
processing enzymes is determined not only by their transcriptional 
regulation, but also by their localization within the secretory path-
way. As a result, the compositions of N- and O-glycans are sensitive 
to genetic and environmental stimuli. Mammalian glycoproteins are 
consequently consistently heterogeneous in nature, with respect to both 
polypeptide site occupancy (macroheterogeneity) and glycan structure 
(microheterogeneity)7.

Despite its recognized importance in human physiology, substantial 
deficits remain in our understanding of protein glycosylation, particu-
larly at the molecular level, where glycosylation patterns are difficult to 
predict8,9. The heterogeneity of N- and O-glycans does not normally 
impede their physiological roles, and is in fact likely an important con-
tributor to their functions. However, the same heterogeneity clearly 
impedes advances in our understanding at the level of both fundamen-
tal science and medicine7. For instance, individual glycoproteins from 
mammalian sources or cell culture may exist in over one hundred gly-
coforms, posing obvious barriers to purification10. However, even the 
isolation of a single one from as few as five glycoforms of a well-known 
glycoprotein in order to advance structure-function studies presents an 
enormous challenge11. There is increasing recognition that glycosylation 
can enhance the efficacy of some therapeutic glycoproteins not only by 
improvement of the protein’s pharmacokinetic profile or tissue distri-
bution, but also through glycan-based interactions with specific recep-
tors12. The production of single glycoforms is particularly important 
where the extent or nature of the therapeutic effect is directly mediated 
by the glycan, and is also important with respect to regulatory approval. 
Though the requirements of basic science and medicine may differ as 
they pertain to glycan homogeneity, both fields urgently demand access 
to greater control of protein glycosylation profiles.

Most organisms share a relatively conserved system of protein biosyn-
thesis, permitting expression of recombinant proteins in high-yielding, 
low-cost unicellular hosts. Unfortunately, major recombinant expres-
sion systems, including bacteria, yeast and mammalian cell culture, vary 
widely with respect to their glycosylation machinery (where present), 
and therefore they also vary with respect to their glycomes12,13. However, 
given the potentially immunogenic nature of foreign glycans and the often  

The human glycan complement, or glycome, is a profuse, diverse, 
dynamic population that is prescribed largely by endogenous car-
bohydrate-processing enzyme activity. Humans are dependent on 
glycosylation, in the context of glycoproteins, glycolipids, glycosylphos-
phatidylinositol anchors, glycosaminoglycans and polysaccharides, for 
cellular viability and bodily function. It is thus unsurprising that access 
to specifically glycosylated molecules is in demand for both medical 
purposes and basic research.

The glycosylation of proteins is the most complex of their various 
co- and post-translational modifications, and it is estimated that well in 
excess of 50% of human proteins bear glycans1. Although there appears 
to be no single unifying function of the carbohydrate moiety, given the 
inherent structural variety available through positional and stereochem-
ical isomerism, the glycan clearly affords functional proteomic diversity. 
Their diversity of shapes is central to the key roles that glycoprotein 
glycans play in encoding and conveying specific biological information 
through various intra- and intermolecular contacts2,3. Glycoprotein 
glycans also play important structural roles through participation in 
polypeptide folding and quality control, and modulation of protein 
stability, conformation and oligomerization4,5.

Protein glycosylation occurs most frequently at the amide nitrogen of 
asparagine (N-glycosylation), and at the side chain of serine or threonine 
(O-glycosylation) (Fig. 1)6. Unlike protein and nucleic acid biosynthe-
sis, glycosylation of proteins is not under direct transcriptional control, 
and is not templated. Glycosyl transfer is predominantly localized to 
the lumen of the endoplasmic reticulum and the Golgi apparatus. The 
glycosylation pattern of any protein transiting the secretory system is 
dictated by its amino acid sequence, by local conformational proper-
ties at potential glycosylation sites, and by the availability of activated 
sugar substrates and enzymes involved in glycosylation. The accessibility 
of glycosyltransferases, glycoside hydrolases and other carbohydrate-
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heterogeneity. Bacteria, yeasts and fungi are used extensively for the 
production of proteins in cases where post-translational modifica-
tions are deemed unimportant, and are unrivalled in their efficiency. 
Consequently, the demand for improved glycoprotein expression sys-
tems has driven the investigation of glycan pathway engineering in vari-
ous microorganisms.

Yeast N-glycosylation. As the N-glycosylation pathway in the endoplas-
mic reticulum is largely conserved among eukaryotes, yeasts provide 
an obvious starting point for glycoengineering14,23. Relative to mam-
malian cell culture, yeasts offer generally high yields of recombinant 
protein, well-characterized and serum-free growth media, ready adap-
tation to large-scale fermentation processes and greatly reduced costs. 
Glycoengineering efforts have focused on the well-characterized species 
Saccharomyces cerevisiae and Pichia pastoris, as well as filamentous fungi 
of the genera Asperigillus, Penicillium and Trichoderma24. P. pastoris is 
preferred for N-glycan–containing biopharmaceutical production given 
the absence of immunogenic α(1-3)-linked mannosides among its gly-
cans, the low frequency of serine O-mannosylation and the limited 
hypermannosylation relative to other yeasts25.

