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ABSTRACT: In recent decades, protein-based therapeutics have substantially expanded
the field of molecular pharmacology due to their outstanding potential for the treatment
of disease. Unfortunately, protein pharmaceuticals display a series of intrinsic physical
and chemical instability problems during their production, purification, storage, and
delivery that can adversely impact their final therapeutic efficacies. This has prompted
an intense search for generalized strategies to engineer the long-term stability of
proteins during their pharmaceutical employment. Due to the well known effect that
glycans have in increasing the overall stability of glycoproteins, rational manipulation of
the glycosylation parameters through glycoengineering could become a promising
approach to improve both the in vitro and in vivo stability of protein pharmaceuticals.
The intent of this review is therefore to further the field of protein glycoengineering by
increasing the general understanding of the mechanisms by which glycosylation
improves the molecular stability of protein pharmaceuticals. This is achieved by pre-
senting a survey of the different instabilities displayed by protein pharmaceuticals,
by addressing which of these instabilities can be improved by glycosylation, and by
discussing the possible mechanisms by which glycans induce these stabilization
effects. � 2008 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci

98:1223–1245, 2009
Keywords: biopharmaceutics; biophysi
cal models; chemical stability; glycosylation;
molecular modeling; physical stability; physicochemical properties; proteins; stabiliza-
tion; thermodynamics
INTRODUCTION

The employment of proteins as pharmaceutical
agents has greatly expanded the field of molecular
pharmacology as these generally display thera-
peutically favorable properties, such as, higher
target specificity and pharmacological potency
nce to: Ricardo J. Solá and Kai Griebenow
-764-0000 ext 2391/4781; Fax: 787-756-8242;
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when compared to traditional small molecule
drugs.1,2 Unfortunately, the structural instability
issues generally displayed by this class of
molecules still remain one of the biggest chal-
lenges to their pharmaceutical employment, as
these can negatively impact their final therapeu-
tic efficacies (Tab. 1).2–50 In contrast to traditional
small molecule drugs whose physicochemical
properties and structural stabilities are often
much simpler to predict and control, the struc-
tural complexity and diversity arising due to the
macromolecular nature of proteins has hampered
the development of predictive methods and
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generalized strategies concerning their chemical
as well as their physical stabilizations.51,52 While
the protein primary structure is subject to the
same chemical instability issues as traditional
small molecule therapeutics (e.g., acid-base and
redox chemistry, chemical fragmentation, etc.),
the higher levels of protein structure (e.g.,
secondary, tertiary) often necessary for therapeu-
tic efficacy can also result in additional physical
instability issues (e.g., irreversible conforma-
tional changes, local and global unfolding) due
to their noncovalent nature.2,15,53–55 The innate
propensity of proteins to undergo structural
changes coupled with the fact that there is only
a marginal difference in thermodynamic stability
between their folded and unfolded states provides
a significant hurdle for the long-term stabilization
of protein pharmaceuticals. This is due to the fact
that a thermodynamically stabilized protein could
still inactivate kinetically even at the relatively
low temperatures used during storage.2,53,55–59

Additionally, as a result of their colloidal nature,
proteins are prone to pH, temperature, and
concentration dependant precipitation, surface
adsorption, and nonnative supramolecular aggre-
gation.11,14,20,47,60–65 These instability issues are
further compounded by the fact that the various
levels of protein structure can become perturbed
differently depending on the physicochemical
environment to which the protein is exposed.2

This is of special relevance in a pharmaceutical
production setting where proteins can be simul-
taneously exposed to several destabilizing envir-
onments during their production, purification,
storage, and delivery (Tab. 1).

Due to these stability problems much emphasis
has been given to the development of strategies for
the effective long-term stabilization of protein
pharmaceuticals.2,4,11,61,66–77 These include exter-
nal stabilization by influencing the properties of
the surrounding solvent through the use of
stabilizing excipients (e.g., amino acids, sugars,
polyols) and internal stabilization by altering the
structural characteristics of the protein through
chemical modifications (e.g., mutations, glycosy-
lation, pegylation).2,53,58 While many protein
pharmaceuticals have been successfully formu-
lated by employing stabilizing mutations, excipi-
ents, and pegylation, their use can sometimes be
problematic due to limitations, such as, predicting
the stabilizing nature of amino acid substitutions,
the occurrence of protein and excipient dependant
nongeneralized stabilization effects, protein/
excipient phase separation upon freezing, cross-
DOI 10.1002/jps JO
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reactions between some excipients and the multi-
ple chemical functionalities present in proteins,
acceleration of certain chemical (e.g., aspartate
isomerization) and physical (e.g., aggregation)
instabilities by some excipients (e.g., sorbitol,
glycerol, sucrose), detection interferences caused
by some sugar excipients during various protein
analysis methods, and safety concerns regarding
the long-term use of pegylated proteins in vivo
due to possible PEG induced immunogenecity
and chronic accumulation toxicity resulting
from its reduced degradation and clearance
rates.2,4,33,48,66,78–95

Due to these limitations, there is still a need
for further development of additional strategies of
protein stabilization.2 Amongst the chemical
modification methods, glycosylation represents
one of the most promising approaches as it is
generally perceived that through manipulation of
key glycosylation parameters (e.g., glycosylation
degree, glycan size and glycan structural compo-
sition) the protein’s molecular stability could be
engineered as desired.2,66,96–105 In this context, it
is important to highlight the fact that glycosyla-
tion has been reported to simultaneously stabilize
a variety of proteins against almost all of the
major physicochemical instabilities encountered
during their pharmaceutical employment (Tab. 2),
suggesting the generality of these effects.

