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The attachment of glycans to asparagine residues of proteins is an abundant and highly
conserved essential modification in eukaryotes. The N-glycosylation process includes two
principal phases: the assembly of a lipid-linked oligosaccharide (LLO) and the transfer of the
oligosaccharide to selected asparagine residues of polypeptide chains. Biosynthesis of the
LLO takes place at both sides of the endoplasmic reticulum (ER) membrane and it involves a
series of specific glycosyltransferases that catalyze the assembly of the branched oligosac-
charide in a highly defined way. Oligosaccharyltransferase (OST) selects the Asn-X-Ser/Thr
consensus sequence on polypeptide chains and generates the N-glycosidic linkage between
the side-chain amide of asparagine and the oligosaccharide. This ER-localized pathway
results in a systemic modification of the proteome, the basis for the Golgi-catalyzed modi-
fication of the N-linked glycans, generating the large diversity of N-glycoproteome in eu-
karyotic cells. This article focuses on the processes in the ER. Based on the highly conserved
nature of this pathway we concentrate on the mechanisms in the eukaryotic model organism
Saccharomyces cerevisiae.

he presence of glycans on proteins is known

to influence their stability and solubility and
the glycan core can contribute to folding pro-
cesses (Shental-Bechor and Levy 2008; Hanson
et al. 2009; Culyba et al. 2011). N-glycans also
influence the function and activity of proteins
(Skropeta 2009). The terminal residues of N-
glycans play a key role in the quality control of
protein folding in the ER. Ultimately the glycan
signals whether a protein is correctly folded and
can leave the ER to continue its maturation in
the Golgi or whether the protein is not correctly
folded and is degraded (Helenius and Aebi 2004;
Aebi et al. 2010). It is therefore of great impor-
tance that the oligosaccharide to be transferred

to proteins is complete. This “quality control” of
the oligosaccharide is mediated by the substrate
specificity of oligosaccharyltransferase.

BIOSYNTHESIS OF THE LIPID-LINKED
OLIGOSACCHARIDE

Dolichol, the Lipid Carrier in ER Glycosylation

The biosynthesis of the lipid-linked oligosac-
charides (LLO) takes place at the membrane of
the ER and is characterized by the involvement
of a special lipid as a carrier, dolichol, as well as
the bipartite localization of the pathway in the
cytoplasm and the lumen of the ER. Dolichol
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belongs to a group of polyisoprenoid molecules
with a saturated a-isoprene unit. It is synthe-
sized by the cis-prenyl transferase that elongates
farnesyl pyrophosphate by the sequential addi-
tion of activated isopentenyl pyrophosphate
units. The chain length of dolichol varies in dif-
ferent organisms. It mainly consists of 15-16
isoprene units in S. cerevisiae (Jung and Tanner
1973; Adairand Cafmeyer 1987), whereas 1821
isoprene units are found in dolichol from
mammalian cells (Rip et al. 1985) and shorter
dolichols with 11-12 isoprene units were de-
scribed in the protozoan parasite Trypanosoma
brucei (Low et al. 1991). The mechanism by
which dolichol chain length is regulated is not
completely understood, although regions and
amino acid residues of bacterial cis-prenyltrans-
ferases were identified that seem to regulate the
final length of the polyprenyl-pyrophosphate
product (Chen et al. 2005; Kharel et al. 2006).
Models for the final steps of the dolichol bio-
synthesis suggest that the polyprenyl-pyrophos-
phate product s first dephosphorylated (Schenk
etal. 2001) before the a-isoprene unit is reduced
by a nicotinamide adenine dinucleotide phos-
phate (NADPH)-dependent a-reductase (Saga-
mi et al. 1993; Szkopinska et al. 1996; Cantagrel
et al. 2010). The a-saturated isoprene is then
phosphorylated to form dolichyl phosphate
(Dol-P). In yeast, SEC59 encodes the CTP-de-
pendent dolichol kinase and complementation
of the yeast sec59-1 conditional mutant with
cDNA allowed the identification of the human
homolog of SEC59, hDK1 (Heller et al. 1992;
Fernandez et al. 2002).

