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proteins and living cells
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Sialic acids are structurally diverse molecules that have important roles in the physiological reactions
and characteristics of prokaryotes and eukaryotes. These include the ability to mask epitopes on
underlying glycan chains and to repulse negatively charged moieties. Here, we describe the metabolism
and immunological relevance of sialic acids and outline how their properties have been exploited by the
pharmaceutical industry to enhance the therapeutic properties of proteins such as asparaginase and

darbepoetin a.

Developing proteins as potential therapeutics

The development of proteins as potential therapeutic agents is the
focus of intensive medical and industrial research, mainly because
of the economic and clinical importance of these products, whose
biological activities range from anti-cancer agents to treatments for
rheumatoid arthritis. When introduced into a patient, a glycosy-
lated protein (glycoprotein) can be subject to several host-generated
responses, including acid denaturation in the gastrointestinal tract
(when administered orally) and cleavage by renal and hepatic
enzymes (parenterally administered proteins). Glycoproteins can
also be recognized as antigenic, resulting in the stimulation of an
immune response. The antibodies generated as a result might be
directed towards either proteinaceous or carbohydrate elements of
the molecule, ultimately causing its premature removal from the
host. The resulting reduction in efficacy might necessitate dose
escalation, which is undesirable for both the patient and the
health-care provider. Hence, the development of biopharmaceuti-
cal preparations with reduced antigenicity and improved stability is
of great clinical importance, and, in this review, we discuss
approaches that enables this to occur.

Improving pharmokinetic profiles of therapeutic
proteins

Increase in half-life through pegylation

Several protocols have been developed and implemented to
improve the pharmokinetic properties of many biopharmaceutical
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proteins (Table 1), with the main aim of increasing the elimination
half-life and stability of the protein in question. One such modifica-
tion is to increase the overall size of the circulating protein, because
molecules that are not associated with plasma-based proteins and
with molecular weights <5 kDa tend to be excreted rapidly via the
kidneys [1]. This enlargement results in a reduced rate of glomerular
filtration, giving the protein more time to interact with the target
tissue or antigen. Such increases in size can be achieved by pegyla-
tion, involving the covalent attachment of either linear or branched
chains of polyethylene glycol (PEG) via a chemically reactive side-
chain, such as a hydroxysuccinimidylester or an aldehyde group, for
linking to either the o or the epsilon amino groups on the protein.
The use of activated double bonds or disulphide bonds for conjuga-
tion to thiol groups on the protein of interest is also a possibility.
PEG is highly water-soluble and reduces proteolytic cleavage by
masking available cleavage sites on the protein backbone [2]. The
value of pegylation was demonstrated for several proteins, including
asparaginase [3], an enzyme used in the treatment of leukaemia, and
adenosine deaminase [4], which participates in purine metabolism.
Pegylation was also used to enhance the biological activity of
immunologically important entities such as granulocyte colony-
stimulating factor (G-CSF), granulocyte-macrophage colony stimu-
lating factor (GM-CSF) [5], tumour necrosis factor (TNF), interferon
a-2a (IFN a-2a) and IFN a-2b [2].

Although pegylation is a modification procedure that might
enhance biopharmaceutical pharmokinetic properties, it is not
without drawbacks. After conjugation, many different monomeric
isoforms of varying biological activity can be generated, which
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TABLE 1

Modifications that increase the half-life of a biopharmaceutical protein

Modification Target molecule Effect Refs
Truncation and/or alteration of Octreotide Enhanced enzymatic stability [60]
the amino acid sequence
N- and C-terminal acetylation MART-1(27-35) Increased plasma stability by reducing [61]
(peptide capping) immunopeptide proteolytic digestion
Disulphide bond cyclization Indolicidin Enhanced resistance to proteases [62]
Albumin fusion proteins Hirudin Decreased clearance in rabbits [63]
(human serum albumin) Albutropin Decreased clearance in rats and monkeys [64]
Pegylation TNF Reduced proteolytic cleavage [2]
IFN «-2a, IFN a-2b Increased molecular size [2]
Asparaginase [31
Adenosine deaminase [4]
Hypersialylation Asparaginase Masking of galactose residues [22]
Leptin Reduced immunogenicity [23]
Luteinizing hormone Increased serum half-life [24]
Cholinesterase [25]
Erythropoietin [26,27,30,31]

might compete for binding to receptors in the host. This observa-
tion occurs as a result of the polydisperse nature of the polymer.
Concerns have also been raised about introducing into the body a
synthetic polymer that does not appear to be completely biode-
gradable. This is despite the observation that mono- and di-car-
boxylated metabolites of PEG are detected in bile; these
metabolites are generated by cytochrome P450 oxidation via a
mechanism that is analogous to that acting on more chemically
inert polyethylene to generate ketone and aldehyde groups [6].

Furthermore, the extended half-life of pegylated proteins might be
accompanied by reduced biological activity related to the struc-
tural change in the molecules as a result of conjugation [7].

