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Abstract Glycosylation is a post-translational modification that is of paramount
importance in the production of recombinant pharmaceuticals as most recombi-
nantly produced therapeutics are N- and/or O-glycosylated. Being a cell-system-
dependent process, it also varies with expression systems and growth conditions,
which result in glycan microheterogeneity and macroheterogeneity. Glycans have
an effect on drug stability, serum half-life, and immunogenicity; it is therefore
important to analyze and optimize the glycan decoration of pharmaceuticals.
This review summarizes the aspects of protein glycosylation that are of interest to
biotechnologists, namely, biosynthesis and biological relevance, as well as the
tools to optimize and to analyze protein glycosylation.
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HPAEC-PAD High-performance anion-exchange chromatography coupled with
pulsed amperometric detection

HPLC High-performance liquid chromatography
Man Mannose
Neu5Ac N-Acetylneuraminic acid
Neu5Gc N-Glycolylneuraminic acid
UDP Uridine diphosphate
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1 Introduction

More than 200 protein pharmaceuticals have been approved by authorities for
therapeutic use and many more are in the development phases of clinical trials [1].
In 2009, the biopharmaceutical market was estimated to be worth $99 billion
worldwide. Antibody-based products, which are glycosylated, represent more than
a third of the market and five of the top ten sellers are antibody-based biophar-
maceuticals [1]. The global market for protein-based therapeutics is estimated to
grow by about 15% annually in the coming years [2, 3], and glycosylation is
associated with 40% of all approved biopharmaceuticals. In view of the fact that
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glycosylation has a high impact on the activity and pharmacokinetics of thera-
peutics, academic and industrial research laboratories have been working on the
improvement of therapeutic applications of glycosylation.

This review will first focus on the structure and biological significance of
glycans. Then, the main strategies to optimize recombinant protein glycosylation
will be examined. Finally, a brief overview of the techniques to analyze protein
glycosylation will be given.

2 Structure and Biosynthesis

As constituents of glycoproteins and glycolipids, glycans play a central role in many
essential biological processes (Fig. 1) [4, 5]. Glycoconjugates can be grouped into
glycoproteins, e.g., serum glycoproteins (immune globulins), membrane-bound
glycoproteins (cell adhesion molecules such as integrins or receptors), cytosolic
proteins such as heat shock protein 70, lipid-linked glycoproteins (gangliosides,
glycosylphosphatidylinositol-anchored proteins), and proteoglycans. They consist
of a protein backbone which is heavily glycosylated with disaccharide repeating
units (glycosaminoglycans), for instance, decorin, which forms one of the major
components of the extracellular matrix. Over 50% of all proteins are glycoproteins
and it is estimated that 1–2% of the genome encodes for glycan-related genes [6, 7].

Fig. 1 Overview of the glycoconjugates present in eukaryotic systems: glycoproteins, e.g., serum
glycoproteins, membrane-bound glycoproteins, cytosolic proteins, lipid-linked glycoproteins, and
proteoglycans. GPs glycoproteins, GPI glycosylphosphatidylinositol, green circles mannose,
yellow circles galactose, blue squares N-acetylglucosamine, yellow squares N-acetylgalactos-
amine, red triangles fucose, purple diamonds N-acetylneuraminic acid
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2.1 Carbohydrate Diversity

Carbohydrates (Cx(H2O)y) can be defined as polyhydroxyaldehydes and poly-
hydroxyketones, the simplest ones found in nature being monosaccharides and
disaccharides (‘‘saccharide’’ is derived from saccharon, the Latin word for
‘‘sugar’’). Glycans are composed of monosaccharides and are classified as oligo-
saccharides (two to 20 monosaccharides) or polysaccharides (more than 20
monosaccharides). The family of monosaccharides consists of 367 different
members [8], which are named according to their number of carbon atoms
(‘‘triose’’ for three carbon atoms or ‘‘hexose’’ for six carbon atoms), their func-
tional group (‘‘aldose’’ for aldehydes and ‘‘ketose’’ for ketone), their ring size
(‘‘pyranose’’ for a six-membered ring and ‘‘furanose’’ for a five-membered ring),
and their anomeric carbon atom (orientation of the hydroxyl group on the
asymmetric center: D or L, a or b). After incorporation into glycoconjugates,
oligosaccharides can be posttranslationally modified by phosphorylation, sulfation,
or acetylation. The most abundant monosaccharide, glucose (Glc), is the repeating
unit of the most widespread biopolymers. Glc polymers are the biggest resource of
biomolecules. They mostly occur in nature in the form of cellulose (b1,4 linkage)
and in the form of starch (a1,4 and a1,6 linkages). Their main function is to
provide the host organism with energy. The most common monosaccharides
found in N-glycans and O-glycans of higher animals are hexoses [galactose (Gal),
mannose (Man)], deoxyhexoses [fucose (Fuc)], hexosamines [N-acetylglucosamine
(GlcNAc) and N-acetylgalactosamine (GalNAc)], and sialic acids [N-acetylneu-
raminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc)]. N-acetylation at
the C-2 position of Glc and Gal leads to GlcNAc and GalNAc. Deoxyhexoses lack a
hydroxyl group at the C-6 position, and sialic acids have a backbone of nine carbon
atoms and have a carboxyl group at C-1 (Fig. 2).

