the bound analyte. When combined with routine
bottom-up proteomics strategies, namely proteolytic digestion followed by MS
and/or MS/MS of the generated peptides and subsequent database screening [246],
the identity of unknown proteins can be determined [162, 179, 183]. Such arrays
can, therefore, be utilised to characterise glycan-GBP partners directly from com-
plex biofluids, without the need for a challenging labelling step as is often required
for other common visualisation techniques such as fluorescence or radiation
[138, 247].

5 Conclusions

Mass spectrometry-based methodologies have become key analytical tools both for
carbohydrate sequencing and the characterisation of glycan-binding proteins. The
key limitation of classical mass spectrometry as a ‘two-dimensional technique’ has
been the lack of stereochemical information of glycan structure. Such shortcomings
can be overcome by combining mass spectrometry with enzymatic digestion
protocols and chromatographic techniques. Some very exciting recent develop-
ments are the adding of ion mobility spectrometry and IR spectroscopy in-line with
mass spectrometry, used as hyphenated analytical techniques that give very high
structural resolution.
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Masking Strategies for the Bioorthogonal
Release of Anticancer Glycosides

Belén Rubio-Ruiz, Thomas L. Bray, Ana M. López-Pérez
and Asier Unciti-Broceta

Abstract Significant progress in the bioorthogonal field has resulted in the advent
of a new type of prodrug: bioorthogonal prodrugs, i.e. metabolically stable pre-
cursors of therapeutic agents that are specifically activated by non-native,
non-biological, non-perturbing physical or chemical stimuli. The application of
such unique drug precursors in conjunction with their corresponding activating
source is under preclinical experimentation as a novel way to elicit site-specific
activation of cytotoxic drugs, with particular emphasis on anticancer glycosides. In
this chapter, the strategies developed for the masking and bioorthogonal release of
cytotoxic nucleosides using benign electromagnetic radiations, biocompatible click
chemistry and bioorthogonal organometallic (BOOM) catalysis will be discussed in
detail.

1 Basic Principles

1.1 Glycosides

Formally, a glycoside is any molecule in which a sugar group is bonded through its
anomeric carbon to another group via a glycosidic bond [1]. The sugar residue of
the glycoside is termed the glycone, which consist of a single sugar moiety
(monosaccharide) or multiple sugar moieties (oligosaccharide), and the non-sugar
part is the aglycone or genin part. Glycosides were originally defined as mixed
acetals derived from cyclic forms of saccharides. Nowadays, the term ‘glycoside’
encompasses not only O-glycosides, i.e. compounds with the anomeric OH
replaced by a –OR group, but also thioglycosides (–SR), selenoglycosides (–SeR),
glycosylamines (–NR1R2), and C-glycosyl compounds (–CR1R2R3) [2, 3].
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Many bioactive small molecules, including hormones, antibiotics, chemothera-
peutics, etc., contain sugar residues. Although establishing a general rule on the
functional role of such glycones in their respective glycosides is difficult, some
general trends derived from selected examples show the potential applications of
glycosylation. Normally, glycosides are more hydrophilic than the respective
aglycones. Such glycosylation strongly influences the pharmacodynamic and/or
pharmacokinetic properties of the parent compound, e.g., circulation, elimination,
and distribution across body compartments, including transport through important
barriers as the hematoencephalic or placental barrier. There are, however, glyco-
sides with specific biological functions that do not derive from the biological
activity of the corresponding aglycone, i.e. the final activity is then given by the
overall molecular structure [4].

1.2 Anticancer Glycosides

In the vast anticancer therapeutic arsenal, glycosides have played a prominent role
as chemotherapeutic agents, either in their natural, semi-synthetic, or synthetic
forms. Among the natural glycosides, anthracyclines produced by bacteria of the
genus Streptomyces and closely related genera stand out because of their broad
spectrum of activity against blood and solid malignancies [5]. The first compounds
discovered of this structural class of natural products were doxorubicin (DOX) and
daunorubicin (DNR), isolated from the pigment-producing Streptomyces peucetius
in the early 1960s [6]. Structurally, both are O-glycosides containing a tetracyclic
ring system that consists of an anthraquinone fused to a cyclohexyl ring—the
aglycone part—and an aminosugar (daunosamine) attached by a glycosidic bond at
the C7 position of the ring (Fig. 1). The only structural difference between DOX
and DNR is the presence of a hydroxyl group at the C14 position in DOX, which
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dramatically affects their spectrum of activity; whereas DOX is used against breast
cancer, childhood solid tumors, soft tissue sarcomas, and aggressive lymphomas,
DNR shows superior activity against acute lymphoblastic or myeloblastic leuke-
mias [6].

Several modes of action have been postulated for anthracyclines. Inhibition of
topoisomerase II is considered the principal cytotoxic mechanism which occurs by
intercalation of the aglycone portion of the anthracycline between adjacent DNA
base pairs. While the planar ring system is important for intercalation into DNA, the
cyclohexane ring A and the aminosugar residue play a major role in the formation
and stabilization of the anthracycline–DNA–topoisomerase II ternary complex. This
stabilization results in the production of double-strand DNA breaks. Other reported
modes of action include induction of apoptosis, inhibition of RNA synthesis, a one-
and two-electron reduction to reactive compounds, and the formation of reactive
oxygen species (ROS) that are able to damage DNA and cell membranes [7].

Despite their medical importance (DOX and DNR are listed on the WHO Model
List of Essential Medicines), the clinical efficacy of both DOX and DNR is ham-
pered by the development of chemoresistant tumor cells and by a cumulative
dose-dependent cardiotoxicity, which can cause irreversible heart failure. The
search for novel anthracyclines with enhanced activity and cardiac tolerability has
resulted in many analogs, e.g. epirubicin (EPI) and idarubicin (IDA) that exhibit
improved therapeutic index, but the risk of inducing cardiomyopathy is not miti-
gated [6].

Included in the WHO Model List of Essential Medicines is also etoposide, a
glycoside derivative of the non-alkaloid natural product Podophyllotoxin [8]. As a
topoisomerase II inhibitor unrelated to the anthracycline family, etoposide poisons
the binary covalent complex DNA-Topoisomerase II, resulting in the formation of
double-strand DNA breaks [9]. Approved by FDA in 1983, etoposide is currently
used for the treatment of several malignancies such as testicular cancer, non‐small
cell lung cancer (NSCLC), non-Hodgkin’s lymphoma or Ewing sarcoma, although
its therapeutic use is limited by toxicity involving mainly myelosuppression.

Other important group of anticancer glycosides is constituted by nucleoside
analogs, some of which have been in clinical use for almost 50 years. Since the
initial approval of cytarabine in 1969 for the treatment of acute myeloid leukemia,
numerous nucleoside analogs have been developed as antimetabolites and approved
by the US Food and Drug Administration (FDA) for the treatment of different types
of cancers [10]. These compounds are chemically modified derivatives of nucleo-
sides that mimic their physiological counterparts, disrupting cell growth, and sur-
vival either by incorporation into the DNA and RNA macromolecules, by
interference with various enzymes involved in the synthesis of nucleic acids, and/or
by modification of the metabolism of physiological nucleosides [11].

Subtle modifications in the nitrogen base and, importantly, in the carbohydrate
moiety, are the basis of the chemical and clinical diversity of these compounds
(Fig. 2). Fluoropyrimidines, such as floxuridine (FUDR) and capecitabine (Fig. 3),
mostly exert their cytotoxic effect by inhibition of thymidylate synthase which
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induces a status of deoxythimidine monophosphate deficiency and imbalance in the
nucleotide pool that impairs DNA replication and repair [12].

Other nucleoside analogs such as cytarabine (cytidine epimer) or gemcitabine
(Fig. 3) are however converted to their respective nucleotide analogs, which in turn
inhibit DNA synthesis by inhibition of DNA polymerases and/or ribonucleotide
reductase. Nonetheless, there are differences in the interaction of these agents and
their cytotoxic metabolites with the various metabolic pathways and intracellular
targets, thereby imparting unique properties to each of these agents and resulting in
unique clinical activity [13].

Despite the availability of several nucleoside analogs in the clinic, the devel-
opment of new and improved agents is justified by the need to overcome issues of
resistance, poor oral bioavailability, long-term toxicity, and inter-individual vari-
ability requiring dose adaptation. New nucleosides that have important modifica-
tions in their base and sugar moieties are currently in clinical trials. Sapacitabine,
currently in Phase 2 trials in elderly patients with myelodysplastic syndromes,
NSCLC and chronic lymphocytic leukemia, is an example [10].

1.3 Bioresponsive Versus Bioorthogonal Prodrugs

In spite of their medical importance, the clinical application of the chemothera-
peutic drugs described above is limited by lack of selectivity [14, 15]. The mode of
action of these drugs renders them particularly harmful to healthy tissues with a
high rate of cell regeneration which leads to dose-limiting adverse effects such as
myelosuppression. To mitigate unwanted side effects while increasing the levels of
drug in the disease area, many efforts have been made towards the design of
cancer-specific strategies. One such strategy consists of transforming chemothera-
peutic agents into latent prodrugs, which are derivatives devoid of pharmacological
activity that are converted into their active forms by specific stimuli [16, 17]. Most
popular prodrug strategies used for anticancer glycosides take advantage of the
biochemical differences between healthy and malignant tissues. High expression

Fig. 2 General structure of
nucleoside analogs (N-
glycosides) and their main
chemical modifications
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levels of specific intracellular enzymes, tumor-specific antigens expressed on tumor
cell surfaces, the hypoxic environment inside the tumor or low extracellular pH
have been widely employed to achieve cancer-specific prodrug activation [18].
Drug precursors that are designed to exploit such biological or physiological stimuli
are herein classified as bioresponsive prodrugs.
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Using enzyme-specific substrates, prodrugs can become preferentially activated
at the tumor site. Many tumor-associated enzymes belonging to four IUPAC classes
—oxidoreductases, transferases, hydrolases, and lyases—are considered optimal
targets to catalyze drug release in a stringently controlled fashion [19, 20]. One of
them, b-glucuronidase—an enzyme that hydrolyzes the glycosidic bond of glu-
curonides—have been intensively explored over the past three decades for the
selective activation of several glucuronidated prodrugs of anthracyclines [21]. As
b-Glucuronidase is overexpressed in a wide range of tumor types and is particularly
localized in necrotic areas, this strategy was conceived to overcome the dose-related
cardiotoxicity of anthracyclines.

With few exceptions (e.g. EPI-glucuronide [22]), the majority of the reported
anthracycline prodrugs activated byhumanb-glucuronidase present a self-immolative
linker between the carbohydrate masking group and the drug which enhances the
hydrolysis efficiency by the enzyme. HMR 1826 [23] and DOX-GA3 [24]
(glucuronidated prodrugs of DOX) and DNR-GA3 [25, 26] (obtained from DNR)
respond to this general structure (Fig. 4).

Although these glucuronide antitumor prodrugs can be applied in monotherapy,
their effectiveness was increased using an antibody-directed enzyme prodrug
therapy (ADEPT). Unlike anticancer prodrug monotherapy in which prodrugs are
designed for direct activation by a tumor-associated factor (e.g. an enzyme), in the
ADEPT concept, antigens expressed on tumors cells are used to target and deliver
exogenous prodrug-activating enzymes to the tumor site [27]. Upon localization of
such antibody–enzyme conjugates in the tumor, prodrugs are administrated. Using
this strategy, prodrugs HMR 1826, DOX-GA3, and DNR-GA3 showed favorable
therapeutic effects compared with the parent drug, but the administration of very
high doses was usually required to achieve a significant therapeutic effect [21].

Tumor hypoxia is another well-characterized feature that has been explored for
targeted prodrug activation. Solid tumors often contain an inefficient microvascular
system and, as result, the presence of regions with acute or chronic hypoxia in
tumors is common in many cancers. Although hypoxia is a major problem in
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radiotherapy and chemotherapy, these low oxygen levels have been turned into a
therapeutic advantage by designing hypoxia-responsive prodrugs that are able to
release active cytotoxic agents upon reduction under hypoxic conditions [28]. Most
hypoxia selective strategies are designed for reduction by endogenous reducing
enzymes such as cytochrome P450 reductase or DT-diaphorase. Although these
oxidoreductases are also present in normal aerobic cells, the selectivity of
hypoxia-responsive prodrugs is favored in tumor cells because the reduced
derivatives are rapidly oxidized back to the inactive prodrug in normoxia.
Alternative strategies based on the expression of exogenous reductive enzymes into
tumors for prodrug activation have also been developed, e.g. gene directed enzyme
prodrug therapy (GDEPT) and virus directed enzyme prodrug therapy (VDEPT).
Examples of reductive enzymes used in such approaches include cytochrome
P450s, E. coli nitroreductase, and DT-diaphorase [29].

