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Abstract
N-linked glycosylation of proteins is one of the most common posttranslational modifications. Nglycan structures as well as N-glycosylation efficiency are critical parameters in the production of
N-glycosylated proteins. Yeast cells can be seen as an attractive production host for therapeutic
glycoproteins and pioneering work of glycoengineering was performed in Pichia pastoris, realizing
yeast strains capable of producing defined, human-type N-glycans.
Most strategies used for glycoengineering rely on the modification of the lipid-linked
oligosaccharide

biosynthesis

for

the

generation

of

the

substrate

for

Golgi-localized

glycosyltransferases. However, modifications in the lipid-linked oligosaccharide biosynthesis often
result in the accumulation of intermediate structures and cause hypoglycosylation of client proteins.
In order to ensure complete N-glycosylation, the flow of lipid-linked oligosaccharide through the
biosynthetic pathway and the transfer of the oligosaccharide from the donor lipid onto the protein
have to be optimized. A promising tool to improve site occupancy is the expression of protozoan
oligosaccharyltransferases, which possess altered specificities for the oligosaccharide and also for
the protein acceptor site. Furthermore, flipping of the lipid-linked oligosaccharide into the ER
lumen can be improved by overexpression of an artificial flippase. Improving the glycosylation
efficiency ensures that not only homogeneous N-glycan structures are generated, but also client
proteins are fully glycosylated.

Introduction
N-linked glycosylation of proteins (N-glycosylation) is one of the most common posttranslational
modifications. N-glycosylation is species-specific and typically very heterogeneous, and it is
important for protein folding, solubility, stability, and functions such as in vivo activity, serum halflife and immunogenicity [1,2]. Currently, most therapeutic glycoproteins are produced in
mammalian cell lines, such as Chinese hamster ovary cells and mouse myeloma cells.
N-glycans play a well-known role in the performance of therapeutic proteins. Structure of the
individual glycans as well as the number of the N-glycan on the proteins can have a significant
effect on the therapeutic performance [3]. Therefore, glycoengineering is a viable approach in order
to improve the functionality of proteins. A well-known example is the role of the fucose residue
attached to the core of the N-glycan on the binding of the antibody to the cognate F c receptor and
the subsequent activation of the antigen-dependent cellular toxicity. Expression of the antibody in a
glycoengineered cell line yielded a non-fucosylated version of the antibody which displayed an
increased affinity of the IgG to the F c receptor, coinciding with an increased antigen-dependent
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cellular cytotoxicity [4]. Core fucosylation can modulate the affinity of the IgG with the cognate F c
receptor.
Besides the glycoform, also the number of N-glycans attached to the protein affects protein function
and therefore its therapeutic performance. Human erythropoietin (hEPO) is a small glycoprotein
carrying three N-glycosylation sites. An aglycosylated but biologically active form of hEPO can be
produced in E. coli, but the absence of the N-glycans strongly reduced the in vivo half-life. In
contrast, engineering of an EPO variant carrying two additional N-glycan chains (Darbepoietin alfa)
increased in vivo half-life and activity [5].
Clearly, the structures and number of N-glycan are powerful modulators of the activity of
therapeutic proteins but both features can be adversely affected by shortcomings during production
or by the choice of the production system. N-glycosylation does not occur at every potential
glycosylation site and variations in the site occupancy are a function of the glycosylation site
sequence and its structural context, the concentration and structure of the lipid-linked
oligosaccharide (LLO), and enzyme kinetics. Whereas the glycosylation site of a given protein is
defined, and in the case of therapeutic proteins the structural context of the N-glycosylation site
cannot be altered, factors affecting the concentration and structures of LLO and the kinetics and
specificities of the oligosaccharyltransferase (OST) can have a negative impact on the site
occupancy. This review summarizes the current strategies for glycoengineering of yeast expression
systems, and their impact on glycosylation efficiency.