2.2 Glycoprotein Glycosylation

N-Glycans are covalently attached to the side chain of asparagine residues of
glycoproteins via a GlcNAc. They share a common core structure, which consists
of two GlcNAc followed by three Man residues. Further additions and trimming
leads to three different N-glycan classes, namely high-Man, hybrid, and complex
-N-glycans (Fig. 3). Protein glycosylation is initiated in the endoplasmic reticulum
by a common consensus sequence motif, Asn-X-Ser/Thr, where X is any amino
acid except Pro.

O-glycosylation of serine or threonine residues of glycoproteins occurs in the
Golgi apparatus. Consensus sequences have not been reported yet, but some bioin-
formatics tools such as NetOGlyc allow O-glycosylation sites to be predicted [9].
NetOGlyc compares sequences with databases combining in vivo O-glycosylation of
mammalian glycoproteins as well as the structure around the O-glycosylation sites.
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In contrast to N-glycans, O-linked glycans are classified by eight different core
structures starting with a GalNAc residue (Fig. 3). Other types of O-glycosylation
have been reported and occur as O-GlcNAc, O-Glc, O-Fuc, and O-Man at serine or
threonine residues [10]. C-mannosylation [11] and phosphoserine glycosylation [12]
are some of the newest types of protein glycosylation reported; phosphorylated
serines are linked to GlcNAc, Man, Fuc, or xylose through the phosphodiester bond,
and C-mannosylation occurs at tryptophan residues.

2.3 N-Glycan and O-Glycan Biosynthesis

The biosynthesis of N-glycans and O-glycans begins in the cytosol of vertebrates
with the formation of activated monosaccharides as dolichol phosphate (Dol-P)
or nucleotide derivates. The activated monosaccharides [Dol-P-Man, uridine
diphosphate (UDP)–Gal, UDP-GlcNAc, UDP-GalNAc, guanosine diphosphate
(GDP)–Man, GDP-Fuc, cytidine monophosphate (CMP)–Neu5Ac] are transported
to the endoplasmic reticulum and Golgi apparatus, where the stepwise biosynthesis
of the glycans occurs (Figs. 4, 5) [6]. It is a complex process which involves many
enzymes from different pathways. To date, about 700 glycan-related genes have
been identified [13]. These genes code for the so-called glycosylation machinery

Fig. 2 Most common monosaccharides found in N-glycans and O-glycans of higher animals.
The differences between hexoses are marked. Since 2005, most glycobiologists have adopted the
symbol and color code proposed by EUROCarbDB to represent glycans (http://relax.organ.su.
se:8123/eurocarb/home.action)
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such as kinases and epimerases in nucleotide biosynthesis, transporters, glyco-
syltransferases, glycosidases, glycan-modifying enzymes (e.g., glycan sulfation),
and carbohydrate-binding proteins (lectins) [13]. The stepwise biosynthesis starts
in the cytosol with the formation of a heptasaccharide on a lipid-linked precursor,
Dol-P, consisting of two GlcNAc and five Man. After a ‘‘fliplike’’ mechanism
from the cytosol into the endoplasmic reticulum lumen, the precursor is finalized
to the common Glc3Man9GlcNAc2 precursor and transferred via the oligosac-
charide transferase complex to the polypeptide [14]. At this early stage, the correct
folding undergoes a glycan-based quality control. Calnexin and calreticulin, two
chaperone-like glycan-binding proteins, attach to and detach from proteins and
recognize proper folding [15]. Once proteins are correctly folded, three Glc res-
idues and one Man residue are cleaved by specific glycosidases and the newly
formed glycoproteins enter the Golgi apparatus via vesicles [16] (Fig. 4). The
glycan precursors are degraded to Man5GlcNAc2 structures. This deglycosylation
is the starting point of the final glycoprotein processing, which is the provision
and the transfer of UDP-GlcNAc, UDP-Gal, CMP-Neu5Ac, and GDP-Fuc
residues by a subset of Golgi nucleotide transporters, glycosyltransferases, and
glycosidases (Fig. 5) [17].