To date, the main classes of bioreductive compounds that undergo enzymatic
reduction include quinones, nitro heterocyclic compounds, aromatic N-oxides,
aliphatic N-oxides, and metal complexes [30]. In a related approach, some of these
reducible functions are used as promoieties to effectively release anticancer cyto-
toxic agents upon bioreduction. This is the case of the nitroaromatic group shown in
Fig. 5, whose reduction induces an intramolecular cyclization reaction and subse-
quent release of a conjugated drug. Following this strategy, different prodrugs of
FUDR were designed [31, 32]. Although cyclization occurs rapidly upon reduction
of the nitro group, these compounds are not good substrates of nitroreductase which
impeded an efficient enzymatic reduction.

As previously mentioned, the great majority of anticancer prodrugs reported to
date are bioresponsive prodrugs, i.e. drug precursors that become active through a
biochemical process. In the last few years, however, a number of novel methods
originated from the Chemical Biology field have emerged to explore novel
site-specific activation of cytotoxic drugs. Since Carolyn Bertozzi showcased the
potential of performing chemical modifications in living biological systems without
interfering with the host biochemistry, many labs around the globe have felt
inspired by the concept of bioorthogonality [33–36]. Significant progress on the use
of benign non-biological means to activate drug precursors [37] have resulted in the
advent of a new type of prodrug: bioorthogonal prodrugs, i.e. biologically stable
drug precursors that are specifically activated by non-native, non-biological,
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non-perturbing means [38]. During the subsequent subchapters, the strategies used
for the masking and bioorthogonal release of cytotoxic glycosides using benign
electromagnetic radiations, biocompatible click chemistry and bioorthogonal
organometallic (BOOM) catalysis will be discussed in detail.

2 Photoactivated Prodrugs

2.1 Introduction to Phototherapy

Generally speaking, phototherapy relates to the use of light in the treatment of
disease. The systemic administration of a photosensitizer followed by the appli-
cation of light on a specific area was undertaken for the first time in 1903 by von
Tappeiner and Jesionek, using a combination of topical eosin and white light to
treat skin tumors [39]. Subsequent studies in man have validated the clinical use of
so-called photodynamic therapy (PDT) in a variety of cancers [40–46], a technique
that results in the destruction of tissue after focal irradiation of benign light as a
consequence of the in situ excitation of systemically administered photosensitizers
and subsequent generation of reactive oxygen species [47]. One of the drawbacks of
PDT, however, is that it causes indiscriminate cell damage to both tumor and
healthy tissue within the area that is exposed to light [48]. Photoinduced activation
of cytotoxic prodrugs endows a higher grade of tumor specificity by combining
site-specific activity with discriminatory cytotoxicity towards cells that divide
rapidly, thus providing an attractive means of targeting malignancies whilst
reducing systemic side effects.

Photoactivated prodrugs are generated by coupling a photolabile protecting
motif on functional groups that are directly involved in drug–target interactions,
thus disrupting its bioactivity. In the absence of radiation, the caged drug will
induce minimal cytotoxicity. Irradiation of benign light with an appropriate
wavelength will uncage the active therapeutic agent thus restoring its pharmaco-
logical activity. A number of photoresponsive masking groups have been developed
for wavelength-specific drug-uncaging applications, and the extent of caging and
photoinduced uncaging is currently under investigation in a wide range of
chemotherapeutics [49–51].

2.2 A Photoactivated Prodrug of Doxorubicin

Most anthracycline prodrugs are developed by modification of the primary amino
group of its daunosamine sugar residue. This group forms key interactions between
DNA strands within the drug–DNA adduct [52] and along the minor groove of
DNA during intercalation [53], and consequently is essential for the formation of
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the topoisomerase II–drug–DNA complex. The efficacy of this strategy has been
demonstrated in a number of bioresponsive prodrugs of DOX and EPI [21, 22, 54,
55], and presents an attractive strategy for the reduction of systemic toxicity
(particularly cardiotoxicity) and increased tumor-specific activity.

Ibsen et al. reported a DOX prodrug capable of undergoing photoinduced
activation in vivo [56, 57]. The caging group disguises the amino group of DOX as
a carbamate, and incorporates a photocleavable o-nitrobenzyloxycarbonyl linker
coupled to a biotin molecule through a bis-(ethylene glycol) spacer arm (Fig. 6).
The authors reported that cellular uptake of the prodrug was very fast. However, in
contrast to DOX, it did not localize in the nucleus, proving that DNA intercalation
was inhibited. Cell viability studies showed that the chosen masking strategy
(photocleavable biotin (PCB) [58]) produced a derivative that displayed over
200-fold cytotoxicity reduction in lung cancer cells relative to DOX.

The authors claimed that the PEG-biotin moiety was introduced to enhance the
clearance rate of the freely circulating prodrug to minimize prodrug activation in the
light-exposed tumor bloodstream and, thereby, to reduce the systemic release of
active DOX [57]. The masked amino group proved to be resistant to enzymatic
cleavage under incubation with human liver microsomes, and efficient release of
free DOX was verified in cancer cell culture upon photo-irradiation at 350 nm for
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60 min [56]. Ex vivo analysis of mouse tumor tissue irradiated with 365 nm light
by a custom designed LED fiber optic cable verified a good distribution of scattered
light throughout the tumor sample. Subsequent LCMS analysis of an ex vivo tumor
sample dosed with the prodrug confirmed DOX release within the tissue after
365 nm light irradiation for 30 min [57]. In addition, DOX–PBC was administered
to mice and studied in the absence and presence of light exposure. While the drug
precursor was detected in both tumor samples, light-exposed tumors presented
roughly 6-fold higher concentration of DOX. The cytotoxic effect of DOX was
localized within the tumor, with minimal systemic circulation of free DOX [57].

2.3 A Photoactivated Prodrug of Floxuridine

FUDR is an anticancer antimetabolite used to treat advanced colorectal, stomach,
and kidney cancers, and also employed to treat unresectable gastrointestinal
malignancies that have spread to the liver [59]. FUDR is also one of the cytotoxic
metabolites intracellularly generated after administration of 5-fluorouracil (5FU).
As most cytotoxic nucleoside analogs, FUDR is converted into highly cytotoxic
species by phosphorylation of the 5′-OH of the deoxyribose ring. The FUDR-5′-
monophosphate derivative inhibits thymidylate synthase, repressing DNA synthesis
upstream, whereas triphosphorylated FUDR incorporates into DNA molecules and
further contributes to cytotoxicity by DNA damage [60]. Chemical blockade of this
essential position prevents FUDR phosphorylation into its active metabolites, thus
precluding its cytotoxic activity [61].

Pei and Gong reported a FUDR prodrug that possesses the primary alcohol
position 5′-OH caged as a carbonate group using a 4,5-dimethoxy-2-
nitrobenzyloxycarbonyl [62], and demonstrated prodrug photolysis into FUDR
and 4,5-dimethoxy-2-nitrosobenzaldehyde upon light irradiation at 350 nm by
HPLC. In the absence of the light source, E. coli DH5A cell growth was only
slightly inhibited by the prodrug, while complete inhibition of bacterial prolifera-
tion was observed upon exposure to 350 nm light. Unfortunately, the authors did
not provide any data in human cancer cells (Fig. 7).
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2.4 Photoactivated Prodrugs of 5-Fluorouracil

5FU is an antineoplastic antimetabolite that targets the uracil anabolic pathway.
Although 5FU is not a glycoside, it is metabolized inside cells into cytotoxic
nucleotides by glycosidation of its N1 position with either ribose or deoxyribose
and subsequent phosphorylation of the 5′-OH [63]. While deoxyribose incorpora-
tion is disfavored, FUDR-5′-monophosphate is the main contributor to the anti-
cancer properties of 5FU by inhibition of thymidylate synthase [64]. 5FU possesses
a narrow therapeutic window and >80% is catabolized in the liver into ineffective
dihydrofluorouracil [65]. Consequently, much effort has focused on the develop-
ment of 5FU precursors with improved ADME-Tox. Because the position N1 of
5FU needs to become glycosylated for its conversion into cytotoxic metabolites,
most prodrug strategies have focused on blocking such a position with a broad
range of chemical groups [63, 66–68].

Zhang et al. [68] developed a photocleavable 5FU prodrug with and without
tumor-targeting properties by conjugating an o-nitrobenzyl group at the N1 position
of 5FU (Fig. 8). Tumor-targeting capabilities were introduced by coupling a cyclic
Cys–Asn–Gly–Arg–Cys (CNGRC) motif to the masking group. The CNGRC motif
is a well-established tumor-homing peptide that specifically recognizes membrane-
bound aminopeptidase N (also called CD13) on the surface of the tumor vascula-
ture, a protein that is involved in angiogenesis [69]. Incorporation of such a motif
through a photoresponsive linker was aimed to increase prodrug accumulation in
the cancerous tissue prior to light irradiation. The 5FU-ONB prodrug showed
stability in aqueous solution after 24 h in the dark and efficient cleavage after
exposure to UVA light for 60 min. However, the photoinduced cleavage of the
peptide-labeled derivative 5FU-CNGRC was significantly slower, requiring 5 h to
achieve 50% release of 5FU.
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Using a similar strategy, Lin et al. [70] developed a “dual
bioorthogonal/bioresponsive” prodrug approach for the photoinduced release of the
clinically approved 5FU prodrug Tegafur followed by metabolic release of 5FU.
Tegafur contains a 2-tetrahydro-2-furanyl group at the N1 position of 5FU and is
metabolized into 5FU by the enzyme Cytochrome P450 2A6 (CYP2A6). Tegafur is
employed with moderate efficacy in many gastrointestinal cancers [71]. The
introduction of the porphyrin group was proposed to accumulate the prodrug in
cancer and, potentially, be used as a photosensitizer for photodynamic therapy to
potentiate the efficacy of Tegafur [70].

Alkylation of the N3 position of Tegafur with a photosensitive p-triphenylpor-
phyrin-o-nitrobenzyl group resulted in a stable, biologically inactive derivative
(Fig. 9). Upon 350 nm photo-irradiation for 15 min, >60% of Tegafur was effi-
ciently released. In vitro studies in MCF7 breast cancer cells showed that the double
prodrug mediated very low cytotoxicity in the absence of light, whereas a signifi-
cant increase in cytotoxic effect was observed after UVA light irradiation, indi-
cating in situ photo-triggered Tegafur release and subsequent metabolic generation
of 5FU.

Agarwal and co-workers [72] developed a photoinduced 5FU-releasing poly-
meric system (Fig. 10). 5FU molecules were covalently caged to a
methylcoumarin-functionalized polymer by light-promoted [2 + 2] cycloaddition.
Reversion of this process was achieved by irradiation at 266 nm. Such a highly
energetic radiation, however, represents the major disadvantage of the strategy, as
wavelengths below 320 nm induce severe sub-lethal and lethal damage to
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DNA/RNA both in normal and tumoral cells. Since the mechanism that triggers
5FU release also mediates a direct biological effect, this photoactivated masking
strategy cannot be considered as bioorthogonal.

3 Prodrugs Activated by Bioorthogonal Click Chemistry

3.1 Introduction to Click Chemistry

The concept of “click chemistry” was formally described by Nobel Laureate Barry
Sharpless in 2001 [73]. This synthetic paradigm relies on reactions offering high
values of efficiency, selectivity, functional group tolerance and atom economy to
build or decorate complex molecules in biocompatible conditions. The
quintessential example of this type of chemistry is the Cu(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) [74, 75]. Since its introduction, click chemistry has become
one of the most widely employed and reliable methods for the covalent assembly of
macromolecules, and it have found applications in many disciplines including
nanotechnology, chemical biology, drug delivery and medicinal chemistry [76–81].
Shortly after, Carolyn Bertozzi coined the concept of “bioorthogonal chemistry” to
define chemical reactions that occur in living environments without interacting or
interfering with biological components [82]. The notion of bioorthogonality has
organically grown into an intrinsic property of matter and energy and, for many
scientists including us, nowadays encompasses any molecule (or functional group),
material or electromagnetic radiation that is biologically inactive and metabolically
stable. Since most click reactions including CuAAC are not compatible with life,
the stringent chemical requirements derived from the bioorthogonal concept
demanded the search for novel chemical processes. The first recognized example of
a bioorthogonal reaction was the Staudinger ligation [35], where alkyl azides react
with triphenylphosphine reagents with an electrophilic trap to form a stable amide
bond, thus facilitating the covalent labeling of cell surface components both in vitro
[33] and in vivo [35]. However, the slow kinetics of this reaction restricted the
study of fast-occurring biological processes. Bertozzi’s lab reported in 2004 a
bioorthogonal (copper-free) version of the CuAAC click reaction using
spring-loaded cyclooctyne reagents, which are capable of undergoing 1,3-dipolar
cycloadditions with alkylazides in the absence of catalysts and in living organisms
with increased reaction rates [34, 35]. In the last decade, a wide range of bio-
compatible chemical ligations has been reported using different bioorthogonal
partners such as azide-oxanorbornadiene [83], nitrone-cyclooctyne [84], and the
fast inverse Diels–Alder reaction between tetrazines and strained alkenes [85, 86].