Effects of sialylation

An effective alternative to pegylation involves the introduction
of additional sialic acid residues to a protein. This modification,
termed sialylation, is not as challenging technically as pegylation,
and can be as effective in increasing the half-life of therapeutic
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FIGURE 1

Spatial arrangement of sialic acid residues on an N-linked glycoprotein. A typical oligosaccharide, which includes a conserved pentasaccharide core, is shown.
Greater degrees of mannosyl-branching, concomitant with increased sialylation, are also possible.
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proteins such as asparaginase [22] and erythropoietin [26]
(vide infra).

A contributory factor to the efficacy of sialylation in biopharma-
ceutical processes arises from the biological traits conferred by sialic
acids on prokaryotic and eukaryotic cells. The term ‘sialic acid’
(derived from ‘sialos’, the Greek word for saliva) describes a large
family of structurally diverse 9-C carbohydrate residues whose
nomenclature was established through the collaborative efforts of
Guntar Blix, Alfred Gottshalk and Ernst Klenk [8]. Sialic acids have
been reported in a range of eukaryotic hosts, including fungi and
protozoans [9]. In mammalian cells, sialic acids occupy the terminal
positions on oligosaccharide chains (Figure 1) and are constituents
of several biologically important glycoproteins (Table 2). Binding to
sialic acids might, therefore, represent an initial eventin the binding
of macromolecules to instigate biological activity. Examples include
lectins [10], siglecs [11] and viral particles such as the HSN1 influ-
enza virus [12], which has received significant media interest.

The structure and function of sialic acids

There are in excess of 50 natural analogues of sialic acid [9] that
result from modifications to the sialic acid backbone, such as the
introduction of lactoyl, sulphate, methyl and phosphate groups at
the hydroxyl groups at C-4, C-7, C-8 and C-9 [13]. A solitary
substitution at C-5 presents the most common sialic acid derivatives
(Figure 2): namely, N-acetylneuraminic acid (Neu5Ac), N-glycolyl-
neuraminic acid (Neu5Gc), 2-keto-3-deoxy-D-glycero-D-galacto-
nononic acid (KDN) and neuraminic acid (Neu). Residues of Neu5Ac

TABLE 2

interact with each other in a conjugation process that results in the
formation of polysialic acid (PSA) [14]. These homopolymers, which
are referred to as colominic acids, are added post-translationally to
the mammalian neuronal cell adhesion molecule (NCAM), a gly-
coprotein that is present on the surface of glial cells and skeletal
muscle. This association enables sialic acids to participate in several
neurological processes, such as the maintenance of plasticity during
neuron development, fasciculation and axonal branching by reg-
ulating homophilic interactions. It is also conducive to reduced cell
adhesion and altered patterns of migration [15]. The negative charge
presented at C-1 also enables the attraction and repulsion of charged
molecules and other entities.

Neuroinvasive prokaryotic strains such as Neisseria meningitidis
[16] and Escherichia coli K1 [17] evade host-immune responses by
decorating their exterior with PSA. The structural similarity of this
polysaccharide to PSA-NCAM suppresses complement and phago-
cytosis-based activity of the host [18] as a result of the ability of
sialic acid residues to conceal underlying epitopes on a glycan
chain, including the penultimate galactose residue that is detected
by liver-based receptors [19].

Using the masking properties of polysialylation in
biopharmaceuticals

The introduction of protocols for the polysialylation of biophar-
maceuticals results primarily from the ability of sialic acids to mask
and reduce biological degradation and neutralization because no
known receptors are specific for sialic acids that are independent of

Examples of biologically important sialoglycoproteins

Sialoglycoprotein

Biological function(s) and application(s)

Human a-Fetoprotein (HAFP)

Used to monitor foetal development during gestation; biomarker for testicular and hepatocellular carcinoma

Ascites sialoglycoprotein-1 (ASGP-1)

Constituent of MUC4, a membraneous mucin that is present in rats and also on luminal surfaces of blood

vessels and milk in humans; biomarker for breast cancer

2
w
[T}
o
v
v
-
[%2]
=]
a

o

v

=
2

>

<)
oc

CD44

Cell-surface glycoprotein involved in haematopoiesis, immune recognition and tumour metastasis

Follicle stimulating hormone

Involved in the development of Graafian follicles in females and the stimulation of semen production in males

GP20

Occurs on human sperm and is involved in capacitation (the process by which sperm acquire the ability to
penetrate an ovum)

GP44

Present on tumour cells and participates in platelet aggregation

GP120

Envelope sialoglycoprotein present on the surface of human immunodeficiency virus (HIV) particles; enables
targeting and infection of host cells

Glycophorin A

Glycoprotein on erythrocyte membranes that acts as a receptor for binding proteins introduced by the malaria
parasite Plasmodium falciparum