The major classes of human N-glycans are classified as oligoman-
nose, hybrid and complex (Fig. 1b). Humans and yeasts initiate protein 
N-glycosylation by cotranslational block transfer of the oligosaccharide 
moiety from dolichol (Dol) pyrophosphate-linked Glc3Man9GlcNAc2 
to a suitable asparagine residue by their respective oligosaccharyltrans-
ferases (OSTs) (Scheme 1)26,27. More specifically, OSTs recognize the 
sequence asparagine-X-serine (or threonine), where X is any amino 
acid except proline, though local conformational features prevent gly-
cosylation of this sequon in many instances. Glycoside hydrolases then 
mediate trimming of four residues to afford the glycoprotein modified 
by Man8GlcNAc2, which at this point is translocated to the Golgi, where 
glycoprocessing pathways in humans and yeast diverge. Human Golgi 
α(1-2)-mannosidases IA, IB and IC (Mns-I) trim three mannose residues 
leaving Man5GlcNAc2, which is subsequently modified through addition 
of GlcNAc by the N-acetylglucosaminyltransferase GnT-I (Scheme 1b). 
In contrast, yeasts, through the action of the mannosyltransferase Och1, 
add an α(1-6)-linked mannose residue to the α(1-3)-linked linear branch 

glycan-specific nature of therapeutic efficacy, therapeutic glycoproteins 
require human-type glycosylation, which presents a challenge12,13.

Indeed, the preparation of homogeneous human-like glycoproteins 
is an immature field. Successful attempts to obtain single glycoforms of 
selected proteins for study have relied on an assortment of methods rang-
ing from total synthesis to isolation from natural sources. Heterogeneity 
of recombinant glycoproteins remains an issue in engineered mam-
malian cells. Currently the complexity of the target, including the size 
of the protein, the extent of glycosylation and the nature of the glycans, 
tends to dictate its availability in homogeneous form. Scientific advances 
in recent years offer hope for the first time that single glycoforms of 
many more glycoproteins may soon become accessible. At present, it 
appears that glycosylation pathway engineering in microorganisms can 
provide relatively uniform human-type glycosylation14,15. Alternatively, 
a number of enzymatic methods are available for the construction of 
glycoprotein glycans in vitro16.

This review details selected methods for the production of homoge-
neous human N- and O-linked glycoproteins and highlights recent find-
ings that enable or promise advances in this area. Approaches covered 
include glycan engineering in yeast, the potential for engineering bac-
terial N- and O-glycosylation systems, and selected methods of glycan 
remodeling. The latter topic is treated in two parts—the first regarding 
generation of an appropriate homogeneous glycoprotein bearing a trun-
cated glycan, and the second concerning primarily chemo-enzymatic 
elaboration of the glycan. The reader is directed to a number of excellent 
reviews that approach these challenges from various perspectives16–22. 
Attachment of glycans to proteins via non-native linkages, as well as 
some important carbohydrate-based protein modifications including 
O-linked N-acetylglucosamine (GlcNAc), fucose (Fuc), mannose (Man) 
and glucose (Glc), will not be discussed.

Engineering glycosylation pathways in yeast and bacteria
Most therapeutic glycoproteins are currently produced in mammalian 
cell culture, where differences in glycan structure relative to human 
serum are minimized12,13. However, such expression systems have a 
number of drawbacks including relatively low expression levels, high 
costs, potential for disease transmission, and (most significantly) glycan 
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enzymatic elaboration of Man5GlcNAc2-PP-Dol in the endoplasmic 
reticulum and ultimately results in the transfer of Man5GlcNAc2 to 
protein34,35. Adoption of the aforementioned combinatorial library 
approach in a strain also devoid of Och1 resulted in the production 
of glycopeptides bearing the Man3GlcNAc2 oligosaccharide, which was 
elaborated to GlcNAc2Man3GlcNAc2 by appropriately localized GnT-I 
and GnT-II (ref. 36). A homogeneous [GalGlcNAc]2Man3GlcNAc2 gly-
coform could also be produced (~20 mg l–1) through introduction and 
localization of a fusion of β(1-4)-galactosyltransferase (β(1-4)GalT) 
with UDP-Glc:UDP-Gal-4-epimerase36.

The introduction of pathways for biosynthesis, activation, transport 
and transfer of Neu5Ac is the penultimate and most challenging step in 
the humanization of yeast N-glycans, and it is of critical importance to 
the application of yeast to the production of therapeutic glycoproteins37. 
Using an extension of the approach used to generate asialo-complex 
N-glycans, Hamilton et al. were able to achieve this feat in P. pastoris38. 
In addition to the previously described modifications, introduction and 
targeted localization of no less than five codon-optimized enzymes was 
required. Over 98% of the glycans isolated from secreted recombinant 
human erythropoietin produced in this engineered strain of P. pastoris 
were sialylated, and over 90% were of the complex disialyl variety 

of Man8GlcNAc2. This dedicated step allows iterative addition of α(1-
6)-linked mannose (the “outer chain”) by other mannosyltransferases, 
with additional species-specific branching and phosphorylation, yielding 
hallmark heterogeneous, hypermannosylated yeast glycoforms (Scheme 
1c)28. Exposed terminal mannose residues are potentially immunogenic 
in humans, and are recognition elements for rapid clearance from circula-
tion by the mannose macrophage receptor, thereby presenting a barrier 
to use of yeast glycoproteins as therapeutics. Although some yeast glycans 
contain galactose (Gal), with limited exceptions they do not add GlcNAc 
post-translationally and are not known to include N-acetylneuraminic 
acid (Neu5Ac or sialic acid) or fucose—other common components of 
certain N-glycans. The humanization of yeast N-glycans can thus be bro-
ken down into two challenges: (i) elimination of endogenous pathways 
for hypermannosylation and (ii) introduction of enzymes and substrates 
for addition of non-native sugars.