Although bioorthogonal click reactions have been mainly used for labeling
biomolecules in their native environment, their scope has been recently expanded
beyond molecular imaging and diagnostics. In recent years, a number of research
labs have studied the potential use of bioorthogonal click chemistry for the selective
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targeting and release of chemotherapeutics in tumors to improve its clinical efficacy
and reduce side effects. For example, Kim and co-workers used metabolic glyco-
engineering to label the surface of cancer cells with unnatural sialic acids labeled
with azide groups. Through copper-free click chemistry with the azide-labeled cell
surface components, dibenzylcyclootyne-functionalized nanoparticles were specif-
ically taken up by tagged cancer cells both in vitro and in vivo [87]. Artemov and
co-workers proposed an alternative strategy where breast cancer cells are
pre-targeted with azide-functionalized trastuzumab (anti-HER2 humanized mono-
clonal antibody). Subsequent treatment with dibenzylcyclooctyne-functionalized
albumin conjugated with paclitaxel resulted in the bioorthogonal formation of
cross-linked clusters on the cell surface that facilitated complex internalization and
intracellular drug release [88]. Brudno et al. demonstrated the use of bioorthogonal
click chemistry for the selective in vivo targeting of azide and tetrazine-
functionalized hydrogels injected in a disease site with drug surrogates [89]. All
these studies have shown the potential of bioorthogonal click chemistry to
target-specific tissues, but they did not explore its direct use as a triggering
mechanism to release bioactive small molecules. In the following sections, we will
focus on different strategies recently reported for the chemical cleavage of small
molecule prodrugs of DOX by bioorthogonal click reactions.

3.2 Prodrugs Activated by Staudinger-Type Reactions

In 2006, Azoulay et al. reported the use of a modified Staudinger ligation to trigger
the uncaging of an inactive triphenylphosphine-functionalized precursor of DOX
[90] (Fig. 11). To facilitate DOX release, the authors introduced an electrophilic
trap designed to capture the aza-ylide intermediary and, upon intramolecular
migration, generate an unstable para-hydroxybenzyloxycarbonyl group that
undergoes 1,6-elimination [91]. DOX release was monitored by HPLC at 37 °C in
aqueous THF, demonstrating no drug liberation in the absence of the alkylazide
compared to >90% release after 3 h incubation with alkylazide. Despite the
apparent efficacy of the strategy, DOX release was not proved either in cell culture
or in vivo, thus questioning the actual bioorthogonality of the strategy.

A similar concept was later proposed by Robillard and coworkers [92], who
described the first in situ activation of an azido-functionalized DOX prodrug by
means of a Staudinger reduction in cell culture. In Robillard’s design, the DOX
precursor features a para-azidobenzyloxycarbonyl group on the primary amine of
daunosamine (Fig. 12). Reaction with a water-soluble triphenylphosphine reagent
results in the reduction of the azido group to amino, thus triggering a
1,6-elimination reaction and subsequent formation of CO2 and DOX. The prodrug
showed a significant reduction of cytotoxicity compared to DOX (IC50 = 15 lM
vs. 0.09 lM, respectively, in human vulvar skin squamous carcinoma cells), while
the triphenylphosphine reagent did not induce any reduction of cell viability up to
60 lM concentration. Incubation of DOX–N3 with triphenylphosphine reagent in
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excess (60 lM) led to complete restoration of DOX cytotoxic properties
(IC50 = 0.074 lM). In an analogous strategy, Winssinger demonstrated that the use
of two peptide nucleic acid molecules, each of them functionalized with either a
triphenylphosphine moiety or an azidobenzyloxycarbonyl–DOX, can mediate the
release of DOX in the presence of a DNA template of complementary sequence by
bringing both bioorthogonal reactive partners to close proximity [93].

3.3 A Prodrug Activated by Tetrazine Ligation

Robillard reported in 2013 a novel drug-uncaging strategy triggered by a
bioorthogonal tetrazine ligation, thereby resulting in rapid drug release [94].
Conceptually, it was proposed that such an approach could be exploited as a
coupling and decoupling strategy [95] for the functionalization and bioorthogonally
controlled release of antibody–drug conjugates (Fig. 13). By covalent linking of
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tumor-targeting antibodies with cytotoxic drugs through a carbamate-TCO (trans-
cyclooctene) linker, the drug would be selectively transported to the cancer site in
an inactive form. Upon inverse Diels–Alder reaction with a systemically admin-
istered tetrazine, the drug would be released at the periphery of cancer cells [94].

The proof of concept of this novel approach was demonstrated with DOX
(Fig. 14). The authors showed that ligation of DOX–TCO with tetrazine reagents
generates an unstable cyclooctane-dihydropyridazine adduct that undergoes spon-
taneous degradation and release of DOX. The yield of this reaction was between 55
and 79% after 4 h incubation depending on the tetrazine employed (Fig. 14).
Importantly, cell viability studies with A431 human vulvar skin squamous carci-
noma cells showed that the prodrug (DOX–TCO) displayed significantly lower
cytotoxic effect than DOX (EC50 = 3.8 lM vs. 0.049 lM, respectively). Effective
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restoration of DOX cytotoxicity (EC50 = 0.037 lM) was achieved by combining
DOX–TCO with 10 lM of tetrazine, indicating that DOX was effectively released
in cell culture [94].

3.4 A Prodrug Activated by Strain-Promoted Cycloaddition

In 2015, Gamble and co-workers [96] reported a bioorthogonal prodrug activation
approach triggered by a 1,3-dipolar cycloaddition reaction between a TCO and a
phenylazide (e.g. DOX–N3). The uncaging strategy was based on the formation of
an unstable 1,2,3-triazoline that undergoes ring opening and spontaneous rear-
rangement with the release of molecular nitrogen and generation of an aldimine
derivative (Fig. 15). Subsequent imine hydrolysis in neutral-to-slightly acidic
conditions generates a p-aminobenzyloxycarbonyl derivative that, upon
1,6-elimination and release of CO2, will give rise to DOX. The authors proposed
that this cleavage would be enhanced by the acidity of the tumor microenvironment
(pH 6.0–7.4). NMR analysis confirmed the reaction favored the synthesis of the
desired labile aldimine (� 90% conversion) and subsequent degradation, whereas
HPLC studies showed the cycloaddition rate was 0.020 M−1 s−1. As expected [92],
DOX–N3 showed reduced cytotoxic effect against murine melanoma cells relative
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to DOX (70-fold difference). Incubation of DOX–N3 with 100 lM trans-
cyclooctenol induced a 50-fold increment of its cytotoxic activity, thus demon-
strating the in situ bioorthogonal release of DOX [96].

4 Prodrugs Activated by Bioorthogonal Transition Metals

4.1 Introduction to BOOM Chemistry

Transition metals are defined by the IUPAC as “elements whose atoms have an
incomplete d sub-shell, or which can give rise to cations with an incomplete
d sub-shell” [3]. Partial filling of the d orbitals confers their characteristic proper-
ties; e.g. ability to form five or more chemical bonds, multiple accessible oxidation
states and a tendency to accept electron pairs to form coordination complexes [97].
The use of transition metals to catalyze organic reactions constitutes one of the most
powerful methods to address selectivity (chemoselectivity, regioselectivity,
diastereoselectivity, and enantioselectivity) and atom economy, key features to
perform highly efficient synthetic processes. Hydrogenation, isomerization, asym-
metric synthesis, oxidation, and C–C coupling reactions are just a few examples of
the great variety of chemical reactions that can be carried out utilizing transition
metals [98].

The synthetic versatility offered by transition metals also provides very attractive
possibilities in chemical biology. Several transition metals are used by living sys-
tems to form complexes with proteins—so-called metalloproteins—and catalyze
essential biochemical processes [99]. Notably, in recent years several research
groups have tried to exploit the catalytic properties of non-biological transition
metals to mediate BOOM reactions [100]. To achieve such kind of chemistry in
living systems is a formidable challenge because of problems with the biocom-
patibility, stability, and reactivity of the metals: the catalyst has to be innocuous and
stable in a concentrated solution containing a myriad of biological components and,
at the same time, has to be highly reactive towards its designated substrate which is
typically present at very low concentration. Despite these challenges, researchers
have partially addressed these issues and successfully used abiotic metals for dif-
ferent applications in, on and outside cells, such as the synthesis of small molecules
(e.g. fluorophores), the functionalization and uncaging of enzymes and the in situ
activation of toxigenic prodrugs [101, 102].

A decade ago, Streu and Meggers described the first application of a
ruthenium-based catalyst to mediate an uncaging reaction (allylcarbamate cleavage
of protected amines) under physiologically relevant conditions and inside living
cells [103]. Using an Alloc-protected fluorophore precursor, they demonstrated the
catalytic properties of the organometallic half-sandwich complex [Cp*Ru(COD)Cl]
(Ru1) within HeLa cells. Although Ru1 showed no toxic effect during the life of
the experiment (minutes), the short duration of the assay and the need for toxic
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thiophenol as an additive severely limited the general applicability of this catalyst
[103]. Nevertheless, this work was one of the earliest uses of non-biological metals
to mediate artificial chemical reactions in living cells. A photoactivatable version of
this catalytic system was reported in 2012, namely [Cp*Ru(η6-pyrene)]PF6 (Ru2),
which slightly improved the efficiency of its predecessor and enabled spatiotem-
poral control [104].

In 2011 Yusop et al. expanded the manifold applications of the chemistry of
Palladium (Pd) into the living cell [105]. This was achieved through the develop-
ment of a bio-friendly heterogeneous catalyst of subcellular size consisting of small
polystyrene microspheres (0.5 µm in diameter) internally functionalized with 5 nm
Pd nanoparticles, which were generated and physically captured within the
microspheres. These devices were capable of entering HeLa cells (>75% uptake
rate after 24 h) and staying harmlessly within the cytosol, as verified by the low
levels of necrosis (<4%) and excellent cell viability (>91%) after 48 h incubation
[105]. The catalytic properties of the Pd devices were verified by mediating
intracellular Alloc deprotection of the pro-fluorophore developed by Meggers
[102], demonstrating for the first time Pd-mediated catalysis inside a cell [105]. The
versatility of this dual catalytic cell delivery system to perform Pd chemistries was
shown with the intracellular generation of the fluorescent dye anthofluorescein
[106] via Suzuki–Miyaura cross-coupling [105]. A year later, Unciti-Broceta et al.
proposed the concept of BOOM chemistry to describe the use of non-biotic tran-
sition metals to mediate bioorthogonal chemistry in living systems and provided the
basis for its general application in chemical biology and experimental pharmacol-
ogy [99].

4.2 Prodrugs Activated by Palladium

In 2014 Weiss et al. reported a novel bioorthogonal strategy for the local generation
of cytotoxic drugs from a biologically inert precursor by heterogeneous Pd catalysis
[107]. This first-in-class approach, so-called Palladium-Activated Prodrug Therapy,
consisted of using Pd-functionalized PEG-polystyrene macrospheres of 150
microns in diameter (so-called Pd-resins) as an extracellular heterogeneous cat-
alytic system to drive the spatially controlled conversion of a biochemically stable
prodrug into its active form. To achieve full control over the area where the
chemotherapeutic drugs are generated, the authors stated that such prodrugs had to
possess three essential characteristics: lack of pharmacological activity, minimal
susceptibility to enzymatic cleavage and high sensitivity to Pd-mediated uncaging.
5FU, a potent clinically approved antimetabolite drug whose main medical limi-
tation is its narrow therapeutic index, was the first drug used to implement such a
novel strategy. By N-propargylation of the position 1 of 5FU, the authors created a
prodrug (Pro-5FU) possessing all three properties above described [107].
Alkylation of the N1 position blocked the enzymatic glycosylation of the drug,
thereby impeding the generation of its cytotoxic metabolites. Because of the high
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metabolic stability of the propargyl group, the prodrug exhibited >500-fold
reduction of cytotoxicity relative to the parent drug in colorectal and pancreatic
cancer cells. Importantly, Pro-5FU showed high sensitivity to Palladium catalysis
in biocompatible conditions (pH = 7.4, 37 °C, isotonicity), resulting in complete
prodrug-into-drug conversion in less than 24 h (Figs. 16 and 17). The remarkable
efficiency and biocompatibility of such a deprotection reaction, which represented
the discovery of a novel bioorthogonal process, was due to the particular properties
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of the 5FU heterocycle which undergoes tautomeric shifts in aqueous media. As a
result, the N1 position possesses a relatively low pKa that promotes its leaving
group properties [107]. Functionalization of the N1 position with an allyl or benzyl
group, however, did not generate Pd-cleavable derivatives. Importantly, whereas
separately neither Pd–resins nor Pro–5FU exhibited biological activity, its com-
bination in culture led to a toxigenic effect equivalent to 5FU cytotoxicity. Through
reverse phase protein microarray analysis and western blotting, the authors
demonstrated that the antiproliferative effect mediated by the Pd–resins/Pro–5FU
combination was indeed a consequence of the in situ generation of 5FU in cell
culture by BOOM chemistry [107]. In addition, the authors showed that the
Pd–resins were both biocompatible and catalytically active in zebrafish [107].