Glycophorin C

Interacts with human erythrocyte proteins 4.1 and p55 to enhance the stability of red blood corpuscles; also
acts as a receptor for P. falciparum proteins

Human chorionic gonadotropin

Hormone produced during the early stages of gestation. Used to detect pregnancy, and to monitor the onset
of carcinoma in developing foetuses and in germ-cell tumours in adults

Luteinizing hormone

Stimulates ovulation in females and the production of testosterone in males by the interstitial cells of Leydig

MG-160

Membraneous protein on the medial cisternae of the Golgi apparatus that acts as a receptor for E-selectin,
a cell surface-adhesion molecule on endothelial cells, and a fibroblast growth factor

Osteopontin

Glycoprotein used as a biomarker for several carcinomas, including colorectal, ovarian, breast and lung cancers

Thyroid stimulating hormone

Regulation of endocrine activity of the thyroid gland

Antibody (e.g. IgG)

Key component of immune system

Structural basis for many biopharmaceuticals

Used in immunoassay development

Presence of pathogen-specific antibodies is used to detect infection

Major therapeutic where sialylation is key for biological activity and half-life
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Derivative R1 group
1coo-
Neu -NH, (amino)
OH Neu5Ac -NHGOCH3 (acylamino)
Neu5Gc -NHCOCH,OH  (glycolyl)
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<« 0-(2,6) Galactose
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FIGURE 2

The structure and linkages of some common, natural derivatives of sialic acid. Sialic acids can be linked with galactose by either an a-(2,3) or «-(2,6) linkage,
whereas the sialic acid residues in PSA molecules interact with each other through an a-(2,8) linkage.

glycan chains. Typically, circulating antibodies that target PSA and
most other carbohydrate residues are polyvalent IgM isotypes that
tend to have low affinity and might lack the ability to seroconvert
to higher affinity IgG [20]. This indicates that sialic acids con-
tribute as part of the innate immune system, and highly sialylated
proteins, when introduced to a host, are prone to generate only
weak, host-based immune responses. This is in contrast to PEG,
which has a much greater immunogenic potential [21]. For bio-
pharmaceutical processes, the «-(2,8)-linked group B capsular
polysaccharide of E. coli K1 or colominic acids have been selected
most frequently for use, with the terminal residues modified to
facilitate conjugation with the target protein. There is a direct

correlation between the chain length of the conjugated PSA and
the imparted increase in half-life of the target protein [21].
There are several examples of how hypersialylation improves
the overall therapeutic efficacies of important biopharmaceutical
proteins. These include asparaginase [22], leptin [23], luteinizing
hormone [24] and cholinesterase [25]. Arguably one of the more
interesting examples is erythropoietin (EPO), a glycoprotein that is
synthesized by the peritubular cells in the kidney and whose
overall function as a stimulator of erythropoiesis is in the regula-
tion of the production of red blood corpuscles [26]. This protein,
which is produced in a recombinant form (recHuEPO) in Chinese
hamster ovary (CHO) cells, is used to treat anaemia [27]. The
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glycoproteins that are secreted by CHO cell lines, in particular,
have a different carbohydrate composition compared with their
human counterparts, being comprised of heterogeneous mixtures
of different glycoforms. Most are N-linked glycans, attached to
asparagine residues on the protein of interest. As with O-glycosyla-
tion, where carbohydrates are attached to the hydroxyl groups of
either serine or threonine residues, the presence of these glycans is
instrumental in promoting biological activity in a range of differ-
ent glycoproteins [28]. N-linked glycans also contribute to protein
folding in the endoplasmic reticulum [29]. RecHuEPO contains
three N-glycans at asparagine residues 24, 38 and 83. Each of these
can accommodate up to four sialic acid residues, and the ability of
the additional O-linked glycan (at serine 126) to accommodate a
further two sialic acid residues means that there is a potential for
14 sialic acid residues as part of a complex, N-linked glycan.

The introduction of additional glycans to EPO

The introduction of two additional consensus-attachment sites for
glycans at asparagine residues 30 and 88 of the EPO molecule
(providing a total of five N-linked oligosaccharides) [26], using
recombinant DNA technology, significantly increased the serum
half-life when intravenously administered to mice, dogs, rats [27]
and humans [26,30]. A contributory factor to this, in addition to
the increased size of the molecule, is the increase in sialic acid
content. This molecule, which is referred to as either darbepoetin «
or novel erythropoiesis stimulating protein (NESP), accommo-
dates 22 sialic acid residues. This increased sialic acid content
results in a threefold increase in serum half-life compared with
native EPO [26,27]. When darbepoetin « is administered subcu-
taneously to human subjects, the half-life of the molecule is ~50 h
[31], which is approximately twofold greater than after intrave-
nous administration (25.3 h) [30]. The reduction in receptor bind-
ing affinity that has been observed by Egrie and co-workers [27]
also results in lower clearance.