Building on the pioneering efforts of Jigami and co-workers, impres-
sive progress toward production of glycoproteins containing human-
like N-glycans has been made in genetically engineered strains of P. 
pastoris14,15,29,30. Deletion of the Och1 mannosyltransferase gene, 
as demonstrated in S. cerevisiae, eliminated the starting point for 
hypermannosylation31,32. Correct insertion of new genes involved the 
generation of combinatorial libraries composed of gene fragments 
encoding (i) a leader peptide from known yeast endoplasmic reticulum 
or Golgi membrane proteins, and (ii) a catalytic domain from known 
and putative enzymes with Mns-I or GnT-I activity31. Successful com-
bination of the leader peptide and catalytic domain created fusion pro-
teins localized in the early secretory pathway of P. pastoris. Screening of 
the Mns-I–containing library identified constructs that led to secretion 
of human-type Man5GlcNAc2 glycoproteins. Subsequent evaluation 
of the GnT-I library required addition of genes to facilitate synthesis 
and transmembrane transport of uridine diphospho-GlcNAc (UDP-
GlcNAc). Active Mns-I and GnT-I fusions were combined, and the resul-
tant recombinant strain produced almost exclusively glycoproteins with 
hybrid (GlcNAcMan5GlcNAc2) glycans. A similar approach was used 
to introduce Mns-II and GnT-II, which catalyze removal of terminal 
α(1-3)- and α(1-6)-linked mannosides and addition of a β(1-2)-linked 
GlcNAc residue, respectively33. In this way, not only uniform hybrid-
type N-glycans but also minimal human complex-type N-glycans 
(GlcNAc2Man3GlcNAc2) could be produced in engineered P. pastoris 
in homogeneous form.

A conceptual alternative to the modification of degradative N-glycan 
processing in the yeast Golgi is to engineer the transfer of a different 
oligosaccharide by OST in the endoplasmic reticulum. The lipid-linked 
heptasaccharide Man5GlcNAc2-PP-Dol is flipped from the exterior to 
the lumenal face of the endoplasmic reticulum, where it is enzymati-
cally modified before block transfer as a tetradecasaccharide to aspar-
agine. Deletion of Alg3, which encodes a mannosyltransferase, prevents 
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modified and transferred to the nascent polypeptide. Three glucose and 
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Mns, mannosidase; Och1, α(1-6)mannosyltransferase; GnT, 
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sialyltransferase. Symbolic representations of glycans were generated using 
GlycanBuilder (http://www.eurocarbdb.org/applications/structure-tools/)110.
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homogeneous glycoproteins bearing human-type O-glycans is not nec-
essarily an obvious approach. Nevertheless, the potential to exploit yeasts 
as low-cost, robust, high-yielding protein expression systems remains 
attractive, and some advances in this area have been reported.

The suppression of yeast O-mannosylation has been demonstrated 
by small-molecule inhibition of protein O-mannosyltransferases 
(Pmt), which catalyze transfer of mannose from Man-P-Dol to serine 
or threonine of folded proteins in the Golgi49. For instance, recombinant 
monoclonal antibody expression was assessed in O. minuta in both the 
presence and absence of Pmt inhibitors based on rhodanine-3-acetic 
acid50. Though O-mannosylation was incompletely suppressed, the 
reduction was sufficient to increase the amount of fully assembled anti-
body and improve the antigen binding properties relative to the mono-
clonal antibody produced in the absence of inhibitor. This approach 
is limited in that yeasts (i) require some O-mannosylation activity for 
survival and (ii) have multiple distinct Pmts23,51.

The engineering of yeast to produce mucin-type glycoproteins 
demands introduction and appropriate localization of enzymes to 
catalyze (i) synthesis of nucleotide sugar donors, (ii) donor trans-
fer to the Golgi and (iii) glycosyltransfer onto the folded protein or 
glycan unit. As a first step, this feat would require introduction of 
one or more isoforms of UDP-N-acetylgalactosamine–polypeptide 
N-acetylgalactosaminyltransferase (ppGalNAcT), which initiates 
mucin-type O-glycosylation in humans by the addition of GalNAc to 
protein. A recent report details the engineering of S. cerevisiae to pro-
duce proteins bearing the important O-linked mucin core 1 disaccharide 
Gal-β(1-3)-GalNAc52. Cytosolic pools of UDP-Gal and UDP-GalNAc 
were generated from endogenous UDP-Glc and UDP-GlcNAc through 
the introduction of UDP-Gal-4-epimerase, and a UDP-Gal transporter 
was added to facilitate their movement to the Golgi lumen. Finally, 
ppGalNAcT-I or ppGalNAcT-II and β(1-3)GalT were introduced, each 
fused to a mannosyltransferase transmembrane domain from S. cerevi-
siae. The engineered strain was shown to incorporate the disaccharide 
at the appropriate threonine residue of the peptide MUC1a. Competing 
and coincident O-mannosylation was essentially eliminated by addition 
of small-molecule Pmt inhibitors. The full-length human mucin gly-
coprotein podoplanin was also expressed in glycosylated form, though 
homogeneity was imperfect. This glycosylation engineering approach 
has also been extended to O. minuta, where it is expected that higher 
protein expression levels will be realized52. The in vivo addition of sialic 
acid would require the incorporation of another six genes.

Bacterial N-glycosylation. Both N- and O-linked protein glycosylation, 
for many years considered to be an exclusively eukaryotic phenomenon, 
are now known to occur in many Bacteria and Archaea53–55. Despite 
dramatic contrasts between eukaryotic and prokaryotic glycomes, high 
recombinant protein expression levels and relatively facile genetic engi-
neering in prokaryotes have lent excitement to the study of bacterial 
glycosylation.

