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in an active and soluble form in this host. The folding
environment in the cytosol and the requirement for gly-
cosylation are often responsible for this. Yeast can be
used to overcome some of these shortcomings, and the
expression of recombinant proteins in yeast goes back
to the early days of recombinant DNA technology1.

Initial attempts to express recombinant proteins in
yeast focused on the ‘baker’s yeast’ Saccharomyces cere-
visiae, which has become a well-understood model
organism with an extensive body of literature describ-
ing its cellular and molecular biology. An abundance
of molecular biological tools are available to the yeast
biologist, including genome sequences, the ability to
perform direct gene knockouts, gene replacements
and site-specific chromosomal integration, and the
availability of recyclable genetic markers allowing for
the repeated introduction of new genetic constructs.
In addition, a variety of strong constitutive promoters
(for example, the glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) promoter) and inducible promoters
(such as the GAL1 promoter) have been developed.
Over the past decade additional yeast expression systems

Recombinant DNA technology, and the ability to pro-
duce recombinant proteins, has made important contri-
butions to human health and has profoundly impacted
on scientific discovery itself. Beginning with the intro-
duction of recombinant forms of human insulin (for-
merly extracted from animal sources), many therapeutic
proteins are now produced in recombinant form,
including erythropoietins, interferons, blood-clotting
factors and monoclonal antibodies. However, many of
these proteins require post-translational processing —
mostly glycosylation — to attain full biological and
therapeutic function.Yeasts, although generally viewed
as attractive fermentation organisms and hosts for
recombinant protein expression, are unable to perform
human glycosylation reactions (FIG. 1).

Obtaining a properly folded and active protein is
usually the first requirement of a recombinant protein-
expression host, although some proteins can be
obtained as insoluble inclusion bodies and reconstituted
by denaturation and refolding. The ease of handling and
rapid read-out often make Escherichia coli the organism
of choice; however, many proteins cannot be obtained
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Therapeutic proteins can typically be divided into
two major categories — those with N-linked glycosyla-
tion (that is, glycoproteins) and those without. N-linked
glycosylation often constitutes a small fraction of the
molecular mass of a given protein, yet it contributes 
significantly to its hydrodynamic volume and therefore
to its pharmacodynamic behaviour (FIG. 2). Until recently,
it was thought that N-linked glycosylation occurs exclu-
sively in eukaryotes, in which a pre-assembled oligosac-
charide is transferred in a site-specific manner to an
asparagine residue of the nascent protein in the endo-
plasmic reticulum (ER). Prokaryotes such as E. coli do
not have an ER, and typically do not perform N-linked
glycosylation reactions. Recently however, this notion
was challenged by the finding that the prokaryotic
organism Campylobacter jejuni contains N-glycosylated
proteins, albeit with N-glycan structures that differ
markedly from those that are found in eukaryotes8–10, as
well as O-glycosylated proteins11.

Currently, most non-glycosylated therapeutic 
proteins are expressed in either E. coli or yeast. For
example, about half of the world’s supply of insulin is

have evolved, driven by the need for stronger inducible
promoters and the desire to secrete the recombinant
product into the culture medium to facilitate down-
stream recovery2,3. Three yeast expression hosts are of
note in this context — Kluyveromyces lactis and the
methylotrophic yeasts Pichia pastoris and Hansenula
polymorpha. Each of these systems has been used to pro-
duce recombinant enzymes on a commercial scale and
there is an extensive body of literature describing their
use as hosts for recombinant protein expression
(reviewed in REFS 3–6).

Industrial yeast fermentations are characterized by
high cell densities, short fermentation times (several
days) and the use of chemically defined media that do
not require components derived from animals (for
example, calf serum), which can be of concern in the
production of therapeutic products for human use
due to the possibility of contamination with viruses or
prions. In these systems, recombinant proteins, includ-
ing mammalian proteins, can often be expressed at high
protein titres, as shown by the production of 14.8 g l–1 of
gelatin in P. pastoris7.
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Figure 1 | Major N-glycosylation pathways in humans and yeast. a | Representative pathway of N-glycosylation pathways in
humans (left) provides a template for humanizing N-glycosylation pathways in yeast (right). b | Early oligosaccharide assembly 
mutants can be used to recreate synthetic glycosylation pathways that lead to complex N-glycosylation in yeast (see main text). 
ER, endoplasmic reticulum; GalT, galactosyltransferase; GlcNAc, N-acetylglucosamine; GnT I, N-acetylglucosaminyl transferase I; 
GnT II, N-acetylglucosaminyl transferase II, Man, mannose; Mns II, mannosidase II; MnTs, mannosyltransferase; NANA, 
N-acetylneuraminic acid; ST, sialyltransferase.
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expenses that are required irrespective of the production
process, most efforts to reduce costs have focused on
improving the fermentation process by increasing pro-
ductivity, and hence the titre and quality of the final
product. This can be achieved by improving the fermen-
tation process itself or by considering alternative prod-
uction systems. Although yeast have proven to be robust
protein- expression platforms for many industrial enzymes
and some non-glycosylated therapeutic proteins, as
already discussed, the inability to perform human-like 
N-glycosylation reactions has precluded yeast from being
used to produce most recombinant human glycoproteins
intended for therapeutic use in humans. To overcome
this shortcoming, several laboratories have been investi-
gating the possibility of altering endogenous N-glycosy-
lation reactions and genetically engineering human 
N-glycosylation pathways into yeast and other fungi.