Glycoengineering in yeasts
Yeast cells have been commonly used in biotechnology to produce a wide range of industrial
enzymes and metabolites, but also for the production of therapeutic proteins, such as insulin and
Hepatitis A vaccine [6]. Yeast cells can be seen as an attractive production host for therapeutic
glycoproteins, since yeast cells have many advantages over mammalian cells. The productivities
obtained with yeast cells can be higher, since yeast cells have a faster growth rate and high protein
yields can be obtained. Due to the more rigid cell wall, yeast cells are also less fragile than
mammalian cells and thus more resistant to shear stress. Yeast can also grow in chemically defined,
serum-free media, which lowers the costs of cultivation and removes the concern of contaminations
by viruses, endotoxins and prions. For these reasons, production of glycoproteins with yeast cells
would be easier and cheaper compared to mammalian production systems, especially in large-scale
production.
Being a eukaryote, yeast is capable of performing posttranslational modifications, including Nglycosylation. However, the N-glycan structures in yeast glycoproteins differ significantly from
3

human N-glycans. Yeast N-glycans are highly mannosylated structures. In contrast, the N-glycan
structures in mammalian cells are more complex and contain monosaccharides not commonly
present in yeast N-glycans, such as fucose, galactose and sialic acid [2].
In order to produce human-like glycoproteins with yeast, the N-glycosylation pathways of yeast
cells need to be modified. Research on this subject has been pioneered in Pichia pastoris [7,8].
However, very recently Parsaie Nasab et al. (2013) were able to produce a monoclonal antibody
that contained a human-like N-glycan structure in a glycoengineered Saccharomyces cerevisiae
strain [9].
The glycoengineering of yeasts has been extensively reviewed, with a strong focus on the steps
taking place in the Golgi apparatus [7,8]. The architecture of Golgi-localized glycosyltransferases
and mannosidases is highly conserved between species and consists of an N-terminal
transmembrane domain (TMD) with an extension into the cytoplasm of different length, a stem
domain and a C-terminal catalytic domain. In order to target vertebrate glycosyltransferases and
mannosidases in the Golgi apparatus of yeast, fusions of TMD and stem domains of yeast
mannosyltransferases with catalytic domains of vertebrate glycosyltransferases and mannosidases
have been created, selecting for each enzyme activity the optimal TMD and stem domain [10].
Expression of these hybrid mannosidases and glycosyltransferases enabled the generation of
sialylated, complex-type N-glycans.
Five different strategies have been pursued so far for the glycoengineering of yeasts and fungi,
which will be briefly summarized. The approaches differ in the way the substrate for Golgilocalized N-acetyglucosaminyltransferase I (GnTI) and N-acetyglucosaminyltransferase II (GnTII)
are generated. Common to mammals and yeast is the LLO biosynthesis pathway culminating in the
generation of the Glc 3 Man 9 GlcNAc 2 structure, which is transferred onto protein by the OST
complex. During the protein folding process ER glucosidase I and II and ER mannosidase trim the
N-glycan to its final Man 8 GlcNac 2 structure, which leaves the ER (Figure 1A). After this step Nglycosylation pathways of mammals and yeast diverge. In mammals the α-1,2 linked mannose
residues of the N-glycan are trimmed off by mannosidase I (ManI) creating the substrate
(Man 5 GlcNac 2 ) for GnTI. After the transfer of the first GlcNAc by GnTI, mannosidase II (ManII)
cleaves two additional mannose residues creating GlcNAcMan 3 GlcNAc 2 , which serves as substrate
for GnTII resulting in the most simple complex N-glycan GlcNAc 2 Man 3 GlcNAc 2 .
In the first successful approach to humanize N-glycosylation in yeast, the mammalian Nglycosylation pathway was reproduced in yeast introducing mannosidase activities (ManI and
ManII) and glycosyltransferases (GnTI and GnTII) into the Golgi apparatus, which enabled the
generation of complex-type N-glycans (Figure 1A) [11].
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In vitro studies with human GnTI have shown that this enzyme is tolerating shorter N-glycans as
acceptor, indeed GnTI is active on Man 3 GlcNAc 2 [12]. Therefore, it seemed plausible that the
glycosylation pathway in yeast might be simplified by providing a tailored N-glycan as substrate for
GnTI. Several alternative routes have been described for generation of the substrate for GnTI and
GnTII (Figure 1). These modified routes are based on the modification of the LLO biosynthesis
pathway in yeast, the introduction of an α1,2 mannosidase (α1,2-Man) activity into the ER lumen
or a combination of both of these two approaches. Depending on the approach a Man 3 GlcNAc 2 , the
biosynthetic Man 5 GlcNAc 2 structure lacking the B- and C-branch or a trimmed Man 5 GlcNAc 2
being devoid of all α1,2-mannose residues are generated. The latter two structures still require the
activity of Golgi-localized ManI or ManII activities, respectively.
Expression of a fungal α1,2-Man in the ER lumen trims all α1,2 mannose residues creating a
Man 5 GlcNAc 2 structure, which can serve as substrate for GnTI (Figure 1B). Deletion of ALG3
gene creates the biosynthetic Man 5 GlcNAc 2 LLO lacking the B- and C-branch. Alg3 is an α1,3mannosyltransferase, which initiates the elongation of the LLO in the ER lumen. Its activity exerts a
high degree of control on LLO processing in the ER. The absence of this α1,3-linked mannose
terminates all further modifications of the LLO and this structure is transferred by the OST complex
with a strongly reduced efficiency [13]. In order to create the substrate for GnTI and GnTII only a
an α1,2-mannosidase activity is required, as after the transfer of the first GlcNAc, no additional
trimming of mannoses is required and the GlcNAcMan 3 GlcNAc 2 can directly serve as substrate for
GnTII. Two strategies for the localization of the α1,2 mannosidase activity have been pursued.
Either ManI activity is destined to the early Golgi apparatus [10] or a fungal α1,2 mannosidase
(α1,2-Man) is targeted into the ER and the Man 3 GlcNAc 2 structure is already generated there [14]
(Figure 1C and D).
The most recent strategy is based on the idea that a LLO can be tailored, which without additional
trimming can serve as substrate for GnTI and GnTII [9]. Deletion of ALG11 and ALG3 genes in the
LLO biosynthesis pathway leads to the formation of Man 3 GlcNAc 2 . Alg11 is catalysing the last
step on the cytoplasmic side of the ER lumen adding two α1,2-mannoses, which form the A-branch
of the glycan. Consequently, deletion of the ALG11 gene prevents formation of the A-branch; in
combination with ALG3 deletion none of the branches of the glycan are formed creating the
Man 3 GlcNAc 2 structure. This structure, when present on a protein serves as a substrate for GnTI
and GnTII (Figure 1E).