N-linked protein glycosylation was first characterized in 
Campylobacter jejuni, where the Pgl gene cluster encodes proteins that 
catalyze the assembly and block transfer of a heptasaccharide to aspar-
agine56. However, the oligosaccharide, GalNAc-α(1-4)-GalNAc-α(1-4)- 
[Glc-β(1-3)]-GalNAc-α(1-4)-GalNAc-α(1-4)-GalNAc-α(1-3)-Bac 
(Bac is bacillosamine or 2,4-diacetamido-2,4,6-trideoxy-d-glucose), 
which is transferred by the OST homolog pglB, bears little resem-
blance to mammalian N-glycans57. Furthermore, the apparent C. jejuni 
N-glycosylation sequon (aspartic or glutamic acid-X-asparagine- 
X-serine or threonine) is longer than its eukaryotic counterpart. 
Despite these differences, the prospects are very good. In a significant 
advance for N-glycan engineering, functional transfer of the pgl locus 

([Neu5AcGalGlcNAc]2Man3GlcNAc2). This work stands as one of the 
most impressive glycan engineering feats to date.

Glycosylation of immunoglobulins is well known to modulate their 
biological activity39,40. The deletion, introduction and localization of 
enzymes in yeast has therefore recently been applied to the production 
of recombinant versions of the therapeutic monoclonal antibody ritux-
imab41. Recombinant rituximab from engineered P. pastoris displayed 
antigen binding characteristics identical to those of its mammalian 
cell–derived counterpart (Rituxan). Alterations to monoclonal antibody 
glycan structures were found to modulate binding affinity for various 
Fcγ receptors, which strongly suggests a general means to probe and 
improve the therapeutic efficacy of these important biologics. Similar 
approaches were applied to recombinant human lactoferrin (rhLF), 
which was successfully expressed at ~100 mg l–1 (ref. 42). Although the 
isolated glycoprotein glycans were to some extent heterogeneous (50% 
of glycans were of the targeted Gal2GlcNAc2Man3GlcNAc2 structure), 
macrohomogeneity was vastly improved relative to rhLF from mam-
malian cell culture43.

In many instances glycoprotein structural complexity is increased 
by glycan modifications including phosphorylation, acetylation and 
sulfation, which can affect protein trafficking. The production of phos-
phorylated sugar chains in yeast suggests that specific recombinant 
homogenous phosphoglycoproteins might be produced for therapeutic 
use. This includes the possibility of treating lysosomal storage disorders, 
which are caused by deficiencies in carbohydrate-processing enzymes 
in the lysosome, through enzyme replacement therapy (ERT). For 
example, exposed mannose-6-phosphate (Man-6-P) residues on Golgi 
proteins interact with Man-6-P receptors, resulting in their targeting to 
the endosomal pathway, then to the lysosome44. Recombinant enzymes 
for ERT expressed in ∆Och1 strains of S. cerevisiae and Ogataea minuta 
were shown to contain Man-P-Man subunits at the nonreducing gly-
can termini45,46. Mannosidase treatment of the purified glycoproteins 
exposed Man-6-P, thus allowing for lysosomal targeting.

Yeasts are normally devoid of fucose, which serves important roles in 
a number of mammalian N- and O-glycans. Recent developments have 
overcome this deficiency by introducing into S. cerevisiae the enzymes 
from Arabidopsis thaliana that generate guanidine diphospho-Fuc (GDP-
Fuc) from GDP-Man. Endogenous mechanisms were found to permit 
transport of GDP-Fuc from the cytoplasm to the Golgi47. Introduced 
fucosyltransferases were then capable of generating appropriately fuco-
sylated protein products.

Yeast O-glycosylation. Mammalian protein O-glycosylation is typi-
fied by the post-translational addition of monosaccharides including 
N-acetylgalactosamine (GalNAc), GlcNAc, Glc, Man and Fuc at serine 
or threonine residues48. In most cases, these monosaccharides undergo 
further glycosylation involving iterative glycosyltransferase-catalyzed 
addition of glycosyl units from activated sugar nucleotide donors. The 
GalNAcα-Ser and GalNAcα-Thr motifs, components of mucin glyco-
proteins, are the most commonly encountered forms of O-glycosyl pro-
tein modification in humans, and further discussion of O-glycosylation 
in this text is limited to this context.

GalNAcα-Ser and GalNAcα-Thr glycopeptides are absent in 
yeasts, which are instead characterized by Manα-Ser and Manα-Thr 
O-glycosylation28,48. While O-linked mannose is the sole protein-
proximal O-glycosyl motif in yeasts, O-mannose is a relatively uncom-
mon and only recently recognized feature of human glycoproteins6. 
Furthermore, the composition of O-mannosyl yeast glycans is restricted 
to mannose and some galactose, whereas human O-glycans display sub-
stantially greater structural diversity. Given the disparate features of 
O-glycosylation in the two organisms, the engineering of yeast to produce 
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CAZy database classification: http://www.cazy.org/) hydrolyze the β(1-4) 
linkage of the N,N´-diacetylchitobiose unit common to N-linked glycans 
to yield both a GlcNAcβ-Asn–containing glycopeptide and an intact oli-
gosaccharide with GlcNAc at the reducing terminus (Scheme 3a). Family 
85 endo-glycoside hydrolases vary significantly in their relative ability 
to act on high mannose, hybrid and complex-type N-glycans (Fig. 1b), 
and as a consequence, they are of significant utility in the elucidation 
of glycan structure and function. The protein products of endo-NAG 
action are distinguished from the parent glycoproteins by their (micro)
homogeneity, and from other deglycosylation products by decoration 
with one or more asparagine-linked GlcNAc residues. Together, these 
unique features suggest that endo-NAG digestion followed by reglyco-
sylation should comprise a good strategy for assembly of homogeneous 
glycoproteins.