N-glycosylation pathways: human versus yeast
Two types of protein glycosylation can be distinguished
— O-linked and N-linked. O-linked glycosylation is
the attachment of carbohydrates to the hydroxyl groups
of serine or threonine residues of proteins. Unlike
N-glycosylation, which has been shown to be crucial
for protein function, relatively little is known about
O-glycosylation and its biological role (reviewed in
REFS 18–20). Given the importance of N-glycosylation
for therapeutic functions, this review focuses on

made in yeast by Novo Nordisk, whereas Eli Lilly & Co.
produces insulin in E. coli. Although almost one-sixth
of the currently approved therapeutic proteins are
produced in yeast, including recombinant granulocyte
macrophage colony-stimulating factor (GM-CSF),
insulin and several vaccines (for example, the first
therapeutic protein to be expressed in yeast was the
hepatitis B vaccine12), yeast have typically not been
used to make recombinant glycoproteins owing to
the non-human N-glycosylation reactions that are
associated with yeast protein expression (FIG. 1). Yeast
N-glycosylation is of the high-mannose type, which in
humans mediates binding to mannose receptors and
results in poor pharmacokinetic behaviour13.

Recombinant glycoproteins constitute about 70%
of all approved therapeutic proteins and, given their
requirement for human-like N-glycosylation, have
typically required the use of mammalian cell lines for
their production (for example, CHO or BHK cell lines),
which are able to perform human-like N-glycosylation
reactions, although the end product invariably differs in
composition to its human counterpart. Examples of
therapeutic glycoproteins that have been approved and
are produced in mammalian cell lines include recombi-
nant interferon-β, which is used for the treatment of
multiple sclerosis; erythropoietin, which is used for the
treatment of anaemia; and recombinant antibodies,
such as Herceptin and Rituxan, which are used to treat
breast cancer and non-Hodgkin’s lymphoma, respec-
tively. Mammalian cell culture is an expensive and
lengthy process that affords little control over the final
product. The generation of mammalian production cell
lines is a cumbersome task that typically takes several
months. In addition, mammalian cells are very sensitive
to environmental changes during fermentation. An
increase in the heterogeneity of N-glycosylation, and
therefore a decrease in product quality, has been corre-
lated with several factors including pH, process time,
glutamine levels and the availability of nucleotide sugars.

Notwithstanding these difficulties, in the absence of
better alternatives the use of mammalian cell culture has
emerged as the dominant platform for the production
of recombinant human glycoproteins for therapeutic
purposes. The market for therapeutic glycoproteins has
experienced robust growth (25.8% annual growth over
the past five years14), and recent interest has begun to
focus on protein expression platforms that are able to
reduce costs and offer greater control over the post-
translational processing of the final product. The latter
has become increasingly important as the extent and
type of N-glycosylation have been found to have a
marked impact on the therapeutic properties of many
commercially relevant therapeutic proteins15–17.

Engineering N-glycosylation in yeast
The production of recombinant proteins involves three
main steps that contribute about equally to the cost of the
final product: protein production (that is, fermentation);
protein purification; and ‘fill and finish’, which is, the fill-
ing and packaging of a formulated and stabilized prod-
uct. As the second and third steps are essentially fixed

a

b

Figure 2 | Structure of glycosylated glucocerebrosidase.
Panels show glycosylated glucocerebrosidase with (a) and
without (b) glycans highlighted to illustrate the extent to which
glycans influence the hydrodynamic volume and surface
properties of glycoproteins.
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GlcNAc phosphotransferases, are known to exist, which
further broadens the range of N-glycans found on pro-
teins isolated from human sources. It is of note that
many glycosylation reactions are not complete and
analysis of proteins purified from human serum typi-
cally reveals several intermediates ranging from high-
mannose glycans to complex, terminally sialylated
glycans. Many of these glycan structures are thought to
confer specific functions, yet the elucidation of glycosy-
lation-dependent structure–activity relationships is far
from complete and remains an active area of research.