Modification of the LLO-biosynthesis and its effects on N-glycosylation efficiency
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As discussed above most of the strategies for generation of the substrates for GnTI and GnTII rely
on the modification of the LLO biosynthesis pathway. In the next paragraphs we would like to
discuss the impact of manipulation of the LLO-biosynthesis on the N-glycosylation efficiency.
LLO biosynthesis is initiated at the cytoplasmic side of the ER, where a dolichol-phosphate (Dol-P)
serves as an acceptor of GlcNAc-phosphate forming Dol-PP-GlcNAc in a reaction catalysed by
Alg7. The second GlcNAc residue is added by Alg13/Alg14 complex. The first mannose is added
by Alg1, after which an α1,3-linked and an α1,6-linked mannose are added by Alg2, creating the
Man 3 GlcNAc 2 structure. Before flipped into the ER lumen two α1,2-linked mannoses are added to
the α1,3-linked mannose creating the biosynthetic Man 5 GlcNAc 2 structure. This structure is flipped
into the ER lumen, originally thought by the RFT1 protein [15]. Alg3 initiates the lumenal steps of
the LLO biosynthesis adding an α-1,3 linked mannose. An α1,2-linked mannose is added by Alg9
finalizing the B-branch, before the C-branch is initiated by addition of α-1,6 linked mannose by
Alg12. This structure is capped by an α-1,2 linked mannose added by Alg9. After generation of the
Man 9 GlcNAc 2 structure, three glucose units are added to the A-branch (Figure 2). The glucose
residues are the key-signature for the substrate recognition by the OST complex. Deficiencies in the
LLO assembly result in the accumulation of intermediate structures and cause hypoglycosylation, a
fact which is very well documented in S. cerevisiae.
Deletion of the ALG3 gene in S. cerevisiae has detrimental effects on LLO biosynthesis in the ER
lumen, as the deletion aborts the lumenal extension of the growing LLO, generating mainly
Man 5 GlcNac 2 structures [13]. As stated above, the capping glucose residues are key determinants
for the recognition of the LLO by the OST complex, therefore, N-glycosylation efficiency is
strongly reduced in an alg3 mutant leading to severe hypoglycosylation of proteins, as has been
shown for several endogenous glycoproteins (CPY, Wbp1p, Gas1p)[13]. Recently, the ALG3 gene
from P. pastoris has been characterized, however, the effect of its deletion on glycosylation
efficiency has not been analyzed [16]. The glycoengineering strategy based on the ALG3 deletion
was also utilized in Yarrowia lipolytica, resulting in hypoglycosylation. In order to compensate for
the reduced glycosylation efficiency, the ALG6 gene, encoding the glucosyltransferase adding the
first glucose unit was overexpressed, which led to a partial shift from Man 5 GlcNAc 2 in the Δalg3
mutant to glucosylated forms of Man 5 GlcNAc 2 structures in the ALG6 overexpressing strain [17].
As a result, hypoglycosylation of a client protein was attenuated. Overall, in the glycoengineering
approaches based on the ALG3 deletion, the specificity of the OST complex for the LLO is the
primary factor limiting glycosylation efficiency.
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When tailoring LLO biosynthesis in order to directly generate the substrate for Golgi-localized
glycosyltransferases, the ALG3 deletion is combined with the ALG11 deletion. This strategy stops
LLO synthesis already during the cytoplasmic steps creating the Man 3 GlcNAc 2 . Deletion of alg11
precludes the formation of the A-branch of the LLO, which leads to a very strong
hypoglycosylation [18]. In addition to the reduced transfer efficiency, inefficient flipping of the
LLO into the ER lumen contributes to the hypoglycosylation phenotype observed in the Δalg11
strain. It had been reported previously that in a Δalg11 strain Man 3 GlcNAc 2 accumulated on the
cytoplasmic side of the ER membrane indicating that the flipping reaction is limiting. Upon
overexpression of RFT1 a shift towards more mature LLO was observed, indicating that the
flipping reaction can be improved [15]. The LLO flipped into the ER lumen are identical in the
Δalg11 and Δalg3Δalg11 strains. Therefore, in order to realize an efficient glycosylation of client
proteins in Δalg3Δalg11 strain, both flipping and transfer have to be optimized.
Improving N-glycosylation efficiency using protozoan oligosaccharyltransferases
The OST complex in fungi and vertebrates is composed of 8 subunits, STT3 being the catalytically
active subunit. In multi-subunit OST complex, some of the additional subunits fine-tune the Nglycosylation process. Ost1 acts as a chaperon to promote glycosylation of selected protein clients.