The masking ability of sialylation on darbepoetin « is illustrated
further by the inability of two commercially available sandwich
enzyme-linked immunosorbent assays (ELISAs) to detect sialylated
darbepoetin « in 13 patients and 37 control subjects, whereas
neuraminidase-treated samples gave detectable signals [32]. Immu-
nological responses to darbepoetin a have been examined by Glaspy
and co-workers [33] who show that, over a 16-week period, darbe-
poetin a given to patients did not stimulate an immune response of
clinical significance. MacDougall [31] observed a similar pattern in
>1500 subjects.

The production of sialylated proteins by eukaryotic
cells

Eukaryotic expression systems are used routinely to secrete cor-
rectly folded, sialylated therapeutic proteins, including EPO, with
these processes occurring in the rough and smooth endoplasmic
reticulum, and the Golgi apparatus of the cell. In addition to CHO
cell lines (mentioned earlier), other mammalian cell lines, such as
murine myeloma NSO and baby hamster kidney (BHK) cells, are
also commonly selected for use. When secreted by a eukaryotic
cell, the initial stages of processing involve the trimming of
mannose residues by mannosidase II enzymes and the subsequent
introduction of GIcNAc, fucose, galactose and, finally, sialic acid
residues, to generate an operational oligosaccharide (Figure 1).

Engineering sialic acid biosynthetic pathways in CHO and

NSO cell lines

Since the introduction of sialic acid is of particular interest for the
synthesis of therapeutically active products, knowledge of the
biosynthetic pathway used by eukaryotic cells is conducive to
the engineering of hypersialylated glycoproteins. In particular,
interest has focused on engineering the sialyltransferase enzyme,
which is ultimately responsible for introducing a NeuSAc residue
to the penultimate galactose residue. In CHO cells, this enzyme is
specific for a-(2,3)-linked sialic acid moieties [34]. The overexpres-
sion of this enzyme, and an «-(2,6)-specific sialyltransferase that
introduces linkages similar to those found on human cells, is
responsible for the introduction of elevated amounts of sialic acid
to recombinant proteins. Minch et al. [35] have targeted a recom-
binant tissue plasminogen activator by transfecting «-(2,6) sialyl-
transferase from rat liver p-galactosidase into a CHO cell line. The
presence of elevated o-(2,6)-sialylation on the hybrid product is
illustrated by the increase in fluorescence when a lectin derived
from Sambucus nigra is used to detect NeuSAc linked specifically to
galactose via an «-(2,6) linkage. Control cells did not show a
fluorescence-based response.

A similar protocol was used by Bragonzi and co-workers [36] to
modify human IFN-y and the tissue-inhibitor of metalloprotei-
nases-1. Analysis of the former product showed >40% content of
a-(2,6)-linked sialic acid. Fukuta et al. [37] have overexpressed
both «-(2,3) and a-(2,6)-specific enzymes (derived from mouse
and rat cells, respectively) to hypersialylate IFN-y in engineered
CHO cells and, in doing so, observed a significant increase in
sialic content in mutant cells. A rat o-(2,6)-specific sialyltrans-
ferase was introduced to a CHO cell line by Jassal and co-workers
[38] to improve the therapeutic activity of a recombinant IgG3.
Recently, Nakagawa et al. [39] successfully overexpressed a-(2,6)-
specific sialyltransferase in Neuro2A and CHO cell lines to
hypersialylate endogenous amyloid precursor protein, and
Wong et al. [40] have overexpressed a cytidine monophosphate
(CMP)-sialic acid transporter to enable the hypersialylation of
IFN-y.