In contrast to human N-glycan processing, which
involves the removal of mannose followed by the
addition of GlcNAc, galactose, fucose and NANA,
early N-glycan processing in yeast is limited to the
addition of mannose and mannosylphosphate 
sugars. The Golgi apparatus of S. cerevisiae contains 
α-1,2-, α-1,3- and α-1,6-mannosyltransferases as well
as mannosylphosphate transferases, which produce 
N-glycan structures that are mannosylated and hyper-
mannosylated to varying extents. In K. lactis,
H. polymorpha and P. pastoris, a similar set of mannosyl-
transferases exists, resulting in the production of mostly
high-mannose structures that resemble those produced
in S. cerevisiae but which are typically smaller in size
(TABLE 1; FIG. 1). It is of note that P. pastoris lacks a Golgi-
resident α-1,3-mannosyltransferase yet seems to con-
tain at least one β-mannosyltransferase; it has also been
shown that P. pastoris has a secretory pathway with dis-
tinct Golgi stacks similar to those found in mammalian
cells (FIG. 3).

Early approaches
Once the main N-glycosylation reactions for a given
organism have been elucidated, a rational strategy for
re-engineering human N-glycan processing can be
devised. This typically involves the elimination of
non-human N-glycosylation reactions followed by the
introduction of human N-glycosylation reactions. Early
efforts focused on the yeast S. cerevisiae, in part because
many of the N-glycosylation pathways had been charac-
terized and some of the corresponding genes had been
cloned31. In particular, the α-1,6-mannosyltransferase
Och1p of S. cerevisiae, which initiates the synthesis of
the outer chain, became the focus of initial attempts to
eliminate yeast-specific hyper-mannosylation. The first
such report by Jigami and colleagues showed that a dou-
ble knockout of S. cerevisiae lacking och1 (which encodes
an α-1,6-mannosyltransferase) and mnn1 (encoding an 
α-1,3-mannosyltransferase) was able to produce mostly
high-mannose glycans of the Man

8
GlcNAc

2
type32. As

this structure is an early intermediate of human 
N-glycosylation, it enabled further humanization of
N-glycosylation pathways in this yeast. Processing 
of Man

8
GlcNAc

2
in the human Golgi involves the

removal of three α-1,2-mannose sugars by Golgi-resident
α-1,2-mannosidases to generate Man

5
GlcNAc

2
26.

Replicating this reaction in yeast remained problematic
until 1998, when Chiba and co-workers first demon-
strated that some Man

5
GlcNAc

2
could be produced by

localizing a fungal α-1,2-mannosidase from Aspergillus

efforts to modify N-glycosylation in yeast and other
fungal protein-expression hosts; however, similar efforts
are underway to modify and humanize O-glycosylation
in yeast.

Re-engineering a protein-expression host to replicate
human N-glycosylation reactions requires an inventory
of all the N-glycosylation reactions that are known to
occur in that host (that is, the glycome). By the early
1990s, much was known about the main N-glycosylation
pathways in several yeasts and in humans, and a signifi-
cant amount of conservation was found in the early steps
of N-glycan assembly and processing21–23 (FIG. 1).

As in humans and other higher mammals, yeast 
N-glycosylation is initiated in the ER, where a core
oligosaccharide (Glc

3
Man

9
GlcNAc

2
) is transferred onto

the nascent polypeptide. This site-specific transfer seems
to be conserved in higher and lower eukaryotes and
involves the recognition of the sequence Asn-X-Ser/Thr
(where X is any amino acid other than proline).
Following transfer of the core oligosaccharide to the
asparagine residue within the Asn-X-Ser/Thr motif, three
glucose moieties and one terminal α-1,2-mannose moi-
ety are removed by glucosidase I and glucosidase II, and
an ER-residing α-1,2-mannosidase, respectively. The
resulting Man

8
GlcNAc

2
-containing glycoprotein is then

transported to the Golgi apparatus where N-glycan
processing differs markedly between yeast and mam-
mals (FIG. 1). It is of note that some yeasts such as
Schizosaccharomyces pombe and K. lactis seem to lack
ER-specific α-1,2-mannosidase activity, resulting in
the transport of Man

9
GlcNAc

2
-containing glycopro-

teins to the Golgi (REF. 24; S.W. and T.U.G., unpublished
observations).

In humans and other mammals, early Golgi N-glycan
processing involves the trimming of Man

8
GlcNAc

2
to

Man
5
GlcNAc

2
by α-1,2-mannosidase(s), a process that

generates the substrate for N-acetylglucosaminyl
transferase I (GlcNAcT I), which transfers a single 
N-acetylglucosamine (GlcNAc) sugar onto the terminal
1,3-mannose of the tri-mannose core. Following this
transfer, mannosidase II removes the two remaining 
α-1,3- and α-1,6 terminal mannose sugars to produce
GlcNAcMan

3
GlcNAc

2
. This is the substrate for N-acetyl-

glucosaminyl transferase II (GlcNAcT II), which adds
one GlcNAc sugar to the terminal α-1,6-mannose arm
of the tri-mannose core25–29 (FIG. 1). Further processing
typically involves the attachment of additional GlcNAc30,
galactose and N-acetylneuraminic acid (NANA) moieties.
However, a host of additional glycosyltransferases,
including fucosyltransferases, GalNAc transferases and

Table 1 | Yeast N-glycosylation

Reaction S. cerevisiae K. lactis P. pastoris H. polymorpha

ER α-1,2-mannosidae + – + ?