Biosynthesis of the LLO Building Blocks

The LLO consists of three principal carbohy-
drate components. It contains two N-acetylglu-
cosamine (GlcNAc), nine mannose (Man), and
three glucose (Glc) residues (Fig. 1). These sug-
ar residues are added to the LLO either from
soluble, nucleotide-activated sugar donors, or
from Dol-P-linked sugars. The former group
of glycosyltransferases acts in the cytoplasm,
and the latter in the lumen of the ER.

The biosynthesis of UDP-Glc uses Glc-6-
phosphate as a precursor, which is first con-

Figure 1. Structure of the N-glycan. The N-glycan
structure consists of 14 carbohydrate residues. It
contains two N-acetylglucosamines (GlcNAc, black
squares), nine mannoses (Man, gray circles), and
three glucoses (Glc, black circles). Linkage informa-
tion is indicated between carbohydrate residues. The
different residues are labeled with the genes encoding
the glycosyltransferase that catalyzes the transfer of
the respective residue. The structure of the glycan
has three branches labeled a, b, and c.

verted to Glc-1-phosphate before UDP-Glc is
formed (Boles et al. 1994; Daran et al. 1995).
The biosynthesis of GDP-Man and UDP-
GIcNAc uses fructose-6-phosphate as a precur-
sor, which is generated from Glc-6-phosphate
by enzymatic isomerization (Dickinson 1991).
UDP-GIcNAc is then synthesized in four steps
from fructose-6-phosphate (Milewski et al.
2006). For the biosynthesis of GDP-Man, fruc-
tose-6-phosphate is isomerized to mannose-6-
phosphate, which is converted to mannose-1-
phosphate before GDP-Man is synthesized
(Kepes and Schekman 1988; Smith et al. 1992;
Hashimoto et al. 1997).

2 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a013359
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Dol-P-bound sugars serve as substrates for
glycosyltransferases involved in the ER lumen-
al phase of LLO biosynthesis. Dol-P-Man and
Dol-P-Glc are synthesized from Dol-P, GDP-
Man, and UDP-Glc, respectively, at the cytosol-
ic face of the ER membrane (Fig. 2). Both re-
actions lead to an inversion from « to 8 at the
anomeric center. Dol-P-Man is generated by the
Dol-P-Man synthase. Although in yeast DPM1
encodes Dol-P-Man synthase (Orlean et al.
1988), the mammalian enzyme is a complex
of three proteins, in which the homolog of
Dpmlp is the catalytic subunit (Maeda et al.
1998; Maeda et al. 2000). Dol-P-Man is not
only required for LLO biosynthesis but is also
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needed for O-mannosylation, glycosyl phos-
phatidylinositol (GPI) anchor biosynthesis,
and C-mannosylation, a rare protein modifica-
tion of tryptophan side chains (Orlean 1990;
Doucey et al. 1998). Dol-P-Glc is generated by
the ALG5-encoded synthase, which transfers
glucose-phosphate from the UDP-Glc donor
(te Heesen et al. 1994). Although DPMI is es-
sential in yeast, a deletion of ALG5 has no effect
on growth, but results in hypoglycosylation of
N-glycoproteins (Orlean et al. 1988; te Heesen
et al. 1994). Both Dol-P-Glc and Dol-P-Man
need to be translocated from the cytosolic leaf-
let, where they are synthesized, to the lumenal
face of the ER membrane. For Dol-P-Man and