Endo-β-N-acetylgalactosaminidases catalyze hydrolysis of the 
O-glycopeptide linkage between the serine or threonine of glycoproteins 
and, for example, Gal-β(1-3)-GalNAc or larger oligosaccharides con-
taining this subunit. Considerable interest surrounds these enzymes, as 
successful transglycosylation or catalyst redesign could provide a means 
of producing homogeneous O-linked glycoproteins. Modest successes 
have been achieved in the transglycosylation of peptides using synthetic 
sugars64.

The cotranslational incorporation of artificial amino acids into pro-
teins affords a means to generate natural and unnatural post-translational 
protein modifications including glycosylation65. Early in vitro production 
of glycoproteins in this manner involved suppression of an engineered 
UAG codon using semisynthetic misacylated tRNAs bearing glycosyl 
amino acids and the appropriate anticodon66–68. Though the approach 
is technically impressive, protein yields are very low. Advances in in vivo 
tRNA suppressor technology have more recently allowed incorporation 
of glycosyl amino acids during protein synthesis in E. coli65. In this case, 
a tRNA and its cognate tRNA synthetase from Methanococcus jannaschii 
are evolved to afford a pair that can (i) load the targeted glycosyl amino 
acid onto M. jannaschii tRNACUA in E. coli while maintaining orthogonal-
ity with endogenous translational components, and (ii) suppress amber 

into Escherichia coli has been demonstrated, 
and several glycosylated C. jejuni proteins 
were produced in E. coli58. Importantly, pglB 
demonstrates relaxed substrate specificity 
with respect to its undecaprenylpyrophos-
phate-linked donor and can transfer a range 
of oligosaccharide structures, including those 
with GlcNAc at the reducing terminus59,60. In 
contrast to eukaryotic OST-mediated cotrans-
lational N-glycosylation, it has been proposed 
that PglB, expressed in E. coli, catalyzes post-
translational glycosyltransfer to a folded sub-
strate61. Thus a model folded protein substrate 
from C. jejuni was readily glycosylated to a high 
degree by PglB, whereas recombinant bovine 
RNase (RNAse) engineered to contain the 
bacterial consensus sequence at the native gly-
cosylation site displayed high levels of glyco-
sylation only if unfolded. Restricted access to 
lipid-linked oligosaccharide substrates remains 
a barrier to the preparative use of enzymes such 
as pglB and OST.

Bacterial O-glycosylation. Certain bacte-
rial O-glycosylation pathways include block 
transfer of an oligosaccharide from a lipid 
carrier to a protein, though these glycans differ considerably from 
their mammalian O-linked glycan counterparts. Examples include the 
O-oligosaccharyltransferases (O-OSTs) PilO (Pseudomonas aerugi-
nosa) and PglL (Neisseria meningitidis), which catalyze O-glycosylation 
of pilin, the protein subunit of bacterial pili. Both O-OSTs have been 
functionally transferred to E. coli, where they demonstrate significant 
promiscuity with respect to the oligosaccharide donor62. In fact, PglL 
is able to transfer virtually any available glycan structure, as donor 
substrate specificity appears to depend only on a short portion of the 
undecaprenylpyrophosphate carrier63. Despite minimal investigation 
and understanding of O-OSTs at this point, particularly with respect to 
protein acceptor structural requirements, they represent exciting oppor-
tunities for glycosylation engineering.

Glycan remodeling and glycosylation of apo-proteins
Step 1: establishing the glycopeptide linkage. Given the accessibility of 
recombinant proteins of any sequence, in vitro chemical or enzymatic 
protein glycosylation could provide a means to produce glycoproteins. 
Because this is not yet generally feasible, alternative strategies have been 
developed (Scheme 2). One approach, glycan remodeling, entails isola-
tion of a mixture of glycoforms of a single protein followed by their in 
vitro glycosylation to afford a homogeneous product. A second possibil-
ity is to effect glycoside hydrolase–mediated glycan degradation to the 
point of homogeneity, or to obtain uniform incompletely glycosylated 
glycoproteins through synthetic or recombinant means, and then to 
reconstruct the desired glycan via in vitro enzymatic synthesis. In this lat-
ter instance, access to a glycoprotein bearing incomplete homogeneous 
glycans is required, as discussed below.

Glycosyltransferases and exo-glycoside hydrolases act by sequential 
addition or removal, respectively, of nonreducing terminal monosaccha-
rides. In contrast, endo-glycoside hydrolases recognize internal structural 
elements of their substrate and catalyze hydrolysis of an internal glyco-
sidic bond, generating an oligosaccharide and a second product such as a 
(glyco)lipid or (glyco)protein. Endo-β-N-acetylglucosaminidases (endo-
NAGs) from glycoside hydrolase families 18 and 85 (GH18 and GH85; 

endo-GH
GTs

Synthesis tRNA suppressor
techniques

Glycosylation
of apo-protein

endo-GH
exo-GHs

Synthesis

Scheme 2  Methods for the in vitro production of homogeneous glycoproteins. Uniformly glycosylated 
proteins bearing a monosaccharide residue (center) can be generated by degradation of heterogeneous 
glycoforms using endo- or exo-glycoside hydrolases (GHs), by chemical or chemoenzymatic synthesis, 
using tRNA suppressor methods, and in some instances through glycosylation of an apo-protein. 
Construction of the desired glycan (bottom) can be achieved through sequential or block addition 
of saccharides using multiple glycosyltransferases (GTs) or an endo-GH, respectively. Symbolic 
representations of glycans were generated using GlycanBuilder (http://www.eurocarbdb.org/
applications/structure-tools/)110.