Extensions to Man8/Man9 core

α-1,3-mannose + + – –

α-1,2-mannose + + + +

Mannosylphosphate + – + ?

α-1,6-mannose + + + +
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Efficient replication of human glycosylation
In yeast and humans, host-specific glycosyltransferases
and glycosidases line the luminal surface of the ER and
Golgi apparatus, and thereby provide catalytic surfaces
that allow the sequential processing of glycoproteins as
they proceed from the ER through the Golgi network
into the medium (FIG. 4). As a glycoprotein proceeds
from the ER through the secretory pathway, it is sequen-
tially exposed to different mannosidases and glycosyl-
transferases. Several processing steps rely on previous
reactions because some N-glycosylation enzymes
depend on a particular substrate that is created by the
previous enzyme — for example, mannosidase II can
only trim terminal α-1,3- and α-1,6-mannoses from
the pentamannose core if a terminal GlcNAc is present
on the α-1,3 arm (FIG. 1). N-glycosylation enzymes must
therefore be arranged in a predetermined sequence to
allow for the synthesis of specific N-glycan structures.

Targeting to compartments of the secretory pathway.
Establishing the sequential processing environments 
of the secretory pathway requires the proper localization
of N-glycosylation enzymes. The mechanisms by which
secreted proteins can be transported through the secre-
tory pathway (from the ER to the cis-, medial- and
trans-Golgi compartments and into the medium), while
each compartment maintains a specific set of resident
(for example, N-glycosylation) enzymes, has been the
subject of extensive study and remains an active area of
basic cell biological research36–38.

Two well-established mechanisms that localize
proteins to the various compartments of the secretory
pathway are retrieval and retention (reviewed in REFS

36,39). Retrieval is a process by which proteins are local-
ized to certain organelles through interaction with
other proteins. Several ER-residing proteins contain a
carboxy-terminal tetrapeptide with the consensus
sequence KDEL (or HDEL in yeast), which has been
shown to be required for efficient localization to the
ER40,41. This tetrapeptide is recognized by the H/KDEL
receptor Erd2p, which binds to the H/KDEL sequence
in the Golgi and releases the protein on retrograde

saitoi in the ER of S. cerevisiae. However, despite the
use of a strong constitutive promoter (GAPDH) and a
multicopy 2µ plasmid, only ~27% of the glycans of
a reporter protein (carboxypeptidase Y) contained the
desired Man

5
GlcNAc

2
structure, with the remainder

being Man
6
GlcNAc

2
–Man

8
GlcNAc

2
33.

Other groups attempted to re-engineer glycosylation
pathways by expressing various enzymes that are
involved in early N-glycan processing in humans, yet
failed to eliminate the competing endogenous glycosyla-
tion pathways or chose hosts that did not provide an
appropriate substrate. Two such early studies are of
note. First, Harry Schachter and co-workers showed in
1995 that active GlcNAcT I could be expressed in the 
filamentous fungus Aspergillus nidulans, and that it
could be assayed in cell-free extracts, yet the proteins
produced by the engineered strain showed no transfer
of GlcNAc to N-glycans34. Several explanations were
proposed including improper localization of GlcNAcT
I, the absence of a Man

5
GlcNAc

2
acceptor substrate at

the site of GlcNAcT I localization, conditions at the site
of localization that were not conducive to GlcNAcT I
activity (for example, incorrect pH), lack of UDP-
GlcNAc at the site of GlcNAcT I localization or any
combination of these factors. Another important study
by Roland Contreras and colleagues showed that the
expression of an α-1,2- mannosidase from Trichoderma
reesei in the secretory pathway of P. pastoris resulted in
the production of higher molecular mass glycans –
which is in contrast to the smaller molecular mass glycans
one would expect if the enzyme is active in the secretory
pathway35. These studies highlight the importance of
ensuring the absence of competing endogenous
reactions and ensuring that an appropriate substrate
is available for the corresponding glycosylation
enzyme. As such, the work by Jigami and co-workers
is the first report in which both elements — elimina-
tion of endogenous pathways and the introduction
of an exogenous α-1,2-mannosidase — are com-
bined to show the conversion of Man

8
GlcNAc

2
to the

desired Man
5
GlcNAc

2
human intermediate, albeit at

suboptimal efficiency33.