Mammalian cells are sensitive to environmental changes during
fermentation processes [41]. Alterations to several parameters,
including pH, process time and temperature, might influence
the carbohydrate content of the secreted product directly by
introducing greater N-glycan heterogeneity [42]. However, this
might be advantageous if the outcome of the fermentation is
focused on generating a range of analogues with varying degrees
of sialylation. Elevated sialic acid content is also introduced by
feeding with precursors of N-acetyl-D-mannosamine (ManNAc),
although this approach has varying degrees of success. Gu
and Wang [43] found that feeding these residues to CHO
cell lines synthesizing IFN-y significantly increases sialylation,
which results directly from elevated amounts of intracellular
CMP—NeuSAc. Hills and co-workers [44] attempted to feed iden-
tical amounts of ManNAc precursors (20 mM) to NSO cells produ-
cing a recombinant IgG;. Although the content of CMP-NeuSAc
increased intracellularly, no elevated sialylation was observed on
the antibody. Baker et al. [45] also recorded similar observations in
CHO and NSO cells secreting a tissue inhibitor of metalloprotei-
nase 1, but concluded that precursor feeding might alter the sialic
acid content of the product.
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Minimising cleavage of sialic acid
Another protocol to ensure that the sialic acid content of ther-
apeutic proteins is elevated focuses on the suppression of sialidase
activity. Sialidases are cytosol-derived glycosylhydrolase enzymes
that cleave sialic acid residues and, in a CHO cell-culture process,
are released into the culture medium after cell lysis. The enzymatic
cleavage of Neu5Ac residues is problematic for two main reasons;
the exposure of galactose and the decrease in serum half-life that is
introduced by decreased sialylation. It is possible to monitor
desialylation by monitoring sialidase activity by using a cou-
marin-bound fluorescent substrate [2'-(4-Methylumbelliferyl)-a-
D-N-acetylneuraminic acid], which fluoresces when cleaved
[46]. Gramer and co-workers [47] found that addition of the
transition state analogue 2,3-dehydro-2-deoxy-N-acetylneurami-
nic acid (also called DANA or 2,3-D) to CHO culture supernatant
suppresses sialidase activity. Such activity is also inhibited by
transfecting CHO cells with small interfering RNA [48].
Modification of the linkage that joins a NeuSAc residue to a
galactose residue might also prevent sialidase-based cleavage of
sialic acid. This involves introducing a thioglycoside linkage in
which a sulphur atom replaces an oxygen atom. This might be
introduced enzymatically by incorporating mutant glycosidases
[49]. Milleger et al. [50] modified an endo-xylanase from a Bacillus
circulans strain using glycosynthase and thioglycoligase methodol-
ogies to generate a novel, stable, thioglycosylated protein that is
resistant to cleavage. This modification protocol might provide a
solution to the premature removal of sialidase-cleaved glycopro-
teins.

Neu5Gc: a non-human sialic acid

This discussion has focused primarily on the NeuSAc derivative of
sialic acid. However, the products that are secreted by CHO cells
might also contain the Neu5Gc isoform. This derivative occurs
frequently in animal cells, but is predominantly absent in humans
because of an internal frame-shift mutation in the gene that encodes
CMP-NeuSAc hydroxylase [51]. The consumption of animal pro-
duce, such as red meat and milk, introduces traces of this residue
into human hosts [52]. This sialic acid derivative is essentially
‘foreign’ and, hence, monitoring the NeuSGc content of biophar-
maceutical samples is important. The primary epitope on this
moiety, which is referred to as the Hanganutziu-Deicher antigen,
might stimulate an immune response from the host. This might be
problematic in xenotransplantation procedures in which porcine
organs that contain NeuSGceresidues are introduced to human hosts
who areimmunocompromised at the time of organ transplantation.
This has led to a significant research concerning the antigenicity of
this carbohydrate. In contrast to NeuSAc (mentioned earlier), a
more varied immune response is generated towards these moieties.
Typical responses consist of IgM, IgG and IgA antibodies [52], with
activated T cells and human T leukaemic cells incorporating this
carbohydrate [53], which indicates that these residues are poten-
tially immunogenic. Recently, Martin and co-workers [54] have
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The production of humanized glycoproteins by fungal
cells

In addition to mammalian cell lines, fungal strains, such as Pichia
pastoris, have been engineered to synthesize sialylated glycopro-
teins. The versatility of this eukaryote is illustrated by several
experiments showing that human glycosylation patterns can be
replicated and stringently controlled in this host through recom-
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recombinant cells that synthesizes heavily sialylated glycopro-
teins, including recombinant EPO. This development should be
of great importance for the pharmaceutical industry, and could
lead to the accelerated production of sialylated glycoproteins of
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Conclusion

Here, we have focused on the addition of sialic acids to enhance the
therapeutic properties of a variety of biopharmaceutical proteins.
The versatility of these carbohydrate moieties, coupled with devel-
opments in sialyltransferase engineering, should enable more gly-
coproteins to be hypersialylated and, subsequently, to be evaluated
for clinical studies. The optimization of protocols for the large-scale
production of hypersialylated proteins in mammalian cell lines
should be considered as a mechanism for generating large amounts
of highly effective pharmaceutical preparations. However, the reg-
ulation of the Neu5Gc content needs to be addressed with reference
to the potential immunogenicity associated with the introduction
of multiple glycan chains that contain this sialic acid residue.
Further research on fungal cell lines should also yield more heavily
sialylated glycoproteins of therapeutic importance.

Acknowledgements
We thank Declan Moran, Niclas Karlsson, William Finlay, Nigel
Jenkins and Ciaran O’Fagain for helpful discussions.