O-Glycan processing is initiated by the transfer of GalNAc to serine and
threonine residues via a GalNAc transferase. Nascent O-glycan chains are
further elongated by glycosyltransferases that transfer activated monosaccha-
rides [18, 19].

Fig. 3 Structure and linkage of N-glycans and O-glycans to the protein backbone. a N-Glycans
linked to an asparagine residue of the polypeptide chain (the core structure is marked). The
three types of N-glycans are shown below (high-mannose type, hybrid type, complex type).
b O-Glycans linked to a serine or threonine residue of the polypeptide chain. For O-glycans, there
is no common core structure, but eight different core structures known. Green circles mannose,
yellow circles galactose, blue squares N-acetylglucosamine, yellow squares N-acetylgalactos-
amine, red triangle fucose, purple diamonds N-acetylneuraminic acid. R1 and R2 are polypeptide
chains, R3 is H (serine) or CH3 (threonine)
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2.4 Sialic Acid Biosynthesis

Sialic acids, derived from neuraminic acid, consist of a backbone of nine carbons
with an amino group at position C-5 and constitute the classic terminal acidic
monosaccharide of glycoprotein glycans. They belong to a family of more than 50
members differing in the substitution types (e.g., acetyl, methyl, sulfate, phos-
phate) and positions (C-4, C-5, C-7, C-8, C-9) [20]. Sialic acids are characterized
by a carboxyl group at position C-1 that confers strong acidity (pK 2.2) [21, 22].
The biosynthesis of sialic acids begins with UDP-GlcNAc, which enters the
pathway by de novo synthesis starting with fructose 6-phosphate or by the salvage
pathway via activation of GlcNAc from degraded glycoproteins [23]. UDP-
GlcNAc is converted by the bifunctional enzyme UDP-N-acetylglucosamine
2-epimerase/N-acetylmannosamine kinase (GNE) into N-acetylmannosamine
6-phosphate. After condensation with phosphoenolpyrovate by Neu5Ac 9-phos-
phate synthase and dephosphorylation by Neu5Ac 9-phosphate phosphatase, free
Neu5Ac is synthesized. Thus, Neu5Ac is the only monosaccharide, which is
activated in the nucleus [24, 25]. After activation with cytidine triphosphate by
CMP-Neu5Ac synthase, CMP-Neu5Ac is released in the cytosol. The activated
neuraminic acids enter the Golgi apparatus, where they are transferred to the
terminal position of glycoconjugates [26] or act as a negative-feedback inhibitor
for GNE and consequently reduce the synthesis of neuraminic acids [27].

Fig. 4 Processing of the precursor for N-glycans in the endoplasmic reticulum. Dol-P dolichol
phosphate, ER endoplasmic reticulum, GDP guanosine diphosphate, mRNA messenger
RNA, UDP uridine diphosphate green circles mannose, blue circles glucose, blue squares
N-acetylglucosamine
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3 Biological Impact of Protein Glycosylation

3.1 Stability and Serum Half-Life

The most obvious function of protein glycosylation is to facilitate protein solu-
bility and stability. For instance, if fibrinogen and human granulocyte colony-
stimulating factor are de-N-glycosylated and de-O-glycosylated, respectively,
aggregates are formed, which results in biological inactivity [28, 29]. Glycosyla-
tion also ensures the protection of proteins against proteases by masking cleavage
sites [30, 31]. Rudd et al. [32] suggested that the steric protection of the peptide
moieties by the neighboring N-glycans is due to hydrogen bonding between the
hydrophilic amino acids and glycans.