Dolichol recycling
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Figure 2. The asparagine-linked glycosylation pathway. The biosynthesis of lipid-linked oligosaccharide (LLO) is
catalyzed by a series of glycosyltransferases encoded by asparagine-linked glycosylation (ALG) genes. The
buildup of the glycan is initiated at the cytoplasmic leaflet of the ER membrane by the addition of N-acetyl-
glucosamine (GlcNAc)-phosphate to dolichol-phosphate (Dol-P) from nucleotide-activated UDP-GlcNAc.
After the addition of a second GlcNAc residue to Dol-PP-GIcNAc, five mannoses (Man) are attached from
GDP-Man to the LLO. After translocation into the ER lumen, four additional Man from Dol-P-Man and three
glucoses are added from Dol-P-Glc. The oligosaccharide is then transferred en bloc to asparagine side chains of
nascent polypeptides by the oligosaccharyltransferase (OST). The synthesis of dolichol and dolichol-bound
monosaccharide precursors as well as proposed models for dolichol recycling are discussed in detail in the text.
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Dol-P-Glc analogues, a specific protein-assisted
translocation was shown in vitro (Rush and
Waechter 1995; Rush et al. 1998; Rush and
Waechter 2004) and Dol-P-Man translocation
activity was shown to be ATP independent
(Sanyal and Menon 2010). However, the pro-
teins responsible for Dol-P-Man as well as for
Dol-P-Glc translocation across the ER mem-
brane have not been identified so farand no yeast
mutant strain with appropriate phenotypes has
been characterized.

Initial Steps of LLO Biosynthesis on the
Cytoplasmic Side of the ER Membrane

The buildup of the oligosaccharide on a lipid
linker increases the local concentration of the
LLO intermediates for the enzymes involved
in the biosynthesis process as well as for oligo-
saccharyltransferase (OST) that transfers the
glycan to substrate proteins. All these enzymes
are membrane bound or membrane associated
and a membrane-bound substrate increases the
flux through the pathway. In addition, some
of the biosynthetic enzymes are organized in
complexes to further optimize the multireac-
tion processes.

LLO biosynthesis is executed by a series
of glycosyltransferases encoded by the aspara-
gine-linked glycosylation (ALG) pathway genes
(Fig.2). The buildup of the LLO is initiated at the
cytoplasmic face of the ER membrane where
the N-acetylglucosamine-phosphate transferase
encoded by ALG7 uses UDP-GIcNAc to add
GIcNAc-P to the Dol-P lipid carrier to form
the anhydride dolichyl-pyrophosphate-GlcNAc
(Dol-PP-GlcNAc). This enzyme is essential in
yeast and can be inhibited by tunicamycin, a
drug often used to study the effects of blocked
N-glycosylation on cellular processes (Rine et al.
1983; Flbein 1984; Kukuruzinska and Robbins
1987). The second GlcNAc residue is added to
Dol-PP-GlcNAc by a protein complex encoded
by ALG13 and ALG14 (Bickel et al. 2005). It was
proposed that Alg7p, Alg13p, and Algl4p forma
complex that utilizes UDP-GIcNAc as the com-
mon substrate and facilitates efficient glycosyla-
tion by passing on LLO intermediates to consec-
utive active sites without diffusion (Noffz et al.

2009). Investigations on this complex formation
indicated that Algl4p serves as the central orga-
nizing subunit that interacts with Alg13p and, in
addition, recruits Alg7p into the complex (Lu
etal. 2012).

The subsequent steps of LLO biosynthesis on
the cytosolic leaflet transfer Man residues and
use GDP-Man as the donor substrate. The first
Man is added to Dol-PP-GIcNAc, by the ALG1-
encoded -1,4 mannosyltransferase (Couto et
al. 1984). The addition of the two branching
Man residues is performed by Alg2p to generate
Dol-PP-GlcNAc,Man; (Fig. 1). This enzyme
adds first the a-1,3- and subsequently the a-
1,6-linked Man (O’Reilly et al. 2006; Kampf
et al. 2009). The mechanism for how Alg2p
can conduct two different mannosylation reac-
tions is not understood so far. The lipid-linked
GIcNAc,Man; pentasaccharide serves as sub-
strate for Algl1p that elongates the LLO by two
a-1,2-linked Man residues (Cipollo et al. 2001;
O’Reilly et al. 2006). Interestingly, the three
cytoplasm-oriented mannosyltransferases also
form a hetero-oligomeric complex (Gao et al.
2004). This results in two biosynthetic platforms
that are characterized by the nucleotide-acti-
vated sugar substrate: the UDP-GIcNAc utilizing
Alg7p/Algl3p/Algldp and the GDP-Man-de-
pendent Alglp/Alg2p/Algl1p complex.