2 Harris, J.M. and Chess, R.B. (2003) Effect of pegylation on pharmaceuticals. Nat. Rev.
Drug Discov. 2, 214-221

324 www.drugdiscoverytoday.com



Drug Discovery Today * Volume 12, Numbers 7/8 + April 2007

REVIEWS

3 Graham, M.L. (2003) Pegaspargase: a review of clinical studies. Adv. Drug Deliv. Rev.
55, 1293-1302
4 Levy, Y. et al. (1988) Adenosine deaminase deficiency with late onset of recurrent
infections: response to treatment with polyethylene glycol-modified adenosine
deaminase. J. Pediatr. 113, 312-317
5 DefFrees, S. et al. (2006) GlycoPEGylation of recombinant therapeutic proteins
produced in Escherichia coli. Glycobiology 16, 833-843
6 Caliceti, P. and Veronese, F.M. (2003) Pharmokinetic and biodistribution
properties of poly(ethylene glycol)-protein conjugates. Adv. Drug Deliv. Rev. 55,
1261-1277
7 Veronese, F.M. and Pasut, G. (2005) PEGylation, successful approach to drug
delivery. Drug Discov. Today 10, 1451-1458
8 Blix, G. et al. (1957) Proposed nomenclature in the field of neuraminic and sialic
acid. Nature 179, 1088
9 Angata, T. and Varki, A. (2002) Chemical diversity in the sialic acids and related «-
keto acids: an evolutionary perspective. Chem. Rev. 102, 439-469
10 Razi, N. and Varki, A. (1999) Cryptic sialic acid binding lectins on human blood
leukocytes can be unmasked by sialidase treatment or cellular activation.
Glycobiology 9, 1225-1234
11 Varki, A. and Angata, T. (2006) Siglecs - the major subfamily of I-type lectins.
Glycobiology 16, 1R-27R
12 Shinya, K. et al. (2006) Avian flu: influenza virus receptors in the human airway.
Nature 440, 435-436
13 Traving, C. and Schauer, R. (1998) Structure, function and metabolism of sialic
acids. Cell. Mol. Life Sci. 54, 1330-1349
14 Miihlenhoff, M. et al. (1998) Polysialic acid: three-dimensional structure,
biosynthesis and function. Curr. Opin. Struct. Biol. 8, 558-564
15 Kiss, J.Z. and Rougon, G. (1997) Cell biology of polysialic acid. Curr. Opin. Neurobiol.
7, 640-646
16 Gunawan, J. et al. (2005) Structural and mechanistic analysis of sialic acid synthase
NeuB from Neisseria meningitidis in complex with Mn?*, phosphoenolpyruvate, and
N-acetylmannosaminitol. ]. Biol. Chem. 280, 3555-3563
17 Deszo, E.L. et al. (2005) Escherichia coli K1 polysialic acid O-acetyltransferase gene,
NeuO, and the mechanism of capsule form variation involving a mobile
contingency locus. Proc. Natl. Acad. Sci. U. S. A. 102, 5564-5569
18 Coquillat, D. et al. (2001) Activity and cross-reactivity of antibodies induced in mice
by immunization with a group b meningococcal conjugate. Infect. Immun. 69,
7130-7139
19 Weiss, P. and Ashwell, G. (1989) Ligand-induced modulation of the hepatic receptor
for asialoglycoproteins. Evidence for the role of cell surface hyposialylation. J. Biol.
Chem. 264, 11572-11574
20 Jain, S. et al. (2004) Polysialylation: The natural way to improve the stability
and pharmokinetics of protein and peptide drugs. Drug Delivery Systems and Sciences
4, 59-65
21 Gregoriadis, G. et al. (2005) Improving the therapeutic efficacy of peptides and
proteins: a role for polysialic acids. Int. J. Pharm. 300, 125-130
22 Fernandes, A.I. and Gregoriadis, G. (2001) The effect of polysialylation on the
immunogenicity and antigenicity of asparaginase: implication in its
pharmacokinetics. Int. . Pharm. 217, 215-224
23 Elliott, S. et al. (2004) Structural requirements for additional N-linked
carbohydrate on recombinant human erythropoietin. J. Biol. Chem. 279,
16854-16862
24 Burgon, P.G. et al. (1996) In vivo bioactivities and clearance patterns of
highly purified human luteinizing hormone isoforms. Endocrinology 137,
4827-4836
25 Saxena, A. et al. (1997) Structure of glycan moieties responsible for the extended
circulatory life time of fetal bovine serum acetylcholinesterase and equine serum
butyrylcholinesterase. Biochemistry 36, 7481-7489
26 Egrie, J.C. and Browne, ].K. (2001) Development and characterization of novel
erythpoiesis stimulating protein (NESP). Br. . Cancer 84 (Suppl. 1), 3-10
27 Egrie, ]J.C. et al. (2003) Darbepoetin alfa has a longer circulating half-life and
greater in vivo potency than recombinant human erythropoietin. Exp. Hematol. 31,
290-299
28 Andersen, D.C. and Krummen, L. (2002) Recombinant protein expression for
therapeutic applications. Curr. Opin. Biotechnol. 13, 117-123
29 Helenius, A. and Aebi, M. (2001) Intracellular functions of N-linked glycans. Science
291, 2364-2369
30 MacDougall, I.C. et al. (1999) Pharmokinetics of novel erythropoiesis stimulating
protein compared with epoetin alfa in dialysis patients. J. Am. Soc. Nephrol. 10,
2392-2395
31 MacDougall, I.C. (2001) An overview of the efficacy and safety of novel
erythropoiesis stimulating protein (NESP). Nephrol. Dial. Transplant. 16 (Suppl. 3),
14-21