To provide additional insights on the properties and scope of this novel
bioorthogonal deprotection method, Weiss et al. reported a follow-up study on the
development of a set of N-alkynyl derivatives of 5FU and investigated their sen-
sitivity to Pd catalysis under biocompatible conditions [38]. HPLC analysis
demonstrated that the larger the size of the N-alkynyl group, the lower the sensi-
tivity of the prodrug to Pd catalysis (Fig. 17). Additionally, a comparative study
was carried out to determine the difference in bioorthogonality and Pd sensitivity of
the N1- versus the N3-propargyl derivatives of 5FU. While both prodrugs were
found equally innocuous to cells, Pro-5FU cleavage occurred at higher rate, thus
indicating that not only the pKa but also steric and conformational effects are
important factors modulating the reaction kinetics. The study of the influence of pH
changes on the N-dealkylation demonstrated that the reaction is compatible with the
range of pH expected to be found in both normal and cancerous tissues [38].

To expand the applicability of this novel focal therapeutic strategy to drugs with
higher structural complexity, Weiss et al. subsequently investigated the compati-
bility of BOOM chemistry with the uridine analog FUDR, which is significantly
more potent than 5FU [37]. FUDR is a cytotoxic nucleoside which presents a NH
group at the position 3 of the uracil ring that plays a fundamental role in the
substrate recognition by both anabolic and catabolic enzymes. Weiss et al.
hypothesized that the propargylation of the N3 position of FUDR would not only
block the cytotoxic activity of the drug but also protect it from systemic metabo-
lization before reaching the target (Fig. 18). In addition, since such a position
undergoes lactam/lactim tautomery shifts, the authors expected the resulting pro-
drug would be sensitive to Pd catalysis [37]. Pro-FUDR displayed a vast reduction
of cytotoxicity relative to FUDR in colorectal and pancreatic cancer cells:
>6000-fold reduction, confirming the essential role of such a hydrogen donor in the
drug’s biological properties and the high bioorthogonality of the N-propargyl
group. N-Dealkylation of Pro-FUDR in biocompatible conditions and cell culture
demonstrated the bioorthogonal generation of FUDR in the presence and absence
of oxygen and in normal and slightly acidic conditions, thus indicating that the
Pd-mediated N-dealkylation of Pro-FUDR is compatible with the environment
found in both early (normoxia, pH = 7–7.4) and late-stage (hypoxia, pH = 6–7)
cancers [37].

Bioorthogonal Release of Anticancer Glycosides 289



Alongside the discovery and application of the N1-depropargylation of Pro-5FU
as a bioorthogonal prodrug activation strategy, Weiss et al. reported in May 2014 an
investigation on Pd-activated prodrugs of the cytotoxic nucleoside gemcitabine
(GEM) [108]. This drug, which lacks of endocyclic NH groups with lactam/lactim
tautomery, was masked using standard alkyloxycarbonyl chemistry. Two types of
prodrugs were generated by carbamoylation of the NH2 group at the position 4 of
the cytosine ring or by carbonate formation at the 5′-OH group of the
difluorodeoxyribose ring (Fig. 19). Since GEM is used as first-line therapy in the
treatment of cancer of pancreas, the authors evaluated the bioorthogonality of the
prodrugs with pancreatic cancer cells. This study confirmed the more resilient
nature of the carbamate bond relative to the carbonate one. The carbonate-masked
prodrugs (GEM–CBO) elicited similar cytotoxic effect than the unmodified drug,
suggesting rapid bioactivation inside cells, while the carbamate-protected prodrugs
(GEM–CBA) displayed a significant decrease of cytotoxic activity (>23-fold
relative to that of the parent drug) (Fig. 19). Among the prodrugs investigated, the
GEM–CBA prodrug masked with a propargyloxycarbonyl (Poc) group showed
superior sensitivity to Pd-triggered drug release in biocompatible media and cell
culture. This is of relevance because, whereas Pd-mediated Alloc deprotection is a
well-established method used in organic chemistry, the cleavage of Poc groups with
Pd had not been previously reported prior to this study and an independent study
from Chen and coworkers published two months earlier [109]. Immunofluorescence
studies using phosphorylated c-H2AX as a marker of DNA damage confirmed that
the cytotoxic activity elicited by the GEM-CBA/Pd-resins combination was indeed
due to the release of GEM.

To expand the scope of intracellular BOOM chemistry, in 2015 Rotello and
co-workers reported the development of artificial nanozymes through the encap-
sulation of hydrophobic metal catalysts (Pd and Ru complexes) into
self-assembled lipophilic monolayers immobilized on gold nanoparticles [110].
Using a guest-host recognition strategy, the authors protected the surface of the
devices with macrocyclic cucurbiturils, thus blocking the access to the catalyst.
The “inactive” nanozymes were able to enter cells by endocytosis and, in the
presence of guest molecule 1-adamantylamine, become catalytically active and

Fig. 18 Left Pro-FUDR and its Pd-mediated cleavage. Right Dose response study of HCT116
colorectal cancer cell viability for Pro-FUDR and FUDR [37]
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mediate the intracellular release of 5FU from Pro-5FU, the bioorthogonal prodrug
developed by Weiss et al. [107]. Such a multifunctional device, which has been
considered an early prototype of a medical nanomachine [111], could be “up-
graded” to incorporate targeting capabilities and operate as a tumor-specific drug
nanofactory.

4.3 A Prodrug Activated by Ruthenium

In Aug 2014, Meggers and co-workers reported the study and optimization of a set
of ruthenium half-sandwich complexes to mediate Tsuji–Trost reaction in bio-
compatible conditions [112]. Among the initial set of complexes tested, only [CpRu
(QA)(allyl)]PF6 (Ru3) catalyzed the deallylation reaction of N-(allyloxycarbonyl)-
aminocoumarin with high efficiency under biologically relevant conditions.
Further modifications of the bidentate ligand by introducing a p-donating methoxy
([CpRu(QA-OMe)(allyl)]PF6, Ru4) or dimethylamino ([CpRu(QA-NMe2)(allyl)]
PF6, Ru5) group into the quinoline moiety led to a significant boost in catalytic
activity, reaching high turnover numbers (Ru3 = 90 < Ru4 = 150 < Ru5 = 270).
Incubation of Alloc-protected rhodamine 110 with HeLa cells followed by addition
of Ru5 generated up to 130-fold increase of fluorescence intensity within the
cytoplasm. Inspired by previous work from Weiss et al. [107], the authors studied

Fig. 19 Carbamate and carbonate-based prodrugs of GEM (left) and its Pd-mediated release.
Dose response study of pancreatic cancer cell viability for carbamate and carbonate prodrugs
relative to GEM (right) [108]
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the use of Ru5 as a bioorthogonal tool for the in situ generation of chemothera-
peutic agents. The anticancer glycoside DOX was modified by masking the primary
amino group of its daunosamine sugar residue with a bioorthogonal allyl carbamate
protecting group (Fig. 20). N-(allyloxycarbonyl)doxorubicin (Alloc-DOX) showed
no negative effect on the survival rate of HeLa cells at several concentrations (20,
50, and 100 µM) that were found highly cytotoxic for the unmodified drug [112].
To assess the bioorthogonal uncaging of the prodrug inside cells, HeLa cells were
incubated with Alloc-DOX (100 µM) for 3 h, washed with PBS buffer, and then
incubated with catalyst Ru5 (20 µM) for 24 h. Alloc-DOX/Ru5 combination led to
a reduction in cell viability equivalent to free DOX. Since neither catalyst nor the
prodrug displayed any toxicity at these concentrations, Meggers and co-workers
concluded that the observed loss in cell viability was due to the bioorthogonal
activation of the prodrug within the cell cytoplasm catalyzed by ruthenium-
mediated chemistry [112]. Given the possibility of introducing tumor-targeting
ligands into such ruthenium complexes, this strategy could be potentially used for
increasing the selectivity of chemotherapeutics towards cancer cells.

5 Conclusions and Perspectives

The exquisite spatiotemporal control achieved through the use of bioorthogonal
uncaging methods has drawn the attention of many research groups working in the
interface of chemistry and biomedicine. In the search to optimize the selective
targeting of cancers with therapeutic agents, various bioorthogonal strategies are
under examination for the controlled release of cytotoxic drugs in specific
anatomical areas. Contrary to the classical activation mechanisms undergone by
bioresponsive prodrugs, the use of bioindependent means to activate drug precur-
sors provides a way to bypass the need for inherent metabolic processes, which are
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often inconsistent from animals to humans (thus deterring preclinical development)
and even among patients due to genetic differences. Although the exploitation of
bioorthogonal strategies in medicine is still in their infancy (only photodynamic
therapy can be considered a clinically validated treatment based on a bioorthogonal
activation method), our ever-growing understanding and control of chemical phe-
nomena in complex systems and the permanent evolution of biotechnology and
medical engineering are paving the way for the next therapeutic revolution. From
advanced LED devices to next-generation photonic technologies, light sources will
offer a highly accurate way to activate photoresponsive prodrugs with single cell
precision. Progress in the performance, manufacture (e.g. 3D printing) and surgical
insertion of biocompatible materials, implant technologies and heterogeneous cat-
alysts will provide optimal means to mediate long-term transition metal-based
activation of small molecule prodrugs in any tissue or organ [107, 113]. Advances
in the development and functionalization of tumor-targeting antibodies and ligands
will facilitate the specific release of therapeutics in nominated cell types via
bioorthogonal click chemistry or BOOM uncaging reactions. Finally, even if
nowadays it looks unachievable, the upcoming creation of purely artificial nanos-
cale devices with bioorthogonal functionalities (nanoengineered bioorthogonal
technologies or nanobots [111]) will enable full control of drug release in selected
microenvironments targeted through remotely controlled mechanisms.

As summarized in this chapter, anticancer glycosides have and will continue to
have a prominent role in the development of drug precursors that are activated by
bioorthogonal means. New opportunities with classical and non-classical bioactive
glycosides (e.g. etoposide) will be likely exploited in the near future alongside
alternative bioorthogonal means. Feeding from seemly unrelated disciplines such as
organometallic chemistry, medicinal chemistry, implant technologies, photonics,
engineering, nanotechnology, robotics, wireless navigation systems, etc., advanced
bioorthogonal techniques will provide diagnostic and therapeutic tools with
unprecedented selectivity. This chapter is just a prelude of what is about to come.
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Example of Sacrificial Unit Using Two
Different Click Reactions in Coupling
and Decoupling (CAD) Chemistry

Roman Bielski, Zbigniew J. Witczak and Donald Mencer

Abstract An example of a specific coupling and decoupling (CAD) chemistry is
described. It takes advantage of propargyl acrylate as a sacrificial unit (SU). The
addition of a selected compound representing a molecular unit equipped with an
azide functionality to the terminal triple bond of the SU and another compound
acting as a molecular unit equipped with a thiol functionality to the conjugated
double bond of the SU proceeded at very good yields. The construct containing two
molecular units can be decoupled using a few different reactions and the decoupling
can take place at two positions.

A few years ago, we committed two articles [1, 2] in which we emphasized the
growing importance of decoupling of connected molecular units and a need for
developing novel cleaving techniques. The point is that there are many circum-
stances when it is necessary to disconnect two (or more) components of a larger
construct. They include the need for effective methods to:

• terminate chemo or radiotherapy,
• decouple moieties that were introduced to enable the employment of specific

analytical procedures,
• decouple molecular units from the surface,
• decouple the final product of the synthesis from the solid support.

While there are magnificent methods of coupling various molecular units, the
number of good decoupling methodologies is rather limited. There is a clear need
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for more and better chemistries applicable to disconnecting molecular units. Very
often we know in advance that at a certain point we will have to disconnect the
coupled units. In such a case, we should design the whole process wisely. We
proposed a general approach to such situations which we call coupling and
decoupling (CAD). It seems that the CAD chemistry should become an important
tool of bioorthogonal chemistry, a wonderful concept introduced several years ago
by Carolyn Bertozzi [3–5].

The coupling chemistry should belong to the category of click chemistry [6, 7].
The decoupling chemistry should be as simple and easy as possible and designed
for a specific circumstance. For example, experiments performed in vivo and in the
laboratory may require very different chemistries.