tER
cis

trans

trans

CW
Nucleus

cis

Figure 3 | Electron micrographs of Pichia pastoris. The cellular organization of the various organelles (endoplasmic reticulum
(ER) and Golgi apparatus) that constitute the secretory pathway can be seen. It is of note that this yeast has a secretory pathway
that more closely resembles the mammalian counterpart in its organization. Cis and trans indicate the cis and trans Golgi
apparatus. Images provided by Soren Mogelsvang and Nathalia Gomez-Ospina, University of Colorado School of Medicine. 
CW, cell wall; tER, transitional ER. 
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to localize yeast invertase to the Golgi of S. cerevisiae 47.
Yoshida and colleagues showed that rat GlcNAcT I, typ-
ically an early- to mid-Golgi enzyme, localizes to the
ER, Golgi and vacuole when expressed in S. cerevisiae 48.
Schwientek and co-workers demonstrated that full-
length human GalT cannot be expressed in an active
form despite considerable transcript levels, yet an active
enzyme can be obtained by fusing the catalytic domain
of the enzyme to the leader sequence from a type II
membrane protein from yeast (MntI). A third localiza-
tion mechanism involves the association of different
Golgi enzymes with one another, a process known as
‘kin recognition’. For example, adding an ER-retention
motif to GlcNAcT I results in the localization of this
Golgi enzyme to the ER, yet mannosidase II, a medial
Golgi enzyme, is now also partially localized to the ER49.
Although these studies have established a correlation
between certain domains and targeting events, there is
currently no tool that allows us to predict the behaviour
of a given targeting peptide across different hosts and
what role the corresponding catalytic domain might
have in this process.

Notwithstanding this uncertainty, several researchers
have tried to exploit targeting mechanisms empirically
to establish human-like N-glycosylation pathways in
heterologous organisms. Early efforts to localize man-
nosidases in the secretory pathway of various yeasts
have shown some promise. Martinet and co-workers
demonstrated that an α-1,2-mannosidase from T. reesei
containing a putative N-terminal transmembrane
domain is not efficiently retained when expressed in 
P. pastoris 35. Fusing the catalytic domain of the same
enzyme to the leader sequence of S. cerevisae Mns1p
prevented secretion but did not result in mannose trim-
ming35. Chiba and co-workers reported similar findings
when using the leader sequence of S. cerevisae Och1p to
localize the α-1,2-mannosidase from A. saitoi to the
Golgi of S. cerevisae 33. Although this fusion localized to
the Golgi and the cytosol, Man

8
GlcNAc

2
trimming was

not observed. It was only when an HDEL retrieval
mechanism was used to localize the catalytic domain of
α-1,2-mannosidase to the ER that some mannosidase
activity could be detected on an intracellular reporter
protein. However, the amount of mannose trimming
was small — only 27% of glycans had the desired
Man

5
GlcNAc

2
structure. As it was shown that at least

some mannosidase was localized within the cell (mostly
in the ER) and an intracellular reporter was used, there
are only two explanations for these findings — either
the mannosidase is not fully active at the site of local-
ization or endogenous mannosyltransferases of the
Golgi apparatus are able to outcompete the exogenous
mannosidase, thereby preventing the formation of
appreciable amounts of Man

5
GlcNAc

2
. A similar

approach in P. pastoris demonstrated that the HDEL
sequence was able to localize an α-1,2-mannosidase–
HDEL fusion to the ER50; however, when the construct
was expressed under the control of the strong AOX1
promoter, the α-1,2-mannosidase–HDEL fusion pro-
tein was also secreted into the medium, consistent with
previous findings42. Although this work demonstrated

transport back to the less-acidic ER42–44. At steady state,
this results in the predominant localization of HDEL-
tagged proteins to the ER. It has also been shown 
that the HDEL retention mechanism can be saturated
by overexpressing proteins containing the HDEL
tetrapeptide; presumably Erd2p can only bind a finite
amount of HDEL and, once saturated, is no longer
able to efficiently retrieve HDEL-containing proteins,
resulting in their secretion into the medium42.

Several ER- and Golgi-residing enzymes, such as 
α-1,2-mannosidase, mannosidase II and GlcNAcT I,
are type II membrane proteins (FIG. 5). These proteins
have a common domain structure comprising a short
cytoplasmic tail at the amino terminus, a hydrophobic
transmembrane domain,a luminal stem and a C-terminal
catalytic domain45. Deletion studies as well as fusions
to non-Golgi-residing proteins have identified the 
N-terminus, and in particular the transmembrane
region, as containing the targeting information of many
type II membrane proteins. Although it is clear that 
N-terminal domains are involved in targeting, the extent
to which their targeting ability is transferable between dif-
ferent species is unclear. For example, it has been shown
that, when expressed in S. cerevisiae, full-length human
2,6-sialyltransferase and galactosyltransferase (GalT)
localized to the ER, whereas in mammalian cells the two
enzymes are found in the trans-Golgi network and the
late Golgi, respectively46. By contrast, the N-terminal
transmembrane domain of rat 2,6-sialyltransferase is able

Nucleus

Golgi Trans

ST
TGN

GnT II, III, IV, V
GaIT

GnT I
Mannosidase II

α-1,2-mannosidases

ER

Medial
Cis

Figure 4 | A working model for the cellular distribution of
glycosyltransferases throughout the secretory pathway.
Specific glycosyltransferases and glycosidases line the luminal
surface of the endoplasmic reticulum (ER) and Golgi, allowing
the sequential processing of glycoproteins as they are shuttled
through the secretory pathway. GalT, galactosyltransferase;
GnT, N-acetylglucosaminyltransferase; ST, sialyltransferase;
TGN, trans-Golgi network.
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without finding any addition of terminal GlcNAc to
glycoproteins.