Dol-PP-GIcNAc,Mans is the final product
of the ALG pathway on the cytosolic leaflet of
the ER membrane (Fig. 2). To be further elon-
gated the LLO needs to be translocated into the
ER lumen, a process that is protein mediated
(McCloskey and Troy 1980; Snider and Rogers
1984; Rush and Waechter 1995; Rush et al.
1998). Genetic studies indicated that Rftlp is
required for the transbilayer movement of the
LLO. This conclusion was based on the pheno-
type of an rft] mutant strain: complete preven-
tion of N-linked protein glycosylation and ac-
cumulation of the lipid-linked GlcNAc,Mans
oligosaccharide (Helenius et al. 2002). However,
in vitro translocation assays found Rft1p-inde-
pendent LLO flipping (Frank et al. 2008; Sanyal
et al. 2008; Rush et al. 2009). The contradicting
results of in vivo and in vitro studies question
the function of Rft1p and therefore call for fur-
ther investigations to unambiguously identify

4 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a013359
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the flippase. In vitro, flippase activity was shown
to be substrate specific because preferential
translocation of the physiological substrate
(Dol-PP-GIcNAc;Mans) compared with other
LLO forms was observed (Sanyal et al. 2008;
Sanyal and Menon 2009).

LLO Biosynthesis: ER Lumenal Phase

After translocation of Dol-PP-GIcNAc,Mans
into the ER lumen, four additional mannosyl
residues are attached to the LLO before capping
by three terminal glucoses completes LLO bio-
synthesis (Figs. 1 and 2). Unlike the glycosyl-
transferases acting on the cytosolic leaflet, the
lumenal enzymes elongate the LLO by using
Dol-P-bound sugar substrates (i.e., Dol-P-Glc
and Dol-P-Man). All lumenally acting ALG en-
zymes are grouped in the GT-C superfamily of
glycosyltransferases. Based on their primary se-
quence the enzymes adopt similar folds and all
use lipid-bound phosphate-activated sugars as
donor substrates. They are inverting enzymes,
resulting in an a configuration of the trans-
ferred glycan unit (Lairson et al. 2008).

ALG3 encodes the a-1,3 mannosyltransfer-
ase that initiates the b branch of the LLO (Fig. 1)
(Aebi et al. 1996; Sharma et al. 2001). The sub-
sequent addition of an a-1,2-linked Man is cat-
alyzed by the ALG9-encoded mannosyltransfer-
ase (Cipollo and Trimble 2000; Frank and Aebi
2005). After the b branch is completed by Alg9p,
the first ¢ branch Man is added by Algl2p in
a-1,6 linkage (Burda et al. 1999; Cipollo and
Trimble 2002). The ¢ branch is also capped by
an o-1,2-linked Man residue added by Alg9p
(Fig. 1). Alg9p therefore has a dual function in
LLO biosynthesis by adding two a-1,2-linked
Man residues that cap the b and the ¢ branch
(Frank and Aebi 2005).

The mature LLO structure carries three Glc
residues at the nonreducing «-1,2 Man of the a
branch (Fig. 1). The first Glc is added in a-1,3
linkage by the ALG6-encoded glucosyltransfer-
ase. Deletion of the ALG6 gene therefore leads to
the same unglucosylated LLO structure as is ob-
served in yeast cells that fail to synthesize Dol-P-
Glc owing to ALG5 deletion (Reiss et al. 1996).
Alg8p subsequently adds the second «-1,3-