Even though a vast amount of studies have
evidenced the fact that glycosylation can lead to
enhanced molecular stabilities and therapeutic
efficacies for protein pharmaceuticals (Tab. 3), an
encompassing perspective on this subject is still
missing due to the lack of a comprehensive review
of the literature. The intent of this article is
therefore to further the field of protein glycoengi-
neering by increasing the general understanding of
the mechanisms by which glycosylation improves
the molecular stability of protein pharmaceuticals.
This is achieved by presenting a survey of the
different instabilities displayed by protein phar-
maceuticals, by addressing which of these instabil-
ities can be improved by glycosylation, and by
discussing the possible mechanisms by which
glycans induce these stabilization effects.

PROTEIN GLYCOSYLATION

Protein glycosylation is one of the most common
structural modifications employed by biological
systems to expand proteome diversity.106–108

Evolutionarily, glycosylation is widespread
found to occur in proteins through the main
URNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 4, APRIL 2009
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Table 2. Protein Instabilities Improved by Glycosylation

Instability Refs.

Proteolytic degradation 96,121–141
Oxidation 145
Chemical crosslinking 97,146,149
pH denaturation 124,137,171–178
Chemical denaturation 136,164,171,172,181–185,187,188
Heating denaturation 98,101–103,119,124,128,129,146,149,159,170,171,181,182,

188–195,202,204,205
Freezing denaturation 201
Precipitation 159–165
Kinetic inactivation 101,103,136,146,186,212–218
Aggregation 97,101,103,130,218,222
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domains of life (archaea, eubacteria, and
eukarya).109,110 The prevalence of glycosylation
is such that it has been estimated that 50% of all
proteins are glycosylated.111 Functionally, glyco-
sylation has been shown to influence a variety of
critical biological processes at both the cellular
(e.g., intracellular targeting) and protein levels
(e.g., protein–protein binding, protein molecular
stability).103 It should therefore not come as a
surprise that a substantial fraction of the cur-
rently approved protein pharmaceuticals need to
be properly glycosylated to exhibit optimal ther-
apeutic efficacy.100,112

Structurally, glycosylation is highly complex
due to the fact that there can be heterogeneity
with respect to the site of glycan attachment
(macroheterogeneity) and with respect to the
glycan’s structure (microheterogeneity). Although
many protein residues have been found to be
glycosylated with a variety of glycans (for a
detailed discussion see review by Sears and
Wong), in humans the most prevalent glycosyla-
tion sites occur at asparagine residues (N-linked
glycosylation through Asn-X-Thr/Ser recognition
sequence) and at serine or threonine residues
(O-linked glycosylation) with the following mono-
saccharides: fucose, galactose, mannose (Man),
N-acetylglucosamine (GlcNAc), N-acetylgalacto-
samine, and sialic acid (N-acetylneuraminic
acid).109,113–115 Since all of the potential glycosy-
lation sites are not simultaneously occupied this
leads to the formation of glycoforms with differ-
ences in the number of attached glycans. Further
structural complexity can occur due to variability
in the glycan’s monosaccharide sequence
order, branching pattern, and length. In humans
N-linked glycan structures are classified in three
principal categories according to their monosac-
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 4, APRIL 2009
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charide content and structure: high mannose
type (Man2-6Man3GlcNAc2), mixed type (GlcNAc2-

Man3GlcNAc2), and hybrid type (Man3GlcNAc-
Man3GlcNAc2).113 The terminal ends of these
glycans are often further functionalized with
chemically charged groups (e.g., phosphates,
sulfates, carboxylic acids) in human glycopro-
teins, leading to even greater structural diversity.
These charged glycans most probably impact to
some degree the overall stability of glycoproteins
since they can alter their isoelectric point
(pI).116,117 Some of these charged terminal glycans
(e.g., sialic acid) have also been found to be critical
in regulating the circulatory half-life of glycopro-
teins. This has led to the development of
glycosylation as a novel strategy to improve the
therapeutic efficacies of protein pharmaceuticals
by engineering their pharmacokinetic profiles (for
a detailed discussion see the recent review by
Sinclair and Elliot).100

Due to the high degree of structural variability
arising from physiological (natural) glycosylation,
novel strategies are currently being pursued to
create structurally homogeneous pharmaceutical
glycoproteins with humanized glycosylation pat-
terns.118 These include engineered glycoprotein
expression systems (e.g., yeast, plant, and mam-
malian cells) as well as enzymatic, chemical, and
chemo-enzymatic in vitro glycosylation remodel-
ing methods. Alternatively, to understand the
mechanisms by which glycosylation influences
protein physicochemical properties researchers
have employed comparatively simpler glycosyla-
tion strategies. These include enzymatic deglyco-
sylation of natural glycoproteins, chemical
glycosylation via the use of structurally simple
chemically activated glycans, and glycation of the
lysine residues with reducing sugars via the
DOI 10.1002/jps
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