Another well-known function of sialylated glycans is to prolong circulation of
glycoproteins in serum. When glycans of glycoproteins are terminated in Gal and
not sialic acids, they are recognized by the asialoglycoprotein receptor (ASGPR),
which results in a drastic reduction of serum half-life [33]. The ASGPR, located on
the surface of hepatocytes [34, 35], is not able to recognize fully sialylated gly-
coproteins, but, during blood circulation, terminal sialic acids are cleaved off by
unspecific sialidases. Subsequently, the ASGPR recognizes Gal and GalNAc,
which are not capped anymore by sialic acids. Hence, glycoproteins are inter-
nalized and degraded [36–38].

Fig. 5 cis-Golgi, media-Golgi, and trans-Golgi network with cytosolic UDP, GDP, and cytidine
monophosphate (CMP) nucleotides and specific transmembrane transporters with the corre-
sponding color code. Glycosyltransferases and glycosidases are not depicted. Green circles
mannose, yellow circles galactose, blue squares N-acetylglucosamine, red triangles fucose,
purple diamonds N-acetylneuraminic acid
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3.2 Signal Transduction and Cell Adhesion

It has been established that bisecting GlcNAc, which is b1,4-linked to the Man
residue located at the base of the trimannosyl core (Fig. 6), and core Fuc are involved
in signal transduction and cell adhesion by regulating the function of glycoproteins.
Wand et al. [39] and Saito et al. [40] showed that core fucosylation is essential for the
binding of epidermal growth factor to its receptor, whereas bisecting GlcNAc favors
the endocytosis of its receptor. The importance of bisecting GlcNAc and core Fuc
was also established for recombinant antibodies that are used to treat various types of
diseases such as cancer and autoimmune diseases [1]. It was shown that the absence
of Fuc and the presence of bisecting GlcNAc at asparagine 297 in the Fc region
enhance the effector functions of antibodies by up to 100-fold [41].

3.3 Immunogenicity

Human cells produce exclusively sialic acids of the Neu5Ac-type, whereas mamma-
lian cell lines, used to produce biopharmaceuticals, express Neu5Ac as well as the non-
human Neu5Gc. This monosaccharide is formed by CMP-Neu5Ac hydroxylase,

Fig. 6 a Chemical drawing with composition and linkage information, b Most frequently
used simplified carbohydrate drawing (GlycoWorkbench) [119]. Green circles mannose, yellow
circles galactose, blue squares N-acetylglucosamine, red triangles fucose, purple diamonds
N-acetylneuraminic acid
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which is absent in humans since a knockout mutation occurred about three million
years ago [42]. As a consequence, Neu5Gc is immunogenic to humans [43] and
recombinant glycoproteins from mammalian sources can bear Neu5Gc. Chinese
hamster ovary (CHO) cells are the most widely used expression system for the pro-
duction of FDA-approved recombinant therapeutics such as erythropoetin (EPO)
(Epogen, Amgen) [44–46]. Glycoproteins expressed in CHO cells are usually highly
sialylated and are decorated with a2,3-linked Neu5Ac as well as minor amounts of the
immunogenic Neu5Gc (up to 3%) [47, 48]. Some human cells, such as stem cells, are
grown with animal products such as serum or feeder layers during the culture [49]. The
use of stem cells for regenerative therapies is therefore affected as well; the incorpo-
ration of Neu5Gc cannot be excluded and may result in immunological risks [50].

Mammals, with the exception of Old World monkeys, apes, and humans,
express an a1,3-galactosyltransferase and accordingly add Gal residues to galac-
tosylated glycans [51]. Humans only express a functional b1,4-galactosyltrans-
ferase, the a1,3-galactosyltransferase gene being a dysfunctional pseudogene [52].
As a consequence, glycans with a1,3 Gal residues are immunogenic to the human
immune system, which prevents, for instance, xenotransplantations of pig organs
[53, 54]. Murine NS0 or Sp2/0 cell lines used for the production of monoclonal
antibodies (CD 20 antibody, ofatumumab, GlaxoSmithKline, IL-2R antibody,
daclizumab, Hoffman-LaRoche) [55–57] may also contain traces of this epitope;
therefore, the glycosylation of recombinant glycoproteins expressed in non-human
systems, which may lead to hypersensitivity reactions when patients are injected
with them, should particularly be controlled [58, 59].