32 Wide, L. et al. (2003) A new principle suggested for detection of darbepoetin —alpha
(NESP) doping. Ups. J. Med. Sci. 108, 229-238

33 Glaspy, J. et al. (2001) A dose-finding and safety study of novel erythropoiesis
stimulating protein (NESP) for the treatment of anaemia in patients receiving
multicycle chemotherapy. Br. J. Cancer 84 (Suppl. 1), 17-23

34 Lee, E.U. et al. (1989) Alteration of terminal glycosylation sequences on
N-linked oligosaccharides of Chinese hamster ovary cells by expression of
beta-galactoside alpha 2,6-sialyltransferase. J. Biol. Chem. 264, 13848-13855

35 Minch, S.L. et al. (1995) Tissue plasminogen activator coexpressed in Chinese
hamster ovary cells with alpha (2,6)-sialyltransferase contains NeuAc alpha(2,6)Gal
beta(1,4)Glc-N-AcR linkages. Biotechnol. Prog. 11, 348-351

36 Bragzoni, A. et al. (2000) A new Chinese hamster ovary cell line expressing
alpha 2,6-sialyltransferase used as universal host for the production of
human-like sialylated recombinant glycoproteins. Biochim. Biophys. Acta 1474,
273-282

37 Fukuta, K. et al. (2000) Genetic engineering of CHO cells producing
human interferon-gamma by transfection of sialyltransferases. Glycoconj. J. 17,
895-904

38 Jassal, R. et al. (2001) Sialylation of human IgG-Fc carbohydrate by
transfected rat alpha 2,6-sialyltransferase. Biochem. Biophys. Res. Commun. 286,
243-249

39 Nakagawa, K. et al. (2006) Sialylation enhances the secretion of neurotoxic amyloid-
beta peptides. J. Neurochem. 96, 924-933

40 Wong, N.S.C. etal. (2006) Enhancing recombinant glycoprotein sialylation through
CMP-sialic acid transporter over expression in Chinese hamster ovary cells.
Biotechnol. Bioeng. 93, 1005-1016

41 Galbraith, D.J. ef al. (2006) Control of culture environment for improved
polyethylenimine-mediated transient production of recombinant monoclonal
antibodies by CHO cells. Biotechnol. Prog. 22, 753-762

42 Wildt, S. and Gerngross, T.U. (2005) The humanization of N-glycosylation
pathways in yeast. Nat. Rev. Microbiol. 3, 119-128

43 Gu, X. and Wang, D.I. (1998) Improvement of interferon-gamma sialylation in
Chinese hamster ovary cell culture by feeding of N-acetylmannosamine. Biotechnol.
Bioeng. 58, 642-648

44 Hills, A.E. et al. (2001) Metabolic control of recombinant monoclonal antibody
N-glycosylation in GS-NSO cells. Biotechnol. Bioeng. 75, 239-251

45 Baker, K.N. et al. (2001) Metabolic control of recombinant protein N-glycan
processing in NSO and CHO cells. Biotechnol. Bioeng. 73, 188-202

46 Gramer, M.J. and Goochee, C.F. (1993) Glycosidase activities in Chinese
hamster ovary cell lysate and cell culture supernatant. Biotechnol. Prog. 9,
366-373

47 Gramer, M.J. et al. (1995) Removal of sialic acid from a glycoprotein in CHO cell
culture supernatant by action of an extracellular CHO cell sialidase. Biotechnology
(N.Y.) 13, 692-698

48 Ngantung, F.A. et al. (2006) RNA interference of sialidase improves glycoprotein
sialic acid content consistency. Biotechnol. Bioeng. 95, 106-119

49 Jahn, M. et al. (2003) Thioglycoligases: mutant glycosidases for thioglycoside
synthesis. Angew. Chem. Int. Ed. Engl. 42, 352-354

50 Miillegger, J. et al. (2006) Glycosylation of a neoglycoprotein by using
glycosynthase and thioglycoligase approaches: the generation of a
thioglycoprotein. Angew. Chem. Int. Ed. Engl. 45, 2585-2588

51 Chou, H.H. et al. (2002) Inactivation of CMP-N-acetylneuraminic acid hydroxylase
occurred prior to brain expansion during human evolution. Proc. Natl. Acad. Sci. U.
S.A. 99, 11736-11741

52 Tangvoranuntakul, P. ef al. (2003) Human uptake and incorporation of an
immunogenic nonhuman dietary sialic acid. Proc. Natl. Acad. Sci. U. S. A. 100,
12045-12050