Of course, when the coupling process can be reversed at the desired moment,
there is no reason not to use the “reversible” reactions. For example, if we can use
the formation of ester as a coupling process and its hydrolysis as a decoupling
process, we should. Unfortunately, such approach is usually impossible, particu-
larly when the molecular units comprise of a variety of functional groups. Scheme 1
shows the use of “reversible” reactions.

Our methodology (CAD) asks for employing a multifunctional compound that
we call a sacrificial unit (SU). The Scheme 2 shows the concept. The sacrificial unit
4 is equipped with two, Z and W, (different) functionalities both capable of forming
click products. The two click reactions should not be the same. Additionally,
somewhere within the SU (between the functionalities capable of clicking), a
cleavable moiety (AB, sacrificial functionality) must be present. After connecting
the clickable functionalities Z and W to molecular units (1 and 2), the formed
construct 5 contains both units. After performing the necessary chemistry and
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XP Y Q
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Scheme 1 Reversible
reactions applicable to
coupling and decoupling
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accomplishing the desired goals, the molecular units are decoupled by splitting the
cleavable moiety (AB).

In most cases, the coupling chemistry is much less demanding because almost
always it can be performed in the laboratory. The decoupling must often take place
in vivo. However, many decoupling procedures can be performed in the lab as well.
Then, many more processes are applicable. The only important requirement is that
the molecular units or at least one of them are not degraded by the decoupling
procedure.

Since the publication of our paper introducing the CAD concept, several new,
effective methods and approaches to the CAD chemistry have been added to the
existing repertoire. We find particularly interesting novel decoupling processes.
Recently, scientists from the Granada University in Spain [8] offered wonderful
examples of a well-designed CAD chemistry. They take advantage of a vinyl
sulfonate-based coupling (Michael addition to vinyl sulfonate). To accomplish the
decoupling, they use a nucleophilic substitution of sulfonate acting as a leaving
group. Another approach to the CAD chemistry was offered by the Xavier group
[9]. They use the Huisgen addition of azide to the terminal triple bond as a coupling
process and very successfully hydrolyze an amide in the decoupling process.
Professor Unciti-Bronceta’s group from Edinburgh describes spectacular results of
decoupling using metallic palladium [10]. Another very interesting methodology
for decoupling has been described by scientists from the Peking University who
employ kinases both in vitro and in vivo [11].

The present paper shows a possible execution of the concept of the CAD sac-
rificial unit. We wanted the unit to be as non-expensive, simple, easy to synthesize,

XP Y Q+

1 2

XP Y Q

γ

δ

XZP WY Q

6 7

+Z AB W
Sacrificial unit

4

Z AB W
Sacrificial unit

A + B

Scheme 2 The use of sacrificial units in the CAD chemistry
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and robust as possible. We selected propargyl ester of E-cinnamic acid as our first
target. We expected the propargyl group to be a useful functionality capable of
entering a click reaction with an azide group of one of molecular units to form a
cyclic triazole. Additionally, the cinnamic acyl functionality can act as an acceptor
of a thiol to form a Michael adduct (Scheme 3). While it is not a perfect Michael
addition acceptor, we expected ester to be sufficiently effective for our purposes.
Thus, we planned to employ a (click) Huisgen reaction between the terminal triple
bond of the SU and the azide group of the molecular unit and a (click) Michael
addition of the mercaptan present in the other molecular unit to a double bond of the
conjugated ester functionality of the SU. The thioether 11 resulting from the
Michael addition should be an object of a facile hydrogenation to decouple the unit
connected to the thiol from the unit connected to the azide. Alternatively, the
hydrolysis or LAH reduction of the ester functionality could result in decoupling at
the cinnamic ester location.

The addition of azides to propargyl groups is very well established as a classical
click chemistry reaction [7]. Almost equally well established as a click chemistry
process is a Michael addition of thiols to a,b-unsaturated carbonyl (or sulfonyl)
compounds [12]. Utilizing cinnamic esters as Michael acceptors is less common.
Primo, esters are poorer Michael acceptors than corresponding aldehydes or ketones
and, secundo, cinnamates are poorer Michael acceptors than corresponding esters
without the benzene ring—acrylates. Our reasoning for employing a thiol addition
to cinnamic ester was based on the fact that cinnamic esters are very non-expensive,
easily available and there are very many substituted derivatives of cinnamic esters.
Moreover, today there is a plurality of catalysts available for the Michael addition.
They include such catalysts as Lewis acids [13–15], nucleophiles and bases [12,
16], fluorapatite [17], KF-alumina [18], organocatalysts [19], and even bifunctional
catalysts [20]. There are examples of successful catalytic Michael additions to
cinnamic acid derivatives. A few years ago, it has been shown that in the presence
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of iodine even cinnamic acids give excellent yields of Michael addition with thiols
and other nucleophiles [21].

We selected a monosaccharide derivative, 1-azido-1-deoxy-2,3,4,6- tetraacetyl-
b-D-glucopyranose, to act as a molecular unit equipped with the azide group. It is
easily available and should be perfectly visible in the NMR spectrum both before
and after the decoupling. We selected thiophenol as a moiety representing a
molecular unit capable of adding to conjugated, unsaturated ester. Again, it has
NMR (aromatic) signals easily distinguishable from aromatic signals of protons
(and carbon atoms) of the cinnamic unit.

Thus, commercially available cinnamoyl chloride was reacted with propargyl
alcohol to give the quantitative yield of expected ester (1H NMR; 400 MHz,
CDCl3, d 2.43 ppm, t, 1H, J = Hz, acetylenic; 4.72 ppm, d, 2H; methylene;
6.36 ppm, d, 2H, J = 3.5 Hz, 7.3 ppm, m, 3H, aromatic; 7.4 ppm, m, 2H, aromatic;
7.64 ppm, d, 2H, cinnamic). The reaction of the triple bond of propargyl ester with
peracetylated glucose equipped with the azido group at C-1 proceeded smoothly in
the presence of copper sulfate and ascorbic acid to give the addition product at a
yield of 83% (after column chromatography). The presence of a sharp singlet at
7.85 ppm (1H NMR: 400 MHz, CDCl3, d 1.80 ppm, s, 3H, Ac; 1.96, s, 3H, Ac;
2.00, s, 3H, Ac; 2.02, s, 3H, Ac; 3.95, m, 1H; 4.08, pd, 1H; 4.23, pd, 1H; 5.18, m,
1H; 5.3, m, 2H; 5.38, m, 2H; 5.83, d, 1H, C–1; 6.38, d, 1H, cinnamic; 7.3, m, 3H;
7.44, m, 2H; 7.66, d, 1H; 7.85, s, 1H, triazole) clearly indicated the formation of the
cyclic triazole.

The purified cycloaddition product was reacted with various thiols (thiophenol,
acetylcysteine, thiosalicylic acid, 2-thiazoline-2-thiol) in the presence of a catalyst
(triethylamine {TEA}, ethyldiisopropylamine) in dichloromethane or chloroform at
room or elevated temperatures. While the reagent slowly disappeared, we were not
able to isolate satisfactory quantities of the expected addition products. The same
can be said about the reaction between propargyl cinnamate and phenylthiol in the
presence of TEA. No addition product could be isolated. Surprisingly, even reaction
of cyclic triazole containing cinnamic ester with phenylthiol in the presence of
iodine gave no addition product. However, it must be noted that trying to prove the
generality of the method, we performed our reactions in a solvent (dichloromethane
or chloroform) while it is recommended [21] to run the iodine catalyzed Michael
addition in a solvent-free system.

In the light of these results, we decided to abandon the cinnamic ester and
replace it with a similar compound but a substantially better Michael acceptor,
commercially available propargyl acrylate 12. It still contains a terminal triple bond
(capable of reacting with the azide functionality), but the double bond is conjugated
to the ester moiety only, and not to the aromatic ring (Scheme 4).

Propargyl acrylate was reacted with peracetylated glucose azide 16 in methylene
chloride in the presence of copper (II) acetate/ascorbic acid to give the expected,
crystalline click product (cyclic triazole) 17 (Scheme 5). The NMR (1H) spectrum
contained a singlet at 7.85 ppm which is characteristic of the proton attached to the
triazole ring, four singlets representing protons of acetyl groups and typical car-
bohydrate signals. Additionally, it contained olefinic signals of the unreacted acrylic
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double bond. The yield was 88%. The purified product was further reacted with
phenylthiol 18 in the presence of tetramethylguanidine (TMG) in chloroform to
produce the expected addition product 20. The reaction mixture was worked up and
purified using a column chromatography to give the expected sulfide in 78% yield.
The 1H NMR spectrum indicated the presence of both phenyl and glucose signals
(1H NMR: 400 MHz, CDCl3, d 1.79 ppm, s, 3H, Ac; 1.97, s, 3H, Ac; 2.00, s, 3H,
Ac; 2.02, s, 3H, Ac; 2.58, t, 2H, “acrylic” methylene; 3.1, broad t, 2H, “acrylic”
methylene; 3.92, m, 1H; 4.08, pd, 1H; 4.14, pd, 1H; 5.18, s + m, 2H + 1H,
“propargyl” methylene; 5.35, t, 2H; 5.81, t, 1H; 7.12–7.32, m, 5H, aromatic; 7.82,
s, 1H, triazole).

The same product was synthesized when a one-pot approach was used. Thus,
propargyl acrylate was reacted with a small excess of phenylthiol in methylene
chloride in the presence of catalytic amounts of tetramethylguanidine (TMG). After
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overnight stirring of the reaction mixture at room temperature, the TLC indicated a
disappearance of the starting material. The mixture was treated with
1-azido-1-deoxy-2,3,4,6-tetraacetyl-b-D-glucopyranose and equimolar amounts of
copper (II) acetate and ascorbic acid. The color of the reaction mixture changed
after about 1 h. The stirring was continued for 3 more days. The work up (aqueous
hydrogen carbonate solution, extraction, drying) followed by chromatography gave
the crystalline product in 73% yield. The reaction of propargyl acrylate with tet-
raacetyl glucose azide {in the presence of Cu (I)} followed by the addition of
phenylthiol and TMG gave the same product.

There are a few possible ways of decoupling the molecular unit (P) connected to
the alkyl (propargyl) part of the SU from the molecular unit (Q) coupled to the acyl
(acrylic) part of the SU. The decision which one is the most convenient must be
based on the structure of the molecular units P and Q. One option is to hydrolyze
the ester functionality provided that the applied conditions will not degrade the
molecular units (or at least one of them). In our case of acetylated glucose, most
methods will hydrolyze not only (modified) acrylic ester but also the acetate groups
present in the carbohydrate unit. Usually, such deprotection will not be of any
concern since decoupling is usually performed after all necessary steps had been
already performed. Alternatively, one can achieve decoupling at the same position
by reducing the ester functionality with lithium aluminum hydride. Of course, no
other ester functionalities including acetates will survive. The LAH treatment will
reduce carbon sulfur bonds as well but in most cases, it does not matter. The real
question is if the molecular units will survive the treatment.

Another point of possible decoupling is the sulfur atom. It seems that some of
the methods applicable to decoupling at the sulfur atom require milder conditions.
Useful hydrogenation methods include the hydrogenation with Raney nickel and
utilizing tributyltin hydride. Most other applicable methods take advantage of
transition metal-mediated reactions [22] or sodium and lithium [23, 24].

The experiment using the methods described above and other possible che-
mistries enabling the decoupling is still performed. The results of this research will
be published elsewhere.

1 Conclusion

In the described procedures we used peracetylated glucose azide and phenyl mer-
captan as examples of molecular units. Of course, they are to represent much larger
units such as proteins or polysaccharides. We expect that practically any molecule
can replace peracetylated glucose and a phenyl group provided that they are
equipped with the thiol and azide functionalities. The described methodology seems
robust and applicable to a variety of molecular units. Moreover, all the starting
materials, intermediates, and final products should be safe and applicable to many
circumstances. We believe that the methodology is very easy to simple, employs
non-expensive, easy available reactants, and the procedures are very simple.
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Increased Efficacy of NKT
Cell-Adjuvanted Peptide Vaccines
Through Chemical Conjugation

Colin M. Hayman, Ian F. Hermans and Gavin F. Painter

Abstract Through vaccination infectious diseases such as smallpox, polio,
measles, and tetanus have either been eradicated or significantly restricted.
However, there remain many diseases for which no effective vaccine exists, and
therefore new vaccine approaches are still needed. Current vaccine approaches that
generate strong immune responses are often based on ill-defined immunogens such
as heat-killed or live-attenuated biological products that suffer from concerns
related to safety, stability, and lengthy or complex manufacturing processes. For
these reasons, there is a strong push toward vaccines that elicit immune responses to
defined structures within the targeted pathogen or tissue, which can be achieved by
injecting defined antigenic proteins or peptides. On their own, proteins or peptides
are generally poorly immunogenic and they must be combined with immune
stimulants known as adjuvants to drive antigen-specific immune responses. Recent
studies have shown that the direct conjugation of adjuvant compounds to protein or
peptide antigens can enhance the magnitude and quality of induced immune
responses. In this chapter, we will discuss the chemical approaches our group has
used to synthesize a new class of vaccines based on conjugation of peptides with
lipid structures that activate innate-like T cells. The stimulatory milieu created by
these structures helps drive potent T cell-mediated immune responses that can
prevent infectious disease, or can act therapeutically in noncommunicable condi-
tions as diverse as cancer and allergy.
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1 Introduction

The control or eradication of infectious disease through vaccination is arguably one
of mankind’s major achievements. Effective prophylactic vaccines have been
developed for many indications including smallpox, polio, and measles. As illus-
trated in Fig. 1, the impact of vaccination can be dramatic when used widely and in
the case of smallpox, the disease was declared eradicated in 1980. However, there
remain a number of situations where current vaccine technologies simply do not
exist or are cumbersome. For example, the Bacillus Calmette–Guérin
(BCG) vaccine for tuberculosis only works in certain groups and there are no
vaccines for malaria or human immunodeficiency virus (HIV). In other situations,
such as influenza, vaccines show limited cross-strain reactivity creating the need for
regular updates which require seasonal, strain-specific vaccines to be manufactured
and administered every year. The situation arises because influenza vaccines gen-
erate antibody immune responses directed at surface protein structures that change
seasonally. In contrast to this, vaccines that generate T cell responses targeted at
conserved epitopes across different strains are expected to show cross-strain reac-
tivity. However, there are currently no precisely defined vaccine technologies that
drive T cell responses.