Given the unsuccessful attempts to produce the
hybrid glycan intermediate GlcNAcMan

5
GlcNAc

2
in

yeast, we concluded that several issues had to be
addressed. First, one had to ensure the availability of
appropriate substrate (Man

5
GlcNAc

2
) within the yeast

(see above); second, one had to express and localize an
active GlcNAcT I enzyme; and third, one had to ensure
the availability of UDP-GlcNAc in the Golgi to enable
the interaction of substrate, sugar nucleotide donor and
the catalysing enzyme GlcNAcT I. Given the assembly of
GlcNAc-containing dolichol-linked precursors on the
cytosolic side of the ER, it was assumed that yeast have
an endogenous pool of UDP-GlcNAc in the cytosol.
After showing that Man

5
GlcNAc

2
can be efficiently pro-

duced in P. pastoris, we proceeded to screen a library of
GlcNAcT I fusions in a strain that also expressed the
UDP-GlcNAc transporter from K. lactis. This screen
yielded strains of Pichia that had the ability to glycosy-
late a secreted reporter protein (kringle 3 of human
plasminogen) with an essentially uniform hybrid glycan
GlcNAcMan

5
GlcNAc

2
52. The reporter protein used in

these studies is expressed at about 1 g l–1, and we have
found that the presence of a UDP-GlcNAc transporter
is necessary for complete conversion of Man

5
GlcNAc

2

to GlcNAcMan
5
GlcNAc

2
on highly expressed proteins.

Unlike glycosyltransferases, which can be linked to
any transmembrane leader sequence to influence their
targeting, sugar nucleotide transporters typically con-
tain multiple transmembrane domains, which makes
domain swapping a daunting proposition.

Removing more mannose
In mammals, GlcNAcMan

5
GlcNAc

2
is the substrate

for mannosidase II, which is a 131-kDa Golgi-resident
protein that removes one terminal α-1,3- and one ter-
minal α-1,6-mannose to yield GlcNAcMan

3
GlcNAc

2
.

This reaction is dependent on a GlcNAc residue being

efficient mannosidase trimming, the problem with
studies involving HDEL-targeted α-1,2-mannosidases is
the ambiguity of where the mannose trimming actually
occurs when secreted reporter proteins are used51. As
HDEL-tagged mannosidases always have the potential
to secrete into the medium, detecting Man

5
GlcNAc

2
on

a secreted glycoprotein can have two possible causes: the
mannosidase was active in vivo and trimming occurred
inside the cell, or trimming occurred post-secretion in
the medium. True intracellular trimming can be
demonstrated by the absence of mannosidase activity
in the medium or by engineering a second processing
step that can occur only in vivo, such as the addition
of GlcNAc, which requires an intracellular pool of
UDP-GlcNac and intracellular GlcNAcT I activity.

The evolving picture from these studies is complex
and it is not possible to reliably predict which leader
sequences can be used to localize catalytic domains to
specific regions of the secretory pathway, and which
catalytic domains might in fact be active when prop-
erly localized. To overcome these shortcomings, our
laboratory designed a genetic library of known type II
membrane protein domains that encode peptides that
are associated with proteins that naturally localize to
the ER and Golgi of S. cerevisiae or P. pastoris52. The
library includes N-terminal fragments of Gls1p,
Mns1p, Sec12p, Mnn9p, Van1p, Anp1p, Hoc1p,
Mnn10p and Mnn11p from S. cerevisiae and Och1p
and Sec12p from P. pastoris. A second library contained
catalytic domains of several α-1,2-mannosidases from
Homo sapiens, Mus musculus, Aspergillus nidulans,
Caenorhabditis elegans, Drosophila melanogaster and
Penicillium citrinium, all of which lack their endoge-
nous N-terminal leader sequence. The libraries were
designed in such a way that any combination of a
leader construct and a catalytic domain resulted in a
chimeric fusion protein between a yeast leader
sequence and a catalytic domain. A P. pastoris strain
that is deficient in initiating 1,6-mannosyltransferase
activity (∆och1) but able to secrete a hexahistidine-
tagged fragment of human plasminogen as a reporter
protein was used to receive the combinatorial library of
608 chimeric fusion constructs. On screening of all
fusion constructs, only a few efficiently trimmed
Man

8
GlcNAc

2
to Man

5
GlcNAc

2
, while concomitantly

lacking measurable mannosidase activity in the medium.
This work further demonstrated the importance of
proper cellular targeting and the fact that specific inter-
actions between yeast leader sequences and catalytic
domains are necessary to achieve proper localization
and efficient intracellular mannosidase activity.