53 Nguyen, D.H. et al. (2005) Effects of natural human antibodies against a nonhuman
sialic acid that metabolically incorporates into activated and malignant immune
cells. J. Immunol. 171, 228-236

54 Martin, M.J. et al. (2005) Human embryonic stem cells express an immunogenic
nonhuman sialic acid. Nat. Med. 11, 228-232

55 Bardor, M. et al. (2005) Mechanism of uptake and incorporation of the non-human
sialic acid N-glycolylneuraminic acid into human cells. J. Biol. Chem. 280,
4228-4237

56 Gerngross, T.U. (2004) Advances in the production of human therapeutic proteins
in yeasts and filamentous fungi. Nat. Biotechnol. 22, 1409-1414

57 Bretthauer, R.K. (2003) Genetic engineering of Pichia pastoris to humanize
N-glycosylation of proteins. Trends Biotechnol. 21, 459-462

58 Hamilton, S.R. et al. (2003) Production of complex human glycoproteins in yeast.
Science 301, 1244-1246

59 Hamilton, S.R. et al. (2006) Humanization of yeast to produce complex terminally
sialylated glycoproteins. Science 313, 1441-1443

2
w
[T}
o
v
v
-
[%2]
=]
a

o

v

=
2

>

<)
oc

www.drugdiscoverytoday.com 325



REVIEWS

Drug Discovery Today * Volume 12, Numbers 7/8+ April 2007

60 Harris, A.G. (1994) Somatostatin and somatostatin analogues: pharmacokinetics
and pharmacodynamic effects. Gut 35 (Suppl. 3), S1-S4

61 Brinckerhoff, L.H. et al. (1999) Terminal modifications inhibit proteolytic
degradation of an immunogenic MART-1(27-35) peptide: implications for peptide
vaccines. Int. J. Cancer 83, 326-334

63 Syed, S. et al. (1997) Potent antithrombin activity and delayed clearance from the
circulation characterize recombinant hirudin genetically fused to albumin. Blood
89, 3243-3252

64 Osborn, B.L. ef al. (2002) Albutropin: a growth hormone-albumin fusion with
improved pharmacokinetics and pharmacodynamics in rats and monkeys. Eur. J.

62 Rozek, A. et al. (2003) Structure-based design of an indolicidin peptide analogue Pharmacol. 456, 149-158

with increased protease stability. Biochemistry 42, 14130-14138

P
)

=
)

2

1%

°
o
(7}
-
(73
n
o
m
m
4

Five things you might not know about Elsevier

Us
Elsevier is a founder member of the WHO’s HINARI and AGORA initiatives, which enable the
world’s poorest countries to gain free access to scientific literature. More than 1000 journals,
including the Trends and Current Opinion collections and Drug Discovery Today, are now available
free of charge or at significantly reduced prices.

2.

The online archive of Elsevier’'s premier Cell Press journal collection became freely available in
January 2005. Free access to the recent archive, including Cell, Neuron, Immunity and Current
Biology, is available on ScienceDirect and the Cell Press journal sites 12 months after articles are
first published.

3.
Have you contributed to an Elsevier journal, book or series? Did you know that all our authors
are entitled to a 30% discount on books and stand-alone CDs when ordered directly from us? For
more information, call our sales offices:

+1 800 782 4927 (USA) or +1 800 460 3110 (Canada, South and Central America)
or +44 (0)1865 474 010 (all other countries)

4,

Elsevier has a long tradition of liberal copyright policies and for many years has permitted both the
posting of preprints on public servers and the posting of final articles on internal servers. Now,
Elsevier has extended its author posting policy to allow authors to post the final text version of
their articles free of charge on their personal websites and institutional repositories or websites.

5.

The Elsevier Foundation is a knowledge-centered foundation that makes grants and contributions
throughout the world. A reflection of our culturally rich global organization, the Foundation has,
for example, funded the setting up of a video library to educate for children in Philadelphia,
provided storybooks to children in Cape Town, sponsored the creation of the Stanley L. Robbins
Visiting Professorship at Brigham and Women’s Hospital, and given funding to the 3rd
International Conference on Children’s Health and the Environment.

326 www.drugdiscoverytoday.com



	Sialic acids: carbohydrate moieties �that influence the biological and �physical properties of biopharmaceutical proteins and living cells
	Developing proteins as potential therapeutics
	Improving pharmokinetic profiles of therapeutic proteins
	Increase in half-life through pegylation
	Effects of sialylation

	The structure and function of sialic acids
	Using the masking properties of polysialylation in biopharmaceuticals
	The introduction of additional glycans to EPO
	The production of sialylated proteins by eukaryotic cells
	Engineering sialic acid biosynthetic pathways in CHO and �NS0 cell lines

	Minimising cleavage of sialic acid
	Neu5Gc: a non-human sialic acid
	The production of humanized glycoproteins by fungal cells
	Conclusion
	Acknowledgements
	References