Ost3/6 exhibit oxidoreductase activity and bind specific polypeptides, both non-covalently and via
transient mixed disulfide bonds. These subunits are thought to slow down the early stages of protein
folding, thereby maintaining the polypeptide chain in a glycosylation-competent conformation. In
addition to the catalytic subunit STT3, four additional subunits are essential (WBP1, OST1, OST2,
SWP1) [1].
The complexity of the OST complex is reduced in Trichomonas, Entamoeba and Plasmodium
where only four subunits are present. The most rigorous reduction in OST subunits is observed in
Kinetoplastids and Giardia lamblia, which possess only the catalytic subunit STT3 and referred to
as protozoan oligosaccharyltransferase (POT) [19]. However, the genomes of Leishmania spp and
Trypanosomas spp comprise several genes encoding STT3 paralogous.
Furthermore, when analysing the genomes of Leishmania spp, and Trypanosomas spp, no
homologues of glucosyltransferases (Alg6, Alg8 and Alg10) can be detected. Furthermore, the gene
encoding Alg12 is absent in L. major, indicating that L. major produces a truncated LLO lacking
the C-branch [20]. Therefore, it is plausible that POTs do not require the glucosyl capped A-branch
for efficient transfer and might generally have an altered LLO specificity. Notably, dependent on
the developmental cycle, LLO of varying length are formed. The organisms cope with this variation
in the LLO structures, by expressing a distinct set of STT3 paralogous. T. brucei possess three
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STT3 paralogoues, TbSST3A being specific for Man 5 GlcNAc 2 , TbSTT3B being specific for
Man 9 GlcNAc 2 [21].
Several studies revealed that POT from L. major and T. brucei can replace the endogenous STT3 in
S. cerevisiae and act independently from the other subunits of the OST complex [22,23]. Indeed, all
of the essential subunits of the OST complex can be deleted in the presence of the single-subunit
POTs. Furthermore, it was observed that POTs can transfer the glycan to other glycosylation sites
than the one glycosylated by the endogenous OST complex. TbSTT3B and TbSTT3C when
replacing yeast STT3, did have different activities towards some of the glycosylation sites,
furthermore, sites which are normally not occupied were glycosylated by T. brucei STT3B and
STT3C [21]. TbSTT3A was highly selective for acidic peptide acceptor sites, TbSTT3B has a broad
specificity for the acceptor sites, whereas TbSTT3C preferentially glycosylated acidic peptide
acceptors. When analyzing the site occupancy in yeast cells expressing different L. major STT3
paralogous, a similar (LmSTT3D) or reduced N-glycosylation efficiency (LmSTT3A and
LmSTT3B) was observed [23]. Based on these observations, it is a fair assumption that POTs
possess distinct specificities for the LLO and the glycosylation site and therefore represent an
interesting tool for improving glycosylation efficiency.
POTs have been successfully utilized to increase N-glycosylation efficiency in glycoengineered P.
pastoris and S. cerevisiae. Glycoengineered P. pastoris produced only partially glycosylated
antibodies, the glycosylation efficiency being 80% [24]. Therefore, it has been evaluated whether
the overexpression of POT would improve the glycosylation efficiency of heterologous client
glycoproteins. The site occupancy of two antibodies (anti-Her2, anti-RSV) and rhGM-CSF was
studied. Expression of LmSTT3D raised site occupancy of the two antibodies from 80 to >99%, but
no improvement was seen when expressing one of the other L. major STT3 paralogous. In contrast,
in the case of rhGM-CSF, which carries two N-glycosylation sites, only a partial attenuation of the
hypoglycosylation could be observed upon coexpression of LmSTT3D, indicating that the structural
context around the glycosylation sequon of the client protein itself is also an important determinant
for the glycosylation efficiency.
In order to improve N-glycosylation efficiency in an Δalg3Δalg11 yeast strain, we screened POTs
isolated from Leishmania spp in yeast strains with altered LLO biosynthesis. A POT isolated from
L. brasiliensis (LbSTT3_3) most significantly improved N-glycosylation efficiency in the target
strain, but notably tolerated also a wide range of different LLO as substrate. As STT3 are integral
membrane proteins, it proved to be essential to control expression levels, as to strong expression
unnecessarily burdened cellular viability [9].
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Unfortunately, no structural information of POTs is yet available. Therefore, the targeted
modification of its properties such as LLO specificity or preference for N-glycosylation sequon is
still not feasible.