Furthermore, vaccines that generate T cell responses that can also be used
therapeutically against noncommunicable diseases such as cancer and allergy are
now emerging. In these situations, vaccines that generate humoral (antibody)
immune responses are likely to be less effective. For example, a promising new
vaccine concept for allergy that targets the antigen-presenting cells that drive
allergic responses for destruction exploits T cell-mediated cytotoxicity rather than
antibody-mediated mechanisms [1]. Since allergy is maintained by antibody pro-
duction (IgE), vaccines that generate antibody responses may even exacerbate
disease. Whether it be to treat infectious disease or noncommunicable disease, for
the field to make rapid progress, it desperately needs new precisely defined vaccine
technologies that drive T cell responses.

Fig. 1 The number of
measles cases in the US
before and after the
introduction of widespread
vaccination
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Through the action of T cells, the immune system can recognize and respond to
fragments of protein antigens, known as peptide epitopes, presented by major
histocompatibility complex (MHC) molecules on the surface of infected or neo-
plastic (cancerous) cells through a process of antigen presentation. In the priming
phase of an immune response, these antigens must first be acquired from the
affected tissues by antigen-presenting cells (APCs), and then peptide epitopes
presented by these cells to T cells in the lymphoid tissues. Peptides presented on
MHC class I molecules are capable of stimulating CD8+ T cells, whereas peptides
presented on MHC class II molecules are capable of stimulating CD4+ T cells. The
peptide-recognition receptors expressed by T cells, called T cell receptors (TCRs),
are generated through a random somatic recombination process. Within the vast
repertoire of T cells generated, there is a high likelihood that some cells will
recognize a given antigenic peptide structure in the context of MHC molecules. An
adaptive immune response is initiated when these few antigen-specific T cells are
stimulated to undergo clonal differentiation and proliferation into effector T cells
that have the ability to control infection, or eliminate infected or neoplastic tissue
(Fig. 2). A powerful feature of this whole process is that any abnormally expressed
protein can potentially be recognized by T cells, regardless of location, be that
protein derived from a pathogenic agent or resulted from genetic instability in
neoplastic cells.

In contrast to T cells, B cells, the other major component of the adaptive immune
system, are not cellular effectors in themselves, but secrete their antigen receptors in
the form of antibodies. Antibodies can recognize extracellular antigens or com-
ponents expressed on the outer surface of cells; they cannot generally recognize
antigens in intracellular locations, or epitopes that are concealed within larger
structures. To initiate responses to extracellular antigens, recognition is initiated
through surface-expressed B cell receptors (BCRs). Once engaged, antigen-specific
BCRs can trigger antigen internalization and processing resulting in peptide

Fig. 2 MHC class I presentation and the generation of cytotoxic T lymphocytes
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fragments being presented by MHC class II molecules to CD4+ T cells. This
process, known as T cell help, contributes to the further activation and differenti-
ation of B cells into plasma cells—B cells that are able to secrete large quantities of
a soluble form of their BCR, namely antibodies (Fig. 3).

Our understanding of precisely what type of immune response will be most
effective in certain disease situations is still rudimentary, but nonetheless it is clear
that responses have to be tailored in each case; an inappropriate response can be
ineffective, or even detrimental. There is therefore a corresponding need to generate
new vaccines that induce specifically tailored immune responses. Modifying
immune responses to whole cell, live-attenuated or vaccines that contain complex
ill-defined components, is challenging and somewhat empirical. In addition to this,
concerns around safety and lengthy manufacturing processes are driving a strong
push toward vaccines that comprise well-defined components such as antigenic
proteins, or peptides that encompass specific epitopes.

Due to their ease of manufacture and relatively simple characterization, peptide
vaccines are particularly attractive vaccine candidates from a chemical manufac-
turing perspective [2]. However, and in contrast to whole microorganisms, a major
disadvantage of peptide vaccines is their lack immunogenicity [3]. The intrinsic
immunogenicity of vaccines based on microorganisms is due largely to the presence
of immunostimulatory molecules that trigger pattern recognition receptors (PRRs).
Expression of PRRs is largely confined to cells of the innate arm of the immune
response, including most APCs. These receptors have evolved to recognize a
variety conserved chemical structures that are features of microorganisms, or var-
ious tissue-derived structures associated with damage or inflammation. Examples
include toll-like receptor 2 (TLR-2), which binds lipopeptide structures typically
found in bacterial cell walls, and TLR-9, which binds unmethylated CpG structures
typically seen in prokaryotic DNA. Once engaged, PRRs such as the TLRs activate
intracellular signaling cascades that trigger immediate effector functions, such as

Fig. 3 B cell (humoral) immune response
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respiratory burst or cytokine release, or that can orchestrate downstream adaptive
immune responses. Importantly, APCs positioned in infected or perturbed tissue, or
in the lymphoid tissues associated with these sites, can efficiently acquire antigens
in addition to receiving stimulation via their PRRs. This pattern recognition is
significant in that it triggers dendritic cells (DCs), a specialized APC subpopulation,
to release soluble factors such as pro-inflammatory cytokines and chemokines, and
upregulates surface expression of costimulatory and antigen presentation molecules
that enable effective stimulation of T cells (Fig. 4). In order to accomplish this,
changes in the surface expression of adhesion molecules facilitate migration to T
cell areas of the secondary lymphoid organs (e.g., draining lymph nodes or spleen)
where they present antigen. Responding T cells can differentiate into effector cells
that recirculate into the affected tissues, or can provide help to B cells to make
antibodies.

Because the triggering of PRR pathways (i.e., the TLRs) leads to increased
antigen-specific immune responses, compounds that engage these pathways can be
used as vaccine adjuvants. However, despite the huge potential that vaccine adju-
vants of this type have to modify and shape vaccine response, there are very few
products currently licensed for use in humans. Examples include the TLR-4 agonist
monophosphoryl lipid A (MPL), which is incorporated into GSK’s Engerix-B
vaccine, Dynavax’s CpG-rich motifs that are included in various products, including
their vaccine for Hepatitis B (i.e., HEPLISAV-B), and the Pam3CSK4 series of
compounds recognized via TLR-2 that were originally derived from N-terminally
lipidated proteins isolated from the cell wall of mycobacterial species (Fig. 5).

Importantly, the addition of TLR agonists (along with other PRR agonists)
serves to increase the immunogenicity of poorly immunogenic peptide vaccines [4].
Furthermore, it has recently been shown that this effect can be further enhanced by
chemically conjugating adjuvant compounds directly to peptide antigens. This
observation can be explained, at least in part, by the requirement of APCs to not
only present peptide antigens to T cells but also be appropriately activated at the
same time. For example, appropriate activation results in the provision of costim-
ulatory molecules (e.g., CD86) providing additional T cell signals that result in its
differentiation of CD8+ T cells into cytotoxic T lymphocytes (CTLs) that have the
capacity to kill target loaded cells (Fig. 2).

Fig. 4 Pattern recognition receptor signaling leading to DC activation (represented by cell surface
CD86 upregulation)
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In an exciting body of work, TLR ligands covalently bound to peptide antigens
have been shown to increase the magnitude of either T (cellular) [5] or B (humoral
or antibody) cell [6] responses. For example, conjugation has been reported to
increase cellular responses through improved antigen targeting to DCs—APCs that
are highly specialized in stimulating T cell responses. Conjugated compounds
ultimately require cleavage within APCs, a processing step that effectively leads to
the buildup of an intracellular antigen depot that supports prolonged antigen pre-
sentation and improves immune response [5, 7]. Many of these observations were
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described for conjugates that utilize Pam3CSK4 as a TLR-2 agonist, and however
conjugate vaccines have also been prepared based on a number of alternative TLR
agonists such as a monoacyl TLR-2 ligand [8], the TLR-9 ligand CpG [9], and
others [10–13].

The conjugation of larger sequences that include T-helper peptide epitopes can
drive increased antibody production [6]. For example, a fully synthetic
three-component vaccine containing the TLR-2 agonist Pam3CSK4, a T-helper
epitope from polio virus and a B cell epitope derived from mucin was able to drive
increased IgG antibody responses (Fig. 6). All three components were required to
be conjugated together to induce the maximal response, and a liposomal delivery
vehicle was needed.

Compared to pattern recognition receptor (PRR) agonists such as the TLR
agonists, a less-explored approach to activating APCs is the use of ancillary cells
that provide stimulatory signals to the APC. The most studied cells of this type are a
sub-class of innate-like T cell known as type I natural killer T (NKT) cells, which
are defined on the basis of a largely invariant TCR structure, expression of surface
molecules in common with classic innate cells like Natural Killer (NK) cells, and a
semi-activated phenotype that enables them to respond rapidly to antigen recog-
nition [14]. Compared to classical T cells that are very rare, NKT cells are in
relative abundance in many mammalian species, including humans and mice, and
their TCRs structures are conserved between individuals (and across species)
making the antigens they recognize attractive adjuvants for vaccine development.
Whereas classical T cells recognize MHC-restricted peptide antigens (as discussed
above), NKT cells respond to lipid antigens presented by the non-classical MHC
class I molecule CD1d. The CD1d molecule contains a hydrophobic binding groove
that sits between two a-helixes and above an antiparallel b-sheet that can accom-
modate lipids. Associated polar groups such as sugars or phosphates are situated at

SKKKK-GC-KLFAVWKITYKDT-GC-TSAPDT(α-D-GalNAc)RPAPO S

O

O
O O HN O

TLR-2 ligand T-helper epitope B-cell epitope

Fig. 6 The chemical structure of a TLR-2 self-adjuvanting lipopeptide vaccine (see text for
details)
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the surface for interaction with the TCR. A number of synthetic and natural antigens
have been reported that consist of a lipid backbone and polar head group [15]. The
prototypical antigen is a-galactosylceramide (a-GalCer) (Fig. 7), a synthetic gly-
colipid compound that was derived from structure–activity relationship studies on a
class of marine sponge-derived glycolipids; it remains the most studied of all the
reported compounds [16]. Its lipid chains sit deep in the CD1d hydrophobic binding
pockets, whereas its polar head group forms a number of hydrogen bonds with
CD1d and the TCR [17].

Lipid antigens, such as a-GalCer, presented in this fashion by APCs serve to
activate NKT cells (Fig. 8). Activated NKT cells have been implicated in a variety
of biological activities including antitumor and antimicrobial activities. The anti-
tumor activity has been attributed to several activities, including NKT-mediated
cytotoxicity toward CD1d+ tumor cells, trans-activation of NK cells, and release of
antiangiogenic cytokines like IFN-c. In addition to this (and of direct relevance to
this review), NKT cells are able to activate APCs through the provision of CD40L
and soluble factors leading to the enhancement of T and B cell responses [18].
Therefore, in this context, lipid antigens such as a-GalCer can also be considered
vaccine adjuvants since when added to vaccines they can drive increased
antigen-specific immune responses.
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O OH
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HO

O

Fig. 7 a-GalCer chemical structure

Fig. 8 Alternative APC
activation through NKT cell
help
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2 Transforming a-GalCer into a Proadjuvant

At the heart of the vaccine technology to be described, herein is the utilization of
NKT cells as “cellular adjuvants” through provision of glycolipid antigens com-
bined with the concept that conjugation of vaccine adjuvants through covalent
linkages to antigens can lead to increased adaptive immune responses and efficacy
in disease challenge models. We favored the idea of utilizing NKT cells over the
direct stimulation of APCs through PRRs because highly potent responses can be
achieved in animal models; there was some reported adjuvant activity in in vitro
cultures of human leucocytes, and evidence that this mode of APC activation can be
complementary to TLR ligation, suggesting opportunities to combine with other
adjuvants to maximize impact [18].