4 Glycoengineering: Strategies to Influence Protein
Glycosylation

More than half of the commercially available biopharmaceuticals that result from
genetic engineering are glycoproteins [1]. Therefore, a major concern of bio-
pharmaceutical laboratories is to monitor and tune glycosylation carefully. An
optimal glycosylation is usually considered to be complete galactosylation (b1,4)
and sialylation (a-linked Neu5Ac); in the following sections we review different
‘‘glycoengineering’’ or ‘‘glycodesign’’ approaches to influence glycan macrohet-
erogeneity (site occupancy) as well as microheterogeneity (nature of glycans
attached at a specific site) in order to modulate the degrees of galactosylation,
fucosylation, and sialylation (Fig. 7).

4.1 Modifications of Glycan Biosynthetic Pathways

Each glycosyltransferase, glycosidase, and transporter involved in the biosynthetic
pathway of the activated monosaccharides is a potential target to modulate the
glycosylation machinery of a production cell line and therefore the glycosylation
pattern of a biopharmaceutical.
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The key enzyme of the sialic acid pathway is the bifunctional GNE. The epi-
merase domain is regulated by a negative-feedback mechanism through the end
product of the pathway, the activated sialic acid, CMP–sialic acid. A knockout of the
epimerase domain results in a loss of the negative-feedback mechanism. Feeding the
cell culture medium with N-acetylmannosamine, a sialic acid precursor, enhances
sialylation via salvage pathways [60, 61]. On the basis of a pathological background
in humans, it was shown that a mutant of GNE causes sialuria. Sialuria is a rare inborn
disorder that is characterized by an excessive renal clearance of sialylated glyco-
proteins on the gram scale. This is due to a mutation within the epimerase domain,
which results in a defective feedback inhibition process. This mutation has suc-
cessfully been inserted in CHO cells and led to the production of highly sialylated
recombinant EPO [62]. Another way to increase sialylation is to insert human
a2,6-sialyltransferase in CHO cells as these cell lines produce a2,3-linked but no
2,6-linked Neu5Ac [63]. This insertion results in the production of humanized gly-
coproteins bearing both a2,3-linked and 2,6-linked Neu5Ac [64, 65]. A successful
example of the knockout strategy is the reduction of the fucosylation by knocking out
corresponding fucosyltransferases. In CHO cells, the FUT8 gene was knocked out
and this resulted in the production of antibodies devoid of core Fuc that had a higher
antibody-dependent cell-mediated cytotoxicity [41, 66]. An alternative defucosy-
lation strategy is the decrease of the substrate availability, the reduction of GDP-Fuc.
This is achieved by deflecting the Fuc de novo pathway using a highly effective
prokaryotic enzyme [67].

A similar approach has been successfully established which combines a human-
like glycosylation with high yields obtained using yeast and plant-based systems

Fig. 7 Strategies to optimize glycoprotein glycosylation, so-called glycodesign. The choices
regarding the expression system and parameters influence the resulting glycosylation. Various
strategies, including in vitro glycosylation, modification of the biosynthetic pathways, and
addition of N-glycosylation, are able to modulate glycoprotein glycosylation. Glc glucose,
Neu5Ac N-acetylneuraminic acid
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(‘‘humanization’’ of the glycosylation machinery). Yeast glycoproteins are deco-
rated with high-Man structures (Fig. 8), which are generally quickly recognized by
the Man-binding receptor and removed from blood circulation [68]. In Pichia pas-
toris, nineteen yeast-specific enzymes were knocked out and glycosyltransferases
from different biological sources were knocked in. This resulted in the production
of antibodies having human-like sialylated biantennary structures [69, 70]. Plant
glycosylation consists of trimannosyl chitobiose structures bearing two additional
epitopes, namely, b1,2-xylose and core a1,3-fucose, that are immunogenic to
mammals (Fig. 8). Plant glycosylation has recently been humanized by several
research groups [71–73], resulting in the expression of diantennary digalactosylated
N-glycan structures that are free from plant carbohydrate antigens [72].