210 volume 5   number 4   APrIl 2009   nature chemical biology

r e v i e w
©

20
09

 N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.

http://www.cazy.org/
http://www.eurocarbdb.org/applications/structure-tools/
http://www.eurocarbdb.org/applications/structure-tools/


a particular protein may undergo addition of 
GalNAc. Catalytic and lectin domains function 
in concert to dictate additional glycosylation 
sites following addition of the first GalNAc 
residue75,76. Despite challenges presented by 
the complexity of the mucin-type glycosylation 
system, it holds much promise for glycoprotein 
production72. The availability of single recom-
binant isoforms of ppGalNAcT now permits 
the crude investigation of substrate specific-
ity through screening of synthetic peptide 
libraries77,78. This approach has been used to 
identify ppGalNAcT isoforms for glycosyla-
tion of several proteins at native glycosylation 
sites79.

Chemical approaches to the synthesis of gly-
coproteins have received a great deal of atten-
tion in recent years, and complex glycoproteins 
are among the more challenging targets for 
total synthesis. Remarkable synthetic accom-
plishments have been reported80–83. From 
a practical perspective, chemical synthesis 
provides a means to establish a glycopeptide 
linkage, complementing methods described 
earlier in this section, and if desired may be 
combined with subsequent enzymatic exten-
sion of the glycan motif. Synthetic methods for 
the production of homogeneous glycoproteins 
are too numerous to discuss in detail in this 
forum; the reader is directed to a number of 
current reviews16,20,84,85.

Step 2: extension of the glycan. With available or emerging methods in 
hand to produce a glycoprotein “core” with a monosaccharide “handle” 
at selected glycosylation sites, means for extension of the glycan are 
required. This may be accomplished enzymatically using either endo-
glycoside hydrolases or glycosyltransferases.

In addition to having hydrolytic activity, a subset of endo-β-N-
acetylglucosaminidases also catalyze transglycosylation, mediating 
transfer of an oligosaccharide moiety to a hydroxyl group on an acceptor 
other than water (Scheme 3b)21. The capacity of these enzymes to effect 
block transfer of an oligosaccharide from an N-glycopeptide “donor” to 
GlcNAcβ-Asn suggests utility in N-glycoprotein production, especially 
given that a range of highly complex glycopeptide donors are available 
on a reasonable scale by isolation from natural sources such as soy flour 
or hen egg86,87.

The transglycosylating GH85 endo-β-N-acetylglucosaminidases from 
Arthrobacter protophormiae (endo-A) and Mucor hiemalis (endo-M) have 
demonstrated the greatest synthetic utility, and are the best studied 
enzymes in this group88,89. Though these endo-glycoside hydrolases cata-
lyze a highly convergent block transfer of many high mannose (endo-A 
and endo-M), complex (endo-M) and hybrid (endo-M) oligosaccharides 
to glycopeptide acceptors in a regio- and stereospecific fashion, there are 
significant limitations to this approach. The use of valuable oligosac-
charide donor in large excess is generally required, donor substrates are 
restricted to naturally occurring mature glycans, and low yields (typi-
cally in the 5–25% range) result from competing product hydrolysis. The 
inclusion of organic solvent to minimize product hydrolysis has proven 
beneficial in specific instances, but yields often remain low90,91.

Two recent developments—endo-NAG–catalyzed glycosyl trans-
fer using preformed sugar oxazoline donors (Scheme 3c) and the 

TAG codons that have been introduced into the protein of interest. Using 
this methodology, a tRNA-tRNA synthetase pair was developed for each 
of the unnatural amino acids GlcNAcβ-Ser and GalNAcα-Thr and was 
used for in vivo “glycosylation” of myoglobin bearing a C-terminal His6 
tag69,70. In the latter case competitive suppression was observed, resulting 
in the cotranslation of ~10% aglycosyl protein.

Generation of glycoproteins through incorporation of unnatural 
monosaccharide-bearing amino acids complements the degradation of 
heterogeneous glycoproteins using endo-N-acetylglucosaminidases. By 
expanding the range of available protein-proximal monosaccharides, the 
preparation of large glycoproteins containing specific O-linked glycans 
may be achieved through either in vitro or in vivo glycosyltransferase-
mediated elaboration of GalNAcα-Ser or GalNAcα-Thr. In addition, 
assuming certain technical hurdles will be overcome, this method is 
among the more promising means of simultaneous incorporation of 
both N- and O-glycans. Although expression levels were relatively low 
(1–4 mg l–1) in in vivo experiments, fermentation methods may provide 
enhanced yields69–71. This methodology remains technically demanding, 
and questions regarding the impact of glycosylation on protein folding 
remain to be addressed.