Although there are a number of highly potent NKT cell agonists (examples
include 7-DW8-5 [19] and ABX196 [20]) that can drive adjuvant activity, we
choose to use the original compound a-GalCer (KRN7000) because this compound
has already been shown to be safe when administered in humans [21]. However,
using a-GalCer as the NKT cell ligand, we required a suitable attachment site that
was readily accessible and would allow the formation of stable adjuvant–antigen
conjugates. Due to their high reactivity, free amines have been widely exploited as a
convenient functionality for conjugation to suitably activated coupling partners;
however, the only nitrogen of a-GalCer is present as an amide and is not available
for functionalization. As others have done successfully, we considered exchanging
the 6-hydroxyl group to an amine [22, 23] or modifying with a reactive appended
group [24]; however, these approaches would not release an adjuvant compound
that was known to be safe. Other potential sites for antigen conjugation to a-GalCer
are the four hydroxyl groups of the galactosyl moiety which we did not consider
attractive conjugations sites as they are not readily accessed in a selective manner
and are less reactive than amines.

Practical access to the 2′-N atom as a synthetically useful amine was realized by
carefully characterizing a reaction by-product. During an unpublished synthesis of
a-GalCer, we isolated 1 as a minor component during the final deprotection step of
2 which had been accessed by Gervay-Hague’s [25] glycosylation methodology
(Scheme 1).

In this instance, hydrogenation of the alkene and hydrogenolysis of the two
benzyl protecting groups was undertaken using Pearlman’s catalyst under an
atmosphere of H2 using a mixed solvent system of chloroform/methanol. Using
these conditions along with silica gel chromatography for purification, a modest
yield of a-GalCer was isolated along with a significant amount of 1 as a low-Rf

by-product. We reasoned that the use of chloroform as a co-solvent led to the in situ
formation of HCl and promoted the N ! O migration of the C26 acyl
group. Strongly acidic conditions have been reported to promote the
N ! O migration of acyl groups; however, as far as we are aware the use of
Pd-catalyzed HCl generation from chloroform had not.
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The discovery that an apparently acid-promoted N ! O acyl migration gave an
isolable analogue of a-GalCer with a free amine group immediately raised the
intriguing possibility that 1 could form the basis of novel class of adjuvant–antigen
conjugates applicable in the field of immunotherapy.

To progress this idea, we established conditions which provided ready access to
1 directly from a-GalCer using HCl in dioxane. We were also able to establish that
the free amine of 1 was amenable to further modification by preparing the acet-
amide 2 (Scheme 2).

We had also envisaged that if 1 was released in a biological setting that the
reverse O ! N acyl migration would be facile under physiological conditions.
A dilute solution of 1 in 99:1 PBS/DMSO was monitored over time at ambient
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temperature by HPLC-MS. The MS was operated in single ion monitoring
(SIM) mode which clearly demonstrated that 1 reverted to a-GalCer over a number
of hours (Fig. 9).

With this insight into the fate of 1 at physiological pH, it was expected that its
biological activity would be similar to a-GalCer and this was shown to be the case
in the context of NKT cell activation in vivo. Compound 1 was able to induce the
NKT cell-mediated maturation of DCs as measured by the upregulation of cell
surface CD86 on DCs (Fig. 10) [26]. However, with compound 2 the O ! N acyl
migration is unable to take place and this correlated with an inability for 2 to
activate NKT cells.

Taken together the in vivo data and the O ! N acyl migration data suggested
that we had a solution to a key part of the puzzle of how to make a conjugate
vaccine based on a-GalCer. We proposed that capping the nitrogen atom of 1 with a
stable traceless linker provided a proadjuvant which was inactive until enzymati-
cally cleaved allowing for O ! N acyl migration and generation of the active
adjuvant a-GalCer. Combining the proadjuvant concept into a conjugate which
comprised an antigen may give a construct which was inactive until enzymatic
processing released 1 and a modified peptide antigen for further enzymatic pro-
cessing to effectively deliver a-GalCer and an antigen to the same site.

Fig. 9 HPLC-MS chromatograms of 1 in 99:1 PBS/DMSO monitored at the indicated time points
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3 Vaccine Conjugate—Concept and Enablement

To prepare a practical proadjuvant–antigen conjugate, we need to consider a
number of aspects of the overall linking strategy which would allow an antigenic
peptide to be coupled to 1. A summary of our design concept is described dia-
grammatically in Fig. 11.

The first aspect of the design is that the linker attached directly to the N atom
must be traceless. So enzymatic processing must either release a free amine directly
or reveal an unstable moiety which in turn self-immolates under physiological
conditions and collapses to reveal the free amine. Second, the linker needs to have a
suitable site for conjugating an antigenic peptide of choice. For this purpose, there
is a large body of work in the field of bioorthogonal chemistry where the reactive

Fig. 10 a-GalCer and 1 activate DCs in vivo, whereas 2 does not
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Self-immolative 
traceless linker

Enzyme cleavable 
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conjugation site

Peptide cleavage 
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Fig. 11 The design concept for an a-GalCer proadjuvant–antigen conjugate
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chemical moieties couple together under benign conditions and do not react with
those functional groups commonly found in biological systems that typically
include peptides and proteins [27]. The third aspect we considered was a peptide
cleavage sequence appended to the peptide antigen of interest which would
encourage peptide release from residual linker components enabling further pro-
cessing so that peptide epitopes of interest may be released and presented by MHC
molecules.

3.1 Esterase Cleavable Linker—Acyloxymethyl Carbamate

Our first family of conjugate vaccines was based on the acyloxymethyl carbamate
moiety which has precedent as a self-immolative linker system for amines that can
be triggered by enzymatic activity [28]. The general mode of collapse in the context
of our vaccine design is described in Fig. 12.

The acyloxymethyl carbamate contains an ester which was expected to be suscep-
tible to enzymatic cleavagewhere indicated. This releases the hydroxymethyl carbamate
moiety which is known to collapse to release formaldehyde and carbon dioxide, and in
this case reveal the free amine 1. To be most effective, we envisage intracellular
cleavage will be required for efficacy, however, when administered in vivo this
approach may allow for some extracellular cleavage to also occur. Other drugs have
demonstrated successful intracellular, esterase-dependent, and linker collapse [29].
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Fig. 12 The mode of collapse of the acyloxymethyl carbamate linker and the generation of
a-GalCer proceeding via 1
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The specific acyloxymethyl carbamate derivative of 1 that we decided to make
first was 3 where the linker is derived from levulinic acid (Scheme 3) [26].

As was the case for migrated a-GalCer compound 1 intravenous administration
of 3 to C57BL/6 mice demonstrated the ability of 3 to induce DC maturation to a
similar extent as a-GalCer (Fig. 13). The activity of 3 or a-GalCer was not sig-
nificantly different to the PBS control when administered to CD1d knockout mice
confirming the activity was dependent upon NKT cells since CD1d knockout mice
do not have any NKT cells.

To test whether enzymatic processing was required to achieve this activity, an
in vitro experiment was conducted whereby plate-bound CD1d was treated with 3
and tested for the ability of any potential CD1d-3 complex to activate NKT cells
(Fig. 14) [26]. Using a-GalCer as a positive control, this experiment demonstrated
that 3 was not a good activator of NKT cells in the vitro experiment.
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The observation that 3 cannot activate NKT cells in vitro whereas it is observed
in whole animal studies that the injection of 3 elicits a strong NKT cell-dependent
response is a good demonstration of 3 acting as a proadjuvant.

3.2 Conjugation of the Peptide Antigen—Oxime Chemistry

To complete the construction of the conjugate vaccine, we prepared the peptide
antigen flanked by a peptide cleavage site which was in turn capped at the N-
terminus with an aminooxy group as the bioorthogonal functionality (5). The
reaction of aminooxy groups and ketones or aldehydes to form oximes is widely
reported due to the reliability of the chemistry and the stability of the oxime moiety.
Although oximes do hydrolyze slowly at physiological pH (half-life is measured in
the order of weeks), they are well suited for bioconjugation of peptides or proteins
to synthetic components free of ketones and aldehydes other than at the site of
conjugation. Oxime formation is actually so efficient that solvents of high purity
must be used to avoid the scavenging of the hydroxylamine component by low
levels of carbonyl impurities common in many solvents [30].

The immunodominant CD8 epitope from ovalbumin, Ser-Ile-Ile-Asn-Phe-Glu-
Lys-Leu (SIINFEKL) (OVA257), was selected as the peptide antigen. This was
appended at the N-terminus with the sequence Phe-Phe-Arg-Lys (FFRK) which has
been shown to promote antigen presentation of CD8 epitopes via MHC class I

Fig. 14 Compound 3 is an inactive CD1d ligand in vitro
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molecules. The oxime-capped peptide 5 was prepared using Fmoc solid-phase
peptide synthesis and reacted with ketone 3 to give the conjugate vaccine 6
(Scheme 4).

A number of features of this conjugation meant that significant optimization of
the reaction conditions was required. The degree of difference in the solubilities of
the glycolipid and the peptide meant that the reaction had to be carried out at a
moderately high dilution (1.6 mM) which required the use of aniline as a catalyst to
achieve complete reaction after 48 h. Oxime formations are also generally under-
taken at mildly acidic pH to enhance the rate of reaction. In this case, we found that
it was necessary to use aqueous aniline which had been buffered to pH 4. At the
higher pH of 4.5–5, loss of peptide to its unreactive formaldehyde adduct was
observed by LCMS which we attributed to collapse of the linker component of 3
and generation of formaldehyde in situ. With these conditions optimized, however,
the reaction was monitored for loss of 3 by HPLC and purified by semi-preparative
HPLC to give 6 in an isolated yield of 33%.

The biological activity of 6 was studied extensively in mice which established
that it was effective as a vaccine. Proliferation of a transgenic population of
peptide-specific CD8+ T cells was observed by cell flow cytometry analysis of
blood 7 days after injection with 6 (Fig. 15). The increase as a percentage of total
CD8+ T cells was a significant enhancement in the population treated with 6
compared to that treated with an admixture of a-GalCer and OVA257 peptide (i.e.,
approx. 3.5 vs. 0.5%). In addition to the proliferation of transgenic CD8+ T cells,
vaccination with 6 produces endogenous T cell population with a markedly
enhanced cell-killing ability over the co-administration of a-GalCer and various
peptide derivatives [26].
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The combined data showed a clear advantage that vaccination with a conjugated
adjuvant–antigen constructs provided as compared to co-administration of the
components. Intracellular processing of peptide can enhance the efficiency of MHC
class I presentation through a cross-presentation mechanism; however, the advan-
tage of the conjugate is also seen for the modified peptides which demonstrate that
the effect is not simply due to modification of the peptide.

3.3 NKT Cell Conjugate Vaccine and Asthma

Allergic asthma is characterized by shortness of breath, wheezing, coughing, and
airway hyperresponsiveness affecting large numbers of people—particularly in
developed countries. Common treatments for the disease such as steroids target the
symptoms of the disease, not the underlying cause. At a cellular level,
allergen-specific CD4+ T cells that produce type 2 cytokines (i.e., interleukins 4, 5,
and 13), known as TH2 cells, have an essential role in driving and maintaining
allergic responses. This includes the recruitment of eosinophils and activation of B
cells to secrete allergen-specific IgE antibody which in turn leads to mast cell acti-
vation [31]. It has been reported that by acquiring and presenting allergen to TH2
cells, DCs are required in the effector phase of the inflammatory response [1]. It has
also been reported that adoptively transferred allergen-specific CD8+ T cells can
reduce inflammation by mechanisms that potentially include CTL elimination of
allergen-specific DCs [32]. For these reasons, we hypothesized that the increased T
cell responses generated by our conjugated peptide vaccines might be able to sup-
press allergic inflammation. As reported [26], we showed our conjugate vaccine
could completely suppress eosinophil infiltration, whereas admixed controls

Fig. 15 Administration of conjugate vaccine 6 induces greater proliferation of antigen-specific
CD8+ T cells compared to admixed controls
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(i.e., a-GalCer and peptide) were ineffective. Further studies are still required to
determine if DC killing is the primary mechanism but the finding has opened up an
exciting area of ongoing research and development.

3.4 Protease-Cleavable Linker—Valine-Citrulline-p-
Aminobenzyl Carbamates

The use of esterase cleavable linkers to covalently attach a-GalCer as an adjuvant
with a peptide antigen enabled us to demonstrate a clear advantage over
co-administration. We decided an improved vaccine that may be able to be prepared
by incorporating a traceless linker which was more directed toward intracellular
enzymolysis. Valine-citrulline p-aminobenzyl (VC-PAB) carbamates are suscepti-
ble to enzymolysis by cathepsin B which is an abundant lysosomal enzyme in
antigen-presenting cells. The VC-PAB linkage has been shown to have good
plasma stability and has found application in the clinic in the field of antibody–drug
conjugates [33].