4.2 Insertion of Additional N-Glycosylation Sites

An interesting approach to increase glycan macroheterogeneity is to raise the
number of N-glycosylation sites of a given protein. The enhanced glycosylation

Fig. 8 Overview of different expression systems and their main types of glycosylation. Plant
glycans contain xylose, which is antigenic for humans. Yeast glycoproteins bear exclusively
high-mannose-type glycans and therefore recombinant products have a short half-life in serum.
Insects produce only pauci-mannose structures, whereas the glycosylation machinery of
mammals produces mainly complex glycans. Human cell lines express complex glycans
containing N-acetylneuraminic acid but no N-glycolylneuraminic acid. Depending on the origin
of the cell lines, their glycosylation machineries may be different (the different glycosylation
patterns are shown below the type of tissue). Green circles mannose, yellow circles galactose,
blue squares N-acetylglucosamine, yellow squares N-acetylgalactosamine, red triangles fucose,
purple diamond, N-acetylneuraminic acid, white diamond N-glycolylneuraminic acid
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and thus the increased sialylation should protect the biopharmaceutics against
early degradation by the ASGPR. It is relatively easy to clone N-glycosylation
motifs into the respective nucleic acid sequence. Generally, the Asn-X-Thr motif is
more efficiently glycosylated than Asn-X-Ser. Studies have revealed that the
occupancy of a particular glycosylation site additionally depends on the amino
acid in the second position, the position of Asn-X-Ser/Thr in the three-dimensional
structure, and the flanking structural confirmations [74]. Therefore, it is very
important to locate the new glycosylation sites with the restrictions mentioned
above and to avoid placing them in the functionally important domains of the
protein. A very prominent and successful example is darbepoetin alfa (Amgen)
[34, 75]. This genetically engineered EPO bears two additional N-glycosylation
sites. Darbepoetin alfa is characterized by a 3 times prolonged serum half-life of
32 h compared with recombinant human EPO. Human alpha interferons are a
family of cytokines that inhibit cell proliferation and viral infections. Recombinant
human alpha interferon is an FDA-approved therapeutic used in the treatment of
cancer and chronic viral diseases [76–78]. It is not glycosylated, which results in a
short circulatory half-life in humans of about 4–8 h [79]. Four N-glycosylation
sites were introduced by site-directed mutagenesis; the glycoengineered cytokine
was posttranslationally modified with trisialylated and tetrasialylated N-glycans
[80], resulting in a 25-fold increase in the half-life and a 20-fold decrease in
the systemic clearance rate compared with the non-glycosylated cytokine [81].
The same strategy has been used for other recombinant glycoproteins, such as
follicle-stimulating hormone [82]. In principle, this method can be used for all
N-glycosylated glycoproteins and for non-glycosylated serum proteins as well.
The location of the additional glycosylation sites (‘‘design’’ strategy) is facilitated
if information about the active site of the protein of interest is available (X-ray,
nuclear magnetic resonance data). But its success depends on the quality of
information available about the amino acids and domains that surround the new
N-glycosylation sites during biosynthesis. Thus, effective N-glycosylation cannot
be guaranteed because a proper protein folding is highly dependent on the first
glycosylation steps in the endoplasmic reticulum. Proteins can be misfolded and
degraded or additional glycosylation sites may not systematically modify the
serum half-life.

4.3 Cell Culture Parameters

Cell culture parameters have been reported to influence significantly the glycan
microheterogeneity of recombinant glycoproteins [83–87]. Temperature, pH, dis-
solved oxygen, and medium content such as ammonia content are paramount
parameters to control in order to minimize charge-to-charge variations. The
accumulation of ammonia has been correlated with significant loss of sialic acids
on both N-glycans and O-glycans [86, 88]. Shear stress influences the glycosyla-
tion of recombinant glycoproteins [89]. Fucosylation was shown to increase with
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the percentage of dissolved oxygen during the production of EPO in CHO cells
[84]. It was also demonstrated that pH variations (below 6.9 and above 8.2) lead
to a decrease of the overall protein glycosylation [90]. Temperature variations may
also result in altered glycosylation. Temperature decrease correlates with an
increase in polylactosaminylation [91] and an increase in site occupancy [85],
which may be due to the longer transit time of the nascent glycoproteins in the
Golgi apparatus. Manganese and iron supplementation increases the site occu-
pancy of human recombinant tissue plasminogen activator without interfering with
cell growth or protein productivity [87].

