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A B S T R A C T

Glycosylation of lipids and proteins is not encoded by genes directly and depends on many
factors including the origin of cell-lines, differential expression of carbohydrate enzymes
and availability of substrates, as well as environmental conditions. Individual cells from
different tissues produce each glycoprotein as heterogeneous mixtures of glycoforms with
distinct biological activities in response to different conditions and disease states. As the
result, the study of glycosylation could not rely purely on biochemical methods; instead
it requires a multidisciplinary approach utilizing a variety of methods including genetic
manipulation and glycosylation pathway engineering, structural and functional proteomic
analysis, chemical and enzymatic synthesis, development of glycosylation probes and glycan
microarrays. This review highlights recent progress and demonstrates how the availabil-
ity of structure-defined oligosaccharides enables development of new and improved
therapies, such as therapeutic homogeneous antibodies and carbohydrate-based vaccines
against cancer.
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1. Introduction

Oligosaccharides are often displayed on the cell surface
through conjugation to lipids and proteins, and are in-
volved in various intercellular communications and
carbohydrate-mediated recognition processes. Since the bio-
synthesis of glycans depends on the expression of genome-
encoded enzymes, the composition of cell-surface
carbohydrates is specific to the cell type and alters as the
cell undergoes developmental and functional changes.
However, elucidation of the biological functions of glycans
can be a complex task, and requires effective methods and
tools for the study. Over the last 25 years, an impressive pro-
gress has been attained in our understanding the role of
carbohydrates in biology (National Research Council
Committee, 2012). Much of this achievement is due to the
improvements in the methods of oligosaccharides synthe-
sis, which can deliver substantial amounts of purematerial
required for the functional study.Anotherelement thathelped
expandour knowledge of glycosylation eventswas the emer-
gence of new tools for the study of glycosylation, such as
methods for specific gene expression and sequencing, struc-
tural analysis andglycoproteomics, thedesignof glycosylation
probes andglycanarrays. Theseadvancesmadepossible iden-
tification of novel glycan structures involved in various
carbohydrate-mediated biological recognitions, which led
to the development of carbohydrate-based medicines.

2. Glycan synthesis and automation

One of the major challenges in oligosaccharide synthe-
sis is selective glycosidic bond formation. The
stereoselectivity of chemical glycosylation depends on the
structural features of the glycosyl donors and protecting
groups (PGs). Althoughmany glycosylation procedures have
been developed and can provide a high degree of
stereocontrol, their practicality remains a major chal-
lenge. Recent efforts have been directed toward the
development of simple and efficient methods for glycan as-
sembly, such as one-pot procedure for the construction of
complex oligosaccharides (Raghavan and Kahne, 1993), in-
cluding variations of this concept using the PG-controlled
reactivity of glycosyl donors (Douglas et al., 1998; Huang
et al., 2004), and the orthogonal one-pot strategy (Yamada
et al., 1994) through highly specific activation of leaving
groups (Yasomanee and Demchenko, 2013).

2.1. Programmable one-pot synthesis

Although the one-pot strategy has proven to be quite ef-
ficient for thesynthesisof complexoligosaccharides, it is limited
to the laboratories with the expertise in carbohydrate chem-
istry.Totransformthehighlyspecializedcarbohydratesyntheses
into a routine operation, a programmable strategy of oligo-
saccharide assembly has been developed by theWong group

(Zhang et al., 1999). This method utilizes the designed soft-
ware for the selection of thioglycoside building block donors
based on their relative reactivity values (RRVs). The RRVs are
determined from competition experiments against
peracetylated thiomannoside (RRV=1) and reflect the effect of
protecting groups on the reactivity of anomeric center. The
current database containsmore than 400 building blocks and
has been successfully applied to the synthesis of various oli-
gosaccharides, including coloncancer antigenLey, sLex, fucosyl
GM1, and embryonic stem cell surface carbohydrates Lc4 and
IV2Fuc-Lc4 (Hsu et al., 2011). Fig. 1a illustrates synthesis of the
Globo H antigen, which was performed in a highly efficient
manner (Burkhart et al., 2001).

2.2. Automated solid-phase synthesis

Development of automated oligosaccharide synthe-
sizer has been highly anticipated for quite some time. The
most advanced prototype developed by the Seeberger group
utilizes the reengineered peptide synthesizer with several
adjustments to accommodate for glycosylation conditions,
including temperature control of the reaction vessel and the
use of inert gas atmosphere to handle sensitive reagents
(Plante et al., 2001). As illustrated in the preparation of Globo
H, the reducing end sugar is coupled to the solid support
and is used as an initial glycosyl acceptor. The cycles of cou-
pling – selective removal of temporary PG and glycosylation
of solid-bound acceptor – are repeated until the oligosac-
charide of the desired length is assembled (Fig. 1b) (Werz
et al., 2007). In general, each coupling step proceeds with
high efficiency (80–90%) and can bemonitored by UV trace
of the Fmoc group. The release fromsolid support viaGrubbs’
metathesis gives pentenyl glycoside donor. More recently,
a newbifunctional linkerwas introduced, thus giving access
to amine functionalized glycans suitable for the immediate
application, such as conjugation to the carrier protein for
vaccine design or attachment to activated surfaces for the
glycan array fabrication (Krock et al., 2012). Themain draw-
backs of themethod are the need for selective deprotection
after each coupling step and theuse of a large excess of build-
ing blocks. These drawbacks could be partially addressed
by the solution phase automated synthesis using flow re-
actors (Geyer et al., 2009), fluorous tags (Jaipuri and Pohl,
2008; Zhang et al., 2009) or using reagent free donor acti-
vation as in the case of electrochemical synthesis of
oligoglucosamines (Nokami et al., 2013, 2015). Neverthe-
less, the solid-phase automated synthesis was successfully
applied to the synthesis of several notable targets includ-
ing Ley, Lex antigens, short glycopeptides, glycosaminoglycan
oligosaccharides, and GPI glycolipids (Seeberger, 2015). The
idea of automated synthesis with enzymes immobilized on
solid supports, coined artificial Golgi, was originally dem-
onstrated by the Nishimura group (Nishimura, 2005), and
inspired further studies toward enzymatic synthesis of oli-
gosaccharides in thedigitalmicrofluidic devices (Martin et al.,
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