In mammals, the next step towards the formation 
of complex human glycoproteins involves the addi-
tion of N-acetylglucosamine to the terminal α-1,3-
mannose moiety of Man

5
GlcNAc

2
. This reaction

occurs early in the Golgi and is catalysed by GlcNAcT
I, an enzyme that requires UDP-GlcNAc as an energy-
rich sugar donor and a glycoprotein containing an
appropriate N-glycan substrate such as Man

5
GlcNAc

2
.

As mentioned above, rabbit GlcNAcT I has been
introduced into the filamentous fungus A. nidulans
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Further maturation — galactosylation
The penultimate step in obtaining terminally sialylated
glycoproteins involves the addition of galactose to termi-
nal GlcNAc sugars. These GlcNAc sugars are attached to
the paucimannose core, which can contain between two
and four terminal GlcNac sugars, resulting in two, three
or four ‘antennae’ that can be extended by the action of
β-1,4-GalT. The transfer of galactose requires a produc-
tive interaction between a terminal GlcNAc-containing
glycoprotein, UDP-galactose and active β-1,4-GalT.
Schwientek and co-workers demonstrated the ability to
localize active human β-1,4-GalT in the Golgi of S. cere-
visiae using an elegant approach that mimics the natural
substrate. By using an alg1 mutant of S. cerevisiae, which,
at the non-permissive temperature, transfers short
GlcNAc

2
‘stumps’ onto glycoproteins, the authors were

able to produce an artificial substrate for GalT and
demonstrate its modification by GalT in vivo. Lectin-
binding assays indicated that only a small amount of
terminal GlcNAc received a galactose, suggesting that
transfer is not efficient58. In another approach, the group
led by Roland Contreras introduced a Golgi-targeted 
β-1,4-GalT into a P. pastoris strain that was able to pro-
duce hybrid GlcNAcMan

5
GlcNAc

2
N-linked glycans,

and here also only incomplete transfer onto the hybrid
acceptor substrate was observed59.

Our group recently reported two approaches to
obtain essentially quantitative transfer of galactose onto
complex glycoproteins expressed in the yeast P. pastoris.
Both approaches are based on host cells that produce
bi-antennary structures that terminate in GlcNAc56,57.
In one approach, we screened a library of GalT–leader
fusions and did not find complete transfer of galactose
in any of the tested constructs. We reasoned that trans-
port of UDP-galactose into the Golgi and/or the
intracellular pool of UDP-galactose in the cytosol
were suboptimal, although the existence of a UDP-
galactose transporter in S. cerevisiae had been described
by Roy and co-workers60. To overcome these limita-
tions, we isolated a previously uncharacterized gene
from S. pombe that had high amino acid sequence
homology to known UDP-galactose-4-epimerases,
enzymes that are conserved among galactose-assimilating
organisms, including bacteria and mammals, and are
responsible for the reversible conversion of UDP-glucose
and UDP-galactose. By co-expressing this gene as a
cytosolic enzyme, we found a marked improvement in
the amount of galactose transfer, yet failed to demon-
strate complete galactosylation. Finally, by co-expressing
GalT, UDP-galactose-4-epimerase from S. pombe and a
UDP-galactose transporter from D. melanogaster, we
were able to demonstrate that terminally galactosylated
N-glycans can be produced in yeast at high homogeneity
(R. C. Davidson et al., manuscript submitted). These
results indicate that highly efficient galactosylation of
complex glycoproteins in P. pastoris can be achieved
through the metabolic engineering of a sufficient intra-
cellular UDP-galactose pool, the expression of an active
and properly localized GalT, and the translocation of
UDP-galactose into the Golgi by an active UDP-galactose
transporter.

present on the α-1,3 arm of the tri-mannose core, and
therefore requires either co-localization with GlcNAcT I
or location downstream of GlcNAcT I in the secretory
pathway. Given the size of mannosidase II and the
absence of reports demonstrating successful expression
of this enzyme in yeast, we were concerned about the
ability to localize an active version of mannosidase II in
the secretory pathway of P. pastoris. We therefore chose
to pursue two alternative approaches: one in which we
recreated the human pathway based on mannosidase II
and a second in which we recreated a synthetic pathway
based on mutants in which core oligosaccharide assembly
is prematurely terminated.