Improving N-glycosylation efficiency using flippases
Helenius et al. concluded that the ER membrane protein Rft1 is required directly for flipping of the
LLO [15]. By replacing its native promoter with a galactose inducible promoter, Rft1 expression
was suppressed by addition of glucose, and the Rft1 protein was depleted from cells. In these
experiments Man 5 GlcNAc 2 accumulated on the cytoplasmic side of the ER membrane and the
impaired flipping was accompanied by hypoglycosylation in Rft1 depleted cells [15]. Although
influencing the flipping, the assignment of Rft1 as the flippase was recently challenged by
biochemical studies.
Using an Δalg11 mutant, which prevents formation of the A-branch, but which after flipping of the
LLO into the ER lumen is further elaborated to a Man 7 GlcNAc 2 structure, flipping efficiency can
be analyzed. In the Δalg11 mutant strain Man 3 GlcNAc 2 is accumulating, however upon
overexpression of RFT1 a shift towards more mature LLO was observed, indicating that the
flipping reaction can be improved [15].
Based on a genetic suppressor strain, we were able to identify a protein, which can act as an
artificial flippase in yeast. Flc2* is a truncated form of the yeast Flc2 protein. FLC2 encodes a
putative ER-localized FAD transporter. Flc2* is truncated after the first four transmembrane
domains and its overexpression increased the flipping in Δalg11 and Δalg3Δalg11 mutants as
judged from the attenuation of the hypoglycosylation phenotype in yeast [9]. Flc2* is a substrate
unspecific flippase as it improved also the flipping of very short LLO such as Man 1 GlcNAc 2 . The
mechanism, by which Flc2* is influencing the flipping remains elusive. By combining the Flc2*
with LbSTT3_3 increased N-glycosylation efficiency to almost 100% [9].