N-Linked Protein Glycosylation in the ER

linked Glc residue to the LLO (Stagljar et al.
1994). The final step in LLO synthesis, which
is catalyzed by Alg10p, attaches a third Glc res-
idue in a-1,2 linkage (Burda and Aebi 1998).
The assembly of the LLO in the lumen of the
ER is remarkably ordered. This is owing to high
substrate specificities of the involved ALG en-
zymes toward their respective substrates. This
ordered assembly of the branched structures
ensures the complete assembly of the LLO. For
example, Algl2p only initiates the ¢ branch
when Alg9p has completed the b branch (Burda
et al. 1999). Similarly, glucosylation of the a
branch is favored by the presence of the com-
plete b and c branches (Burda et al. 1999). Alg6p
therefore functions as a gatekeeper to ensure
that mannosylation of the LLO is completed be-
fore the final glucosylation steps are initiated.
Completion of the LLO is signaled by the ad-
dition of the «-1,2-linked Glc, catalyzed by
AlglOp (Burda and Aebi 1998). The ordered
assembly of the branched oligosaccharide has
several consequences. (1) In conjunction with
the high degree of conservation of the pathway
among eukaryotes, the mature LLO structures
of yet uncharacterized organisms can be pre-
dicted based on their ALG genes (Samuelson
et al. 2005). (2) Mutations and deletions affect-
ing the lumen-oriented ALG glycosyltransfer-
ases result in the accumulation of the corre-
sponding LLO intermediate. (3) Owing to the
high substrate specificity of OST that requires a
terminal a-1,2-linked Glc for efficient transfer
to proteins, such mutations result in a hypogly-
cosylation of the N-glycoproteome. (4) Bio-
synthetic intermediates differ from processed
N-linked glycans. For instance, the removal of
the a-1,2-linked Man of the b branch by ER-
mannosidase [ yields a protein-specific glycan
structure that is not present as a biosynthetic
intermediate in LLO biosynthesis.

The Dolichol Cycle

The availability of Dol-P at the cytosolic side
of the ER membrane is crucial for the process
of N-glycosylation and it might become a rate-
limiting factor in the biosynthesis of LLO
(Burda and Aebi 1999; Schenk et al. 2001).

Cite this article as Cold Spring Harb Perspect Biol 2013;5:a013359 5
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Dol-P can be generated de novo by the biosyn-
thetic pathway described above, but is also a
product of glycosyltransferases using Dol-P-
Man and Dol-P-Glc as substrate in the ER lu-
men. In addition, Dol-P can be generated by
dephosphorylation of Dol-PP, which is liberat-
ed as a product of the OST-catalyzed N-glyco-
sylation reaction. Hence, N-linked protein gly-
cosylation results in a transfer of Dol-P from the
cytosolic to the lumenal side of the ER mem-
brane. Current models suggest that Dol-P liber-
ated in the ER lumen is recycled. These models
are based on the observation that yeast cells that
lack the CWHS8 Dol-PP phosphatase (DolPP1
in mammals [Rush et al. 2002]) are impaired
in N-glycosylation and LLO biosynthesis (van
Berkel et al. 1999; Fernandez et al. 2001).

Dol-PP liberation by OST activity rapidly
increases Dol-P levels on the cytosolic side of
the membrane (Rush et al. 2008). Because the
phosphoryl group of Dol-P prohibits free dif-
fusion across the membrane (McCloskey and
Troy 1980), the rapid availability of Dol-P on
the cytosolic leaflet suggests flippase-assisted
translocation across the membrane, which could
be facilitated by a hypothetical Dol-P-Man flip-
pase (Sanyal and Menon 2010). Alternatively,
Dol-P could be further dephosphorylated to
Dol in the ER lumen, which could then traverse
the membrane freely to get rephosphorylated
by the dolichol kinase on the cytoplasmic face
of the membrane (Fig. 2). Experiments suggest,
however, that Dol kinase is not involved in Dol
recycling (Rush et al. 2008).

Although Dol-P is released by various gly-
cosylation reactions in the ER lumen (i.e., LLO
biosynthesis, C- and O-mannosylation, and GPI
anchor biosynthesis), it is not clear why a lack
of Dol-PP phosphatase activity results in a hy-
poglycosylation and growth phenotype in yeast.
The Acwh8 mutation might affect translocation
of Dol-P through the ER membrane to the cy-
tosolic face. In addition, or alternatively, most
of the cellular Dol-P might accumulate as Dol-
PP over continuous rounds of LLO biosynthesis
(i.e., on Dol-PP) and subsequent liberation of
Dol-PP by the OST-catalyzed N-glycosylation
reaction. If de novo synthesis does not compen-
sate for the “trapped” Dol-PP, Dol-P levels could

become limiting (Fernandez et al. 2001; Rush
et al. 2008). Further work will be necessary to
clarify whether, and by what mechanism, Dol-
PP accumulation causes the reduction in Dol-P
levels.