The second approach was based on earlier reports
that some N-glycosylation mutants in S. cerevisiae were
able to transfer truncated lipid-linked structures onto
glycoproteins. As the formation of complex glycans in
humans involves a series of lipid-linked assembly steps,
followed by a transfer step to the protein and a series of
post-transfer mannose-removal steps, we reasoned that
blocking the addition of certain mannose (terminal 
α-1,3- and terminal α-1,6-mannose of the pentaman-
nose core) moieties before the transfer of the core
oligosaccharide onto the protein could obviate the
need to introduce an active mannosidase II (FIG. 1). In
S. cerevisiae, such mutants have been described, and
Alg3p, which adds the first α-1,3-mannose to the 
α-1,6 arm of the tri-mannose core, is of particular
interest, as a lack of Alg3p activity was shown to pre-
vent the subsequent addition of α-1,6-mannose to the
α-1,6 arm of the tri-mannose core, resulting in 
unnatural Man

5
GlcNAc

2
structures that only contain

α-1,2-mannoses attached to the tri-mannose core53–55

(FIG. 1b). This structure can be converted to a pauci-
mannose structure (tri-mannose core) by the action 
of a single enzyme (α-1,2-mannosidase), and since
earlier work by Harry Schachter and colleagues had
shown that GlcNAcT I is able to transfer GlcNAc onto
a tri-mannose core in vitro, we assumed that a syn-
thetic pathway leading to complex glycans in the
absence of mannosidase II can be established in vivo.
However, the extent to which an alg3, och1 double
mutant would be viable, whether the alg3 deletion is
sufficiently tight to prevent subsequent addition of
α-1,6-mannose by Alg12p and whether occupancy
could be adversely impacted were not known.

We have recently shown that a viable alg3, och1
double mutant of P. pastoris can be obtained and that
the introduction of active α-1,2-mannosidase,
GlcNAcT I, GlcNAcT II and a UDP-GlcNAc trans-
porter allows for the generation of uniform complex
glycoproteins with a terminal GlcNAc56. Here again,
combinatorial leader and catalytic domain fusions
were used to find enzymes with optimal activity in the
secretory pathway. In parallel, we also tried to recreate
the mammalian N-glycosylation pathway based on the
expression of mannosidase II. In this work, we were
able to show that catalytic domains of mannosidase II
and GlcNAcT II can be introduced into P. pastoris to
generate strains that have the ability to secrete uniform
complex glycans with terminal GlcNAc moieties57.
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However, these results are preliminary and need to be
further improved before quantitative in vivo sialylation
can be demonstrated.

Summary
Over the past decade our ability to manipulate 
N-glycosylation pathways in yeast and other protein-
expression hosts has developed rapidly. In the past two
years alone, we have seen the development of yeast
strains that perform hybrid N-glycosylation at high
uniformity52, the production of complex glycans57 and,
more recently, the production of terminally galactosy-
lated complex glycans. Given this progress, it is
expected that yeast strains with the ability to generate
fully sialylated proteins will be attainable in the near
future. This may obviate the need for mammalian cell
culture for a number of protein-expression needs.
Unlike mammalian cell culture, which typically results
in recombinant products that have a heterogeneous
distribution of glycans, engineered yeast cells have
been evolved to perform essentially uniform N-glyco-
sylation. As it has been shown that N-glycosylation can
markedly impact on the pharmacokinetic and phar-
macodynamic properties of glycoproteins, as well as
their tissue distribution and receptor interactions, it
is evident that individual glycoforms have different
properties. Yeast strains that are able to perform
homogeneous N-glycosylation are expected to allow
the exploration of N-glycosylation-related structure–
activity relationships, and ultimately might lead to the
generation of better protein-based therapeutics.

In a second approach we tried to mitigate the risk
associated with introducing a mammalian UDP-galac-
tose transporter into the secretory pathway of yeast. As
mentioned above, sugar nucleotide transporters have
multiple transmembrane domains and so are not
amenable to domain swapping to redirect localization to
a different organelle. Accordingly, we created a fusion
protein containing UDP-galactose-4-epimerase, the
catalytic domain of GalT and a yeast leader sequence to
anchor the fusion protein in the Golgi compartment of
the yeast’s secretory pathway. This synthetic fusion pro-
tein was able to mediate the conversion of UDP-glucose
to UDP-galactose in the Golgi and catalyse the trans-
fer of galactose to terminal GlcNAc to obtain complex
bi-antennary glycans terminating in galactose56.

Sialic acid transfer — the final step 
After the transfer of galactose, human N-glycosylation
continues with the terminal capping of N-glycans with
sialic acid. Three criteria have to be met to allow for the
production of sialylated glycoproteins in yeast: the
availability of a terminal-galactose-containing N-glycan
(see above), an active sialyltransferase and a pool of
CMP-sialic acid. Several reports describe the recombi-
nant production of secreted active sialyltransferases in
yeast61,62. We have recently shown that an active sialyl-
transferase can be localized to the late Golgi, where the
enzyme is able to catalyse sialic acid transfer in vivo in
the presence of an appropriate CMP-NANA trans-
porter and a pathway to produce CMP-NANA in the
cytosol (S.W. and T.U.G., unpublished observations).
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