4.4 In Vitro Glycosylation

In vitro glycosylation consists of the addition of carbohydrate moieties to the
recombinant glycoproteins after the expression, which is performed either
enzymatically or chemically. Raju et al. [92] extended the N-glycan chains of gly-
coproteins using b1,4-galactosyltransferase, a2,3-sialyltransferase, and the corre-
sponding sugar nucleotides, which is time-consuming and quite costly. Fernandes
et al. [93–95] chemically coupled polysialic acids to asparaginase and catalase,
which enhanced their serum half-lives. Another example is the chemical coupling via
oxime chemistry of mannose 6-phosphate to recombinant acid a-glucosidase, which
is used in the treatment of Pompe disease [96]. The glycoengineered recombinant
glycoprotein showed a higher affinity for the mannose 6-phosphate receptor,
resulting in better uptake of the drug by muscle cells [97].

5 Glycoanalytics

5.1 Glycomics Compared with Genomics and Proteomics

If the sequence of a gene is elucidated, it is possible to predict the amino acid
sequence of the resulting protein but not the glycans attached to it. DNA and
proteins are linear molecules and, from an analytical point of view, are relatively
easy to analyze compared with glycans, which are branched. Each hydroxyl group
of a monosaccharide is potentially a new branching point of a glycosidic bond,
which creates a new stereogenic center (Fig. 6). A peptide with three amino acids
can build 33 (27) tripeptides. All peptides are linear and have the same type of
linkage. Because of the structural diversity described above, three monosaccha-
rides can theoretically result in 38,016 different trisaccharides calculated by
[(permutation of sequence) 9 ring size 9 anomeric carbon atoms 9 linkages] or
En 9 2r

n 9 2a
n 9 4n-1 (linear forms) ? En x 2r

n 9 2a
n x 6n-2 (branched forms)

where E is the library of monosaccharides and n is the oligomeric size [98].
A calculation with the nine most common monosaccharides in a human system
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results in more than 15 million possible tetrasaccharides. If one relates this to
hexasaccharides, there are 1015 theoretical possible structures from 20 monosac-
charides compared with 206 hexapeptides from 20 proteinogenic amino acids and
46 possible hexanucleotides from four nucleotides [99, 100]. Such figures are quite
high but nature does not synthesize all the possible combinations; therefore, glycan
analysis is complex but not unmanageable.

Ongoing glycomic studies are interested in solving structure–function rela-
tionships between sets of glycans and in certain biological contexts. For that,
national and international networks and research groups are coming together to
unify the different carbohydrates syntaxes and to establish a public database for
glycans which can be provided by data from different analytical methods, e.g.,
mass spectra and chromatograms, such as the Consortium for Functional Glyco-
mics (USA; http://functionalglycomics.org), the Kyoto Encyclopedia of Genes and
Genomes (Japan; http://www.genome.jp/kegg/glycan) and the European initiative
EUROCarbDB (http://www.eurocarbdb.org). In 2003, the first data mining
revealed 6,296 glycan structures [101]; in 2008, 23,118 distinct glycan structures
were listed in the Complex Carbohydrate Structure Database (Complex Carbo-
hydrate Research Center), which is the largest public glycan-related database
[102]. This indicates that the calculated complexity of glycans does not match the
analyzed structures and that glycan analysis is really sophisticated and difficult.
In comparison with genomics and proteomics, about three billion base pairs and
about 25,000 genes were sequenced and identified by the Human Genome Project
during the same time period [103]. This discrepancy is due to the fact that glycan
analysis is not as automated as genomics and proteomics are.

5.2 Glycan Analysis

As described in the previous sections, glycoengineering or ‘‘glycodesign’’ strate-
gies as well as process parameters affect the glycan content of biopharmaceuticals.
This may result in a modification of the efficacy of the end products. Therefore,
international guidelines on the quality control of recombinant glycoproteins [104]
recommend determining the glycan content of pharmaceuticals exhaustively. The
methods used to analyze glycoproteins are part of the proteomics analysis reper-
toire and involve glycan-specific techniques to unravel structural complexity.

Clone screening can be performed using lectins. Lectins are (glyco-)proteins
that bind specifically to monosaccharides or small carbohydrate domains mostly
comprising disaccharides and/or trisaccharides [105]. They have been widely used
to purify, enrich, or obtain a general overview of the glycosylation [106, 107].
They are useful for clone screening, but they are not used during the control of the
quality of end products.