The VC-PAB linkage undergoes proteolytic cleavage to reveal the amine of the
PAB carbamate which in turn is self-immolative under physiological conditions to
give carbon dioxide and azaquinone methide. The collapse cascade in the context of
1 is shown in Fig. 16.

To prepare a conjugate vaccine comprising the VC-PAB linker, we started with
the known VC-PAB precursor 7 and capped this at the N-terminus with the active
ester of levulinic acid 8 and subsequent formation of the activated carbonate gave 9.
This was coupled to 1 which was followed by oxime formation in a manner
analogous to 6 to provide 10 as a second conjugate vaccine (Scheme 5) [34].
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The biological activity of 10 was found to be very similar to 6 in a side-by-side
comparison in a cell lysis assay. The ability of 6 and 10 to elicit an endogenous
antigen-specific cytolytic activity against splenocytes which had been pulsed with
different concentrations of OVA257 peptide was measured which established a clear
advantage of the conjugate vaccines over admix vaccination with a-GalCer and
peptide (Fig. 17).
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Fig. 17 Comparison of the ability of vaccination with conjugate compared to admixed controls to
generate an endogenous antigen-specific cytotoxic response
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3.5 Alternative Linkage to the Peptide—Cu(I)-Mediated
Azide–Alkyne Cycloaddition

Conjugates 6 and 10 had validated the concept of preparing a vaccine comprising
covalently bound adjuvant and antigen. A limitation of oxime ligation, however, is
the ease of access to a range of peptide antigens. The extreme reactivity of the
aminooxy group toward adventitious aldehydes and ketones renders the preparation
of aminooxy-capped peptides unreliable, and in our experience, we have found that
this can limit the ability of commercial providers to readily supply them.

Therefore, we investigated the use of the Cu(I)-mediated azide–alkyne
cycloaddition (CuAAC). The CuAAC reaction is one of the most widely used
widely reported ligations in the area of bioconjugation. This is due to a number of
reasons which include essentially complete bioorthogonality which azides and
alkynes have within biological systems, the relative chemical stability of azides and
alkynes, and the ease of preparation of the conjugation partners.

In the context of our vaccine conjugates, we opted to use alkyne-capped peptide
11 (Scheme 6). The glycolipid coupling partners to this were the azides 12 and 14
comprising the esterase- and protease-cleavable linkers, respectively. These were
constructed in a manner analogous to the ketone-containing coupling partners
above, except the linker portion was built up from 6-azidohexanoic acid instead of
levulinic acid.

Similar to the development of the oxime ligations, the CuAAC chemistry
required significant optimization in order for the efficient reaction of our coupling
partners. Satisfactory conditions were found which used copper foil and copper
sulfate as the redox couple (to generate the Cu(I)) along with the accelerating ligand
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Tris-[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) to give the conjugates
13 and 15. The disparate solubility of the reaction components again dictated the
use of a complex mixture of solvents to minimize heterogeneity. We also kept the
concentration of DMSO at 30% due to the detrimental effect it has on reaction rate
when using TBTA as an accelerating ligand. We were unable to get the reaction to
proceed using the commonly reported CuSO4 with sodium ascorbate as the
reductant [35].

The therapeutic activity of all four vaccine conjugates (6, 10, 13 and 15) was
shown to confer significant antitumor activity against the aggressive mouse mela-
noma B16.OVA (Fig. 18) [34]. In this test, a single dose of candidate vaccine was
administered once the tumors had become engrafted and palpable. The effect of
conjugation was demonstrated by the beneficial delay in tumor outgrowth observed
when animals were treated with the conjugates as compared to the co-administration
of a-GalCer and either capped or uncapped OVA257 peptide.

A reproducible feature of the comparison of these four vaccines (i.e., 6, 10, 13,
and 15) was that conjugate 13 gave a less-pronounced antitumor activity than the
others. This was an interesting demonstration that the combination of the choice of
linker chemistries was altering the quality of the immunological response in vivo.

4 Decoupling

The biological activity presented above demonstrates the clear advantage that the
administration of the conjugated adjuvant and antigen have over the
co-administration of the components. This was shown for the ability of vaccinated
mice to generate a cytotoxic response against antigen-specific cells as well as
vaccination having strong antitumor activity in vivo. In vitro studies have also
demonstrated that constructs 2 and 3 do not induce CD1d-dependent DC activation.

Fig. 18 Comparison of tumor growth over time of mice vaccinated with conjugate vaccines
versus admixed controls
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However, we wanted to check if our vaccine design was releasing the active
components in the way we had designed it to. For this purpose, we used the CD1d
monomer NKT cell hybridoma in vitro assay (see Fig. 14).

Treating CD1d monomer-loaded plate wells with solutions of conjugate and
incubating with NKT hybridoma cells resulted in no appreciable IL-2 release (i.e.,
no NKT cell activation), whereas the positive control, a-GalCer, induced IL-2
release as expected. In contrast, pre-treatment of the conjugate with cathepsin B at
pH 5.5 recovered much of the ‘a-GalCer’ activity. This demonstrates that the
treatment with cathepsin B generates a ligand for CD1d capable of stimulating NKT
cell activity. This is consistent with the expected mode of action, whereby the
cathepsin B-mediated cleavage of the VC-PAB linker generates 1 which in turn
undergoes O ! N acyl migration to produce a-GalCer (see Fig. 16).

This change in peptide ligation chemistry also gave vaccines with the ability to
generate CD8+ T cells with antigen-specific cell lysis activity comparable to the
oxime-ligated conjugates 6 and 10 (data not shown).

4.1 Early Release of a-GalCer

HPLC-MSMS was used to monitor for early release of a-GalCer which may arise
from hydrolysis of the self-immolative linker. Collapse of the acyloxymethyl car-
bamate or the VC-PAB linker would initially lead to 1 which we had already shown
will give a-GalCer over time in aqueous conditions. Therefore, monitoring solu-
tions of conjugates for the level of a-GalCer over time serves as a proxy for the
susceptibility of the two linkers to nonspecific hydrolysis.

Aqueous samples of vaccines 6, 10, 13, and 15 each buffered to pH 3.0, 5.0, 7.4,
and 9.0 were stored at 20 °C for 8 days and monitored periodically for a-GalCer
level. This study demonstrated that at pH 7.4 and 9.0 that the acyloxymethyl
carbamate conjugates 6 and 13 were both susceptible to nonspecific hydrolysis,
whereas no a-GalCer was detected in the solutions of the VC-PAB conjugates 10
and 15 (Fig. 19) [34].

Fig. 19 a-GalCer levels monitored over time by HPLC-MSMS in dilute aqueous solutions of the
conjugate vaccines 6, 10, 13, and 15 at pH 7.4 and pH 9.0
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4.2 Conjugates Induce Responses in Human Blood

Another important consideration in developing an NKT cell-based vaccine tech-
nology is the ability to transfer an effective vaccine response from murine models to
humans. Human and mice NKT cells react to the same glycolipid antigens; how-
ever, humans have fewer NKT cells than mice. NKT cells represent 4% of the
circulating T cell population in mice [36]; however, their abundance in human
blood is typically <0.1% [37]. To test whether our conjugate vaccines were
applicable in a human setting, we assessed the effect of a conjugate comprising a
human-relevant peptide sequence from cytomegalovirus (CMV) pp65 protein [26].
The prevalence of CMV exposure in the local population enabled ready access to
blood from donors which had been exposed to CMV. The peptide sequence chosen
was NLVPMVATV (NLV) due to its ability to be detected in the peripheral blood
mononuclear cells of HLA-A*02+ CMV seropositive donors. With the epitope
chosen, the conjugate 16 (Fig. 20a) was prepared which made use of the more
stable VC-PAB linker in combination with employing CuAAC chemistry to allow
the use of a more readily available peptide coupling partner. The peptide also
contained the FFRK peptide cleavage sequence designed to aid MHC class I pre-
sentation of the NLV epitope.

Fig. 20 a The chemical structure of the CMV conjugate 16, b Conjugate 16 activates human
NKT cells, c Conjugate 16 enhances peptide-specific CTL in human blood in vitro. (Reproduced
from [26] with permission from the Royal Society of Chemistry)
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It was initially very interesting to determine whether compound 16 was able to
activate human NKT cells. To do this, 16 was incubated with PBMCs from an
HLA-A*02 negative donor in the presence or absence of a CD1d blocking anti-
body, and the release of interferon-c (IFN-c) was monitored (Fig. 20b). HLA-A*02
negative donors were used for this experiment to ensure the IFN-c was not derived
from antigen-specific T cells responding to the NLV peptide. The results from this
did indeed indicate that the IFN-c release was CD1d-dependent which supports our
hopes that the conjugate vaccines are active in a human setting. Further assessment
of the ability of 16 to promote the proliferation of NLV antigen-specific CD8+ T
cells was determined by the upregulation of CD137 which is used as a marker of T
cell activation. The enhancement in the percentage of antigen-specific T cells was
markedly more pronounced after exposure to the conjugate vaccine 16 as opposed
to a-GalCer, the NLV peptide, or co-administration of a-GalCer and NLV peptide
(Fig. 20c). Importantly, this proliferation of NLV-specific CD8+ T cells was
observed in several donors, which is encouraging when considering the low
abundance of NKT cells in humans.

5 Summary and Future Directions

In this work, we showed that treating the NKT cell agonist a-GalCer with acid
caused the C26 fatty acid to ‘miss-orientate’ to form an inactive compound with a
reactive amine handle. To stop the facile reformation of a-GalCer in physiological
conditions, the amine was capped with a blocking group that was designed to be
removed in vivo through enzymatic processes. The chemical design of the capping
group also included provision of a chemical reporter group such as a ketone, azide,
or alkyne that facilitated bioorthagonal conjugation to suitably N-terminally mod-
ified peptide antigens. Although both oxime ligation and copper catalyzed
cycloaddition methodologies were equally efficient, the cycloaddition protocol was
preferred due to the ease of synthesis of the alkyne-modified peptides versus the
alkoxyamine-modified peptides. In terms of self-immolative linkers, the
valine-citrulline p-aminobenzyl group was preferred over the acyloxy group due to
increased chemical stability.

It was demonstrated that prodrugs (or proadjuvants) and conjugates were active
in vivo but inactive when tested in plate-bound (CD1d monomer) assays.
Importantly, NKT cell activity could be recovered in the in vitro experiments when
the proteolytic enzyme cathepsin B was added. Upon conjugation with peptide
antigen, increased T cell responses in terms of numbers and functional activity (i.e.,
antigen-specific cellular cytotoxicity) were measured in animal models. Taken
together, these data provided good evidence that the conjugate vaccine activity was,
at least in part, due to the designed mechanism (i.e., co-delivery of adjuvant and
antigen to the same cell). Further studies are required to fully elucidate that the
impact conjugation has with regard to altered biodistribution and how this con-
tributes to biological activity. Increased T cell responses due to conjugation also
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translated into better activity in animal models for allergy and cancer. Using a
synthetic vaccine that induces antigen-specific cellular cytotoxicity to suppress
acute allergic inflammation is a highly novel and interesting concept; however,
further studies into the scope and limitations of this approach are needed.

Although it was pleasing to observe increased antitumor activity in an aggressive
melanoma model, delayed tumor growth is unlikely to translate well into the clinic, so
ongoing research is still needed tofind therapies that induce long-term regression.There
are many considerations such as repeated dosing, combination with other vaccine
technologies (such as those that contain TLR agonists), the use of synthetic long
peptides, analysis of T cell populations, and consideration of tumormicroenvironment-
induced immunosuppression. Given the stunning success in clinical trials of mono-
clonal antibodies (mAbs) such as nivolumab and ipilimumab [38] that block so-called
checkpoint mechanisms, cancer vaccine technologies can no longer be considered in
isolation. In particular, for metastatic disease cancer, vaccines must now be considered
in the context of checkpoint blockade treatments and how they may enhance these.
Thankfully, because checkpoint blockade treatmentsworkby releasingTcell responses
and vaccines by inducing T cell responses, the approaches are likely to be synergistic.
However, much research and clinical evaluation are still required to validate this
concept and other treatment combinations. Other situations where vaccination may be
appropriate include pre-malignant disease [39]. This setting is attractive because vac-
cines tend to work better in healthier patients with lower disease burden. Furthermore,
due to the potential of checkpoint blockade drugs to cause autoimmunity, these treat-
ments are less suited to pre-malignant conditions. Finally, vaccine therapies may also
work well as an adjunct therapy after tumor reduction surgery. An excellent recent
review discusses these and related points in detail [40].
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