Polypeptide GalNAc transferases initiate glycosylation of mucin-type 
glycoproteins by addition of a single GalNAc residue to a folded protein, 
and are thus potentially useful catalysts for glycosylation of apo-proteins 
in vitro72–74. The human ppGalNAcT family is anticipated to contain 24 
isoforms, 12 of which have been cloned, each with different, though at 
times overlapping, acceptor substrate specificity. Despite the apparent 
redundancy, specific isoforms are required for glycosylation of a protein 
in some instances. A consensus sequon for O-glycosyltransfer by any 
ppGalNAcT has yet to emerge; thus it is difficult to predict if or where 
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requirements for transglycosylation among endo-NAGs, including 
endo-A and endo-M. Significantly, smaller oligosaccharides including 
Man3GlcNAc and Man1GlcNAc can be transferred to generate simple 
core N-glycans, and additional modifications to the oligosaccharide 
structure are tolerated. This is of particular significance given the paucity 
of glycosyltransferases available to construct similar glycan structures. 
The use of oxazoline donors in lieu of glycopeptides is considerably more 
efficient, despite substantial hydrolysis of the oxazoline99. Furthermore, 
because the stringent substrate specificity of endo-NAGs toward non-
oxazoline oligosaccharides applies in the context of transglycosylation 
and hydrolysis, glycoprotein products bearing incomplete or modified 
N-glycans are in some instances less readily hydrolyzed, resulting in 
higher yields.

Although the use of activated oxazoline donors certainly represents an 
important advance, it would be preferable to identify a catalyst that does 
not hydrolyze the native glycoprotein product. The search for endo-NAGs 
that preferentially catalyze glycosylation over hydrolysis has focused on 
mutation of conserved residues that are purported to comprise the cata-
lytic center in GH85 enzymes. Very recently, such mutants of both endo-A 

and endo-M have been identified.
The probable catalytic acid-base residues 

in endo-A and endo-M have been identified 
as Glu173 and Glu 177, respectively100–102. 
Whereas the E177A mutant proved com-
pletely inactive in endo-M, targeted mutations 
in endo-A (E173H, E173Q) yielded proteins 
that transfer activated oxazolines but do 
not transglycosylate glycopeptides, and that 
demonstrate diminished (E173H) or virtu-
ally absent (E173Q) hydrolytic activity99,102.  
According to the proposed mechanism 
(Scheme 4b), glutamine is unable to serve as 
a proton donor, abrogating product hydroly-
sis. However, it may assist (through hydrogen 
bonding) in nucleophilic attack by the acceptor 
sugar hydroxyl at the anomeric center of the 
oxazoline donor. The E173H mutant func-
tions similarly but permits hydrolysis, albeit at 
a significantly reduced rate. It remains to be 
determined whether the analogous mutations 
(E177H or E177Q) will generate similar results 
in endo-M. Pending X-ray crystallography data 
are anticipated to shed light on the structural 
basis for altered catalytic activity (Protein Data 
Bank code 2VTF).

Mutation of Asn175 in endo-M, a residue 
purported to influence the orientation of the 
participating acetamide group, generated an 
enzyme that catalyzed transfer of oxazoline 
donors but not product hydrolysis (Scheme 
4c)102. In the same study, mutant Y217F 
demonstrated enhanced transfer from both 
glycopeptide and oxazoline donors, and lim-
ited product hydrolysis. Improved synthetic 
activity was also observed for the analogous 
endo-A mutant. Increased transglycosylation 
activity was attributed to a reduction in the 
Km for acceptor substrates. Mutants of both 
endo-A and endo-M have generally demon-
strated reduced reaction rates relative to the 
wild-type enzymes.

engineering of improved endo-NAG catalysts—suggest that endo-
glycoside hydrolases will play a prominent role in the preparation of 
homogeneous N-glycoproteins. Both advances rely to some extent 
on maturing mechanistic understanding of catalysis by endo-β-N-
acetylglucosaminidases (Scheme 4).

The GH85 endo-NAGs have been proposed to use a substrate-assisted 
catalytic mechanism, wherein the acetamide carbonyl oxygen partici-
pates in the reaction at the anomeric center (Scheme 4a), as demon-
strated for chitinases (GH18) and hexosaminidases (GH20)92–94. The 
capacity of several transglycosylating endo-NAGs to catalyze efficient 
transfer of preformed sugar oxazolines to asparagine-linked GlcNAc 
acceptors (Schemes 3c and 4a), and the inhibitory effect of related thiaz-
olines against the same enzymes, have lent direct support to this idea92,95. 
Oxazoline derivatives of large N-glycan structures can be prepared by 
chemical methods using isolated or synthetic oligosaccharides21,96–98.

The advent of glycosyl transfer from oxazoline donors to glycopro-
tein substrates has dramatically improved the outlook for endo-NAG–
based strategies21. The highly activated nature of the oxazolinium ion 
intermediate (Scheme 4a) serves to relax otherwise stringent structural 
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Recently, the endo-NAG–mediated remodeling of an IgG1 Fc fragment 
(Fc) dimer has been reported. Human IgG1 Fc was first overproduced 
in P. pastoris, heterogeneous N-glycans were truncated enzymatically, 
and the exposed GlcNAc residue at Asn297 of each Fc underwent gly-
cosylation with various activated oxazoline donors (endo-A) to afford 
homogeneous glycoproteins105. Glycosylation was observed to be effi-
cient without resorting to denaturation of the homodimer.

Structurally uniform glycoproteins bearing mature glycans are acces-
sible from incompletely glycosylated precursors through sequential 
glycosyltransferase-catalyzed addition of monosaccharides. Application 
of this approach is dependent on the availability of the appropriate 
enzymes and access to sufficient quantities of their sugar nucleotide 
donor substrates. Because the N-glycan core structure is assembled on a 
lipid carrier at the cytoplasmic face of the endoplasmic reticulum, many 
of the enzymes involved in its assembly do not recognize glycoprotein 
acceptors. Fortunately, diverse N-glycans may be constructed using 
chemical synthesis or the endo-NAG methodology described earlier. 
Glycosyltransferases that catalyze glycan modification in the Golgi are 
more readily available and may be used for modification of core struc-
tures in vitro. Many glycosyltransferases of bacterial origin are useful 
for the construction of selected components of hybrid and complex 
N-glycans and are available in recombinant form.