Each glycoprotein is unique with regard to its structural conformation, number
of disulfide bridges, and sites of N- and O-glycosylation. This implies that a
quantitative release of the glycans is always glycoprotein-dependent. As a
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consequence, the so-called glycan release is the most difficult and critical step in a
glycoanalytical route. Information about the protein sequence (potential protease
cleavage sites), the host organism (bacterial, plant, mammalian, human), the nature
of the sample (supernatant, kind of media), the biological constitution (purified
supernatant, serum, tissue), the kind of glycosylation, the combination of N- and
O-glycosylation, and finally the specific questioning are prerequisites to develop
an analysis scheme. Owing to the different features of applied analytical methods,
it is always advisable to combine several types of analyses to obtain consistent
and reliable results. The broad methodical spectrum ranges from chromatographic
and/or electrophoretic techniques to mass-spectrometric techniques (Fig. 9).
N-Glycans and O-glycans are usually cleaved off the proteins, isolated, and finally
characterized.

The nature and the total content of each carbohydrate constituent can be
investigated by monosaccharide analysis, which provides general information
about the type of glycans (high-Man, complex, hybrid). To this end, samples are
hydrolyzed and the resulting monosaccharides are analyzed by high-performance
anion-exchange chromatography coupled with pulsed amperometric detection
(HPAEC-PAD) [67]. This technique is based on the separation of molecules
according to their acidic properties. Monosaccharides, even neutral ones, are very
weak acids and also weak anions in basic solutions. At pH 12, chromatographic
separation of substances having very similar pKa values, e.g., Glc (pKa 12.28) and
Gal (pKa 12.39), can be achieved. Furthermore, HPAEC-PAD can also be used to
profile and fractionate glycan pools [108]. This technique is very broadly used in

Fig. 9 Simplified overview of glycoanalytical methods
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the biopharmaceutical industry because PNGase F digests can be directly analyzed
without any chemical derivatization. Another advantage is that isomer separation
may be achieved in a single run.

The other techniques require chemical labeling of the reducing end for detec-
tion purposes. The well-established method of high-performance liquid chroma-
tography (HPLC) is applied for the profiling and, if necessary, the fractionation of
glycans. They are separated according to their antennarity (biantennary, trianten-
nary, tetraantennary structures) or according to their charge (sialic acids, phos-
phorylation, sulfation) [109, 110]. Besides HPLC, a relatively recent method for
the analysis of glycans is capillary electrophoresis (CE) [111, 112]. Both methods
have the same time-consuming labeling step in common (2-aminobenzamide is
used in HPLC, and 8-aminopyrene-1,3,6-trisulfonate is used in CE) but differ with
respect to their time per run (20–30 min for CE, and 1–2 h for HPLC). CE, which
separates glycans according to their charge to size ratio, is able to differentiate
between structural isomers (core and antennary Fuc for instance). For migration
purposes, 8-aminopyrene-1,3,6-trisulfonate, containing three negative charges, is
the preferred method. Sialylated glycans, migrating too fast, are eluted almost
simultaneously. Taking this technical principle into consideration, one obtains
quantitative and fast CE results but loses information about the sialylation degree
because of the necessary desialylation.

Mass spectrometry is one of the key tools for glycobiologists in the same way
as it is in the field of proteomics [113–117]. The difference is that peptides are
always ionized better than glycans; it is therefore necessary to separate glycans
from peptides before performing analyses. To meet this challenge, each glycan
preparation step, starting with denaturation and progressing to change of buffer
conditions, desalting, enzymatic or chemical glycan cleavage, separation of pep-
tides from glycans or glycopeptides, enrichment, and finally the purification of
glycans, has to be performed very carefully to ensure the purity of glycan samples
prior to mass-spectrometric analyses. The last and equally important working step
is the interpretation of the resulting chromatograms, electropherograms, and
spectra. As mentioned before, there is unfortunately no automated one-step
analysis with online prediction of molecules. Semi-automatic tools are already
available [118, 119] but most of the electrospray ionization data have to be
assigned manually with a calculator.

6 Conclusion

Biotechnology is a relatively new branch in the pharmaceutical industry that has
developed rapidly in the last three decades. As post-translational modifications
have modulating effects on protein stability, prolonged half-life, and bioactivity,
glycoengineering (or ‘‘glycodesign’’) tools have been developed to enhance the
bioactivity and to suppress the potential immunogenicity of pharmaceuticals.
In the field of glycan analysis, robust methods are now available, but automation is
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still being developed. Future advances will probably focus on the increase of
productivity as well as the minimization of therapeutic doses in order to meet the
growing demand.
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