Future perspectives: The effect of truncated LLOs on protein folding and cellular quality
control systems
Glycoengineering has generated valuable yeast strains, which can build almost completely
homogeneous N-glycan structures, a property, which is currently not achievable with any other
system for the production of human-type N-glycans. However, attention is required to ascertain that
proteins are fully glycosylated and different means are available in order to increase Nglycosylation efficiency.
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An aspect, which needs to be address in the future, is the effects of the tailored N-glycans on protein
folding and cellular quality control systems. N-glycans play a critical role in the recognition of
glycoproteins by the folding machinery, e.g. calnexin-calreticulin cycle. Furthermore, they act as
signature for the recognition of missfolded or slowly-folding protein by Htm1 or Yos9 proteins,
which are involved in ER associated protein degradation [1]. At the moment, no information exists
how the engineering of the LLO biosynthesis affects these processes, however, it is obvious that in
cells lacking Alg3 or Alg3 and Alg11 activities, these cellular quality control processes are bypassed as the N-glycan determinants required for the recognition are missing. Therefore, studies are
needed to investigate the effects of glycoengineering on protein quality.
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Figure legends
FIGURE 1. Overview of yeast and mammalian N-linked glycosylation pathway and strategies to
generate humanized N-glycans in yeasts and fungi. A) Formation of the lipid-linked oligosaccharide
(LLO) is initiated at the cytoplasmic side of the ER by Alg7. A Man 5 GlcNAc 2 structure is
assembled on the cytoplasmic side by the consecutive action of Alg13/14, Alg1, Alg2 and Alg11.
This structure is flipped into the ER lumen, where modification of the LLO is initiated by Alg3. The
B-branch is completed by the action of Alg9 after which the C-branch is started by Alg12 and
completed by Alg9. The triglucosyl cap is added by Alg6, Alg8 and Alg10 generating a
GlcNAc 3 Man 9 GlcNAc 2 . This structure serves a substrate for the oligosaccharyltransferase complex
(OST). After folding of the protein, the terminal mannose of the B-branch is removed. The
assembly of LLO and the transfer by OST are conserved in yeast and mammals. Structural diversity
of N-glycans is generated in the Golgi apparatus. In mammals, N-glycans of glycoproteins destined
to the Golgi apparatus undergo trimming and transfer reactions. First Golgi localized α1,2
mannosidase (ManI) is trimming the α1,2 mannose residues, after which GnTI is adding the first
GlcNAc residue. The remaining mannose residues are trimmed off by ManII, which create the
substrate for GnTII that adds a second GlcNAc residue. A plethora of glycosyltransferases is
present in the Golgi apparatus of mammals creating a highly diverse N-glycans. In contrast to
mammals, yeast only performs mannosylation of the N-glycan in the Golgi-apparatus. By properly
localizing the mammalian mannosidases and glycosyltransferases into the Golgi-apparatus of yeast,
human-like N-glycans can be generated.
B) to E) Alternative pathways were designed to generate the substrate for GnTI and GnTII. By
introducing a fungal α1,2-mannosidase into the ER (α1,2Man), ManI activity is not required in the
Golgi and only GnTI, ManII and GnTII have to be expressed. C) Deletion of the ALG3 gene
generates mainly a Man 5 GlcNAc 2 structure, which can be transferred onto proteins. The ALG3
deletion leads to hypoglycosylation as the triglucosyl-cap of the A-branch, which is one of the key
determinants for recognition by the OST, is missing. Only ManI, GnTI, and GnTII are required to
generate a complex N-glycan. D) In this strategy the ALG3 deletion is combined with the
overexpression of a ER-localized fungal α1,2-mannosidase (α1,2Man), which creates a
Man 3 GlcNAc 2 . In order to attenuate hypoglycosylation, the ALG6 gene is overexpressed, which is
adding the first glucose. E) Generation of a biosynthetic pathway to Man 3 GlcNAc 2 structure.
Deletion of ALG11 and ALG3 genes leads to the generation of Man 3 GlcNAc 2 which serves as
substrate for GnTI and GnTII. In order to compensate for hypoglycosylation, an artificial flippase
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Flc2* and a protozoan oligosaccharyltransferase (POT) have been introduced into the strain, leading
to complete glycosylation of proteins.
Blue circles: glucose, green circles: mannose, blue squares: N-acetylglucosamine, light blue circles:
structure is not or only partially glucosylated.

FIGURE 2. Structure of eukaryotic dolichol-linked oligosaccharide. Linkages and the enzymes
catalysing the respective steps are given. A, B and C denote the A-, B- and C-branch of the LLO.
Deletion of ALG11 gene prevents formation of the A-branch. Deletion of ALG3 gene prevents
formation the B- and C-branch mainly generating a Man 5 GlcNAc 2 structure. Glucosylation of the
A-branch is strongly impaired in Δalg3 mutant strains. Blue circles: glucose, green circles:
mannose, blue squares: N-acetylglucosamine
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