Glycoprotein remodeling involving glycosyltransferases is prominent 
in the production of homogeneous or significantly enriched glyco-
forms of therapeutic monoclonal antibodies, as carbohydrate struc-
tural features influence IgG Fc effector functions39,40. Though fully 
sialylated complex N-glycans are present in less than 5% of serum IgG 
glycoforms, it has been shown that sialylation is critical to the anti-
inflammatory effects of therapeutic IgG obtained from heterogeneous 
intravenous immunoglobulin (IVIG), thus explaining the high doses 
of IVIG required for effective treatment of autoimmune diseases106. 
IVIG-derived IgG were sequentially galactosylated and sialylated using 
glycosyltransferases, and the relatively homogeneous sialylated glycopro-
tein demonstrated significantly improved anti-inflammatory activity in 
a mouse arthritis model107. Galactosylation of heterogeneous human 
IgG with recombinant GalT has also been demonstrated on a kilogram 
scale, yielding up to 98% of a single glycoform108. Similarly, degalactosy-
lation of therapeutic antibodies trastuzumab (Herceptin) and rituximab 
(Rituxan), followed by addition of GlcNAc with recombinant rat GnT-
III, yielded immunoglobulins with up to 85% GlcNAc incorporation 
and corresponding increases in effector function109.

Outlook and conclusions
Access to truly homogeneous glycoproteins remains limited, though 
significant advances in this field are increasingly reported. Detailed 
above is a selection of the available methods to address the problems of 
glycoform heterogeneity. It is noteworthy that methods for the incor-
poration of glycans with different structures at specific sites are in many 
instances not yet available.

The in vivo production of specific humanized glycoforms is in its 
infancy. Despite the technical hurdles associated with the introduction of 
human-type glycosylation machinery into a foreign organism, it seems 
inevitable that yeast, and perhaps later bacteria, will supplant mamma-
lian cell culture as the chief source of humanized glycoproteins. Though 
in vivo production may help meet the growing demand for glycosylated 
therapeutic proteins, it is unlikely, in the foreseeable future, to provide 
the diversity of homogeneous glycoforms required to address questions 
in basic scientific and medical research.

Chemical and enzymatic means for synthesis of proteins, oligosaccha-
rides and glycoproteins continue to advance. Of the two, chemical syn-
thesis offers greater flexibility with respect to structural modifications, 

The improvement in yield obtained using an oxazoline donor or 
using mutant hydrolytically incompetent endo-NAGs is remark-
able. For instance, wild-type endo-A catalyzed the transglycosylation 
of Man9GlcNAc from Man9GlcNAc2-Asn to a 34-amino-acid HIV-
associated glycopeptide bearing only GlcNAc at the N-glycosylation site 
(11% isolated yield)103. Use of an oxazoline donor and endo-M mutant 
(N175A) provided the same product in 72% yield, and the smaller 
Man3GlcNAc-oxazoline was transferred by the wild-type enzyme in 
75% yield96,102. The influences of both the reported endo-M mutations 
and the oligosaccharide structure on synthetic yields are evident in endo-
NAG–catalyzed syntheses of glycopeptides (Fig. 2)102.

A mixture of RNAse B glycoforms may be transformed via endogly-
cosidase-mediated hydrolysis to a homogeneous product with only the 
protein-proximal GlcNAc remaining at the sole N-glycosylation site. 
Endo-A mutant E173H was shown to catalyze transfer from an oxazoline 
donor to the exposed GlcNAc, affording Man3GlcNAc2–RNAse B in a 
yield of 84%, which compares favorably with an observed yield for wild-
type endo-A that reached 72% before declining due to product hydroly-
sis99. Transglycosylation yields reported elsewhere for the same reaction 
were consistent with these results97,104. An improvement in yield (96%) 
was observed for a Gal2Man3GlcNAc-oxazoline donor, likely reflecting 
poor product recognition and consequently limited hydrolysis96,104. The 
limitations of this approach were evident when the terminal galactose 
residues were replaced with the disaccharide lactose, as yields dropped 
to <40% despite extended reaction times104.
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but requires more specialized expertise for its implementation and 
is severely limited with respect to polypeptide size and scale. In vitro 
enzymatic methods are thus the only practical way to obtain large syn-
thetic homogeneous glycoproteins. The challenge in this instance lies 
with establishment of the glycopeptide bond. Glycoprotein remodeling 
addresses this concern to some extent, though initial access to glycosy-
lated proteins is required, as are enzymes for the trimming and exten-
sion of the glycans. Hopefully this bottleneck will be addressed through 
emerging alternatives including direct enzymatic glycosylation of folded 
apo-proteins and expression of partially glycosylated proteins using 
tRNA suppressor technology. If a method can be established that reli-
ably affords access to homogeneous proteins bearing O- and N-linked 
monosaccharides, existing technologies would facilitate access to a wide 
range of homogeneous glycoforms, thus shedding light on glycan func-
tion. At that point, post-glycosylational modifications of carbohydrates 
within the context of glycoproteins may become the next challenge.

Note added in proof: Two publications of considerable relevance to this topic 
appeared recently (see refs. 111,112). 
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