THE OLIGOSACCHARYLTRANSFERASE

Complex versus Single Protein
Oligosaccharyltransferase

The OST is the central enzyme in N-linked
glycosylation. It transfers the glycan from the
LLO substrate en bloc to asparagine side chains
of polypeptides. In animals, plants, and fungi
the OST is a hetero-oligomeric complex. The
subunits of the yeast OST complex are encoded
by OST3, OST4, OST5, and OST6, and the es-
sential genes OST1, OST2, WBP1, SWPI, and
STT3 (Kelleher and Gilmore 2006). The yeast
OST complex exists in two isoforms that differ
with respect to either Ost6p or Ost3p (Schwarz
et al. 2005; Spirig et al. 2005; Yan and Lennarz
2005). In mammalian OST complexes, subunits
homologous to yeast proteins (in parentheses)
are found: DAD1 (Ost2p), N33 /Tusc3 and IAP3
(Ost3p and Ost6p), OST48 (Wbplp), ribo-
phorin I (Ostlp), ribophorin II (Swplp), and
STT3A and STT3B (Stt3p) (Mohorko et al.
2011). Isoforms of the complex containing ei-
ther STT3A or STT3B were described (Kelleher
etal. 2003). The newly identified subunits KCP2
and DC2 seem to associate with mammalian
OST complexes (Shibatani et al. 2005; Wilson
et al. 2011; Roboti and High 2012a).

OST complexes of unicellular eukaryotes
only possess some of the OST subunits found
in S. cerevisiae. Although Cryptosporidium par-
vum encodes most of the OST subunits found
in yeast, except for OST5 and SWP1, more sim-
ple OST complexes are present in Trichomonas
vaginalis, Entamoeba histolytica, and Plasmodi-
um falciparum genomes (Kelleher and Gilmore
2006). Here, homologs of Ostlp, Ost2p, Stt3p,
and Wbplp were identified. Giardia lamblia
and kinetoplastids encode only STT3 homo-
logs (Kelleher and Gilmore 2006). Interestingly,
some kinetoplastids encode several paralogs
of STT3 that have been shown to function as

6 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a013359



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

single subunit OSTs (Parsaie Nasab et al. 2008;
Hese et al. 2009; Izquierdo et al. 2009).

The addition of supplementary, modulating
subunits to the catalytically active STT3 protein
is thought to enable organisms to glycosylate
a more diverse range of substrate proteins. Du-
plication and diversification of single subunit
OSTs seems to represent an alternative strategy
to enlarge the array of proteins accessible for
glycosylation (Schwarz and Aebi 2011). For in-
stance, T. brucei and Leishmania major encode
STT3 paralogs with distinct preferences for
their polypeptide substrate (Parsaie Nasab et
al. 2008; Izquierdo et al. 2009).

OST encounters two distinct substrates:
the LLO and nascent polypeptide chains. The
nature of the substrates requires two differ-
ent types of enzyme-—substrate interaction.
The LLO substrate structure is conserved but
biosynthetic intermediates are located at the
same site at the ER membrane. Thus, OST
must interact with the donor substrate in a
highly specific way that favors the transfer of
the mature LLO structure. Conversely, polypep-
tide substrates only seem to share the conserved
NxT/S sequon, allowing a great diversity for the
rest of the polypeptide. Hence, OST needs to
perform a wide spectrum of interactions to suc-
cessfully glycosylate the multitude of polypep-
tide substrates.

The LLO Donor Substrate

The donor substrate of OSTs is a LLO with
14 glycan residues. Hence, the question arises
whether all these residues are important for
the transfer reaction catalyzed by the OST. In
vitro studies were used to establish that the
minimal LLO structure transferred by OST is
Dol-PP-GIcNAc; (Tai and Imperiali 2001). Dol-
PP-GIcNAc,Mans seems to be the minimal LLO
structure that allows yeast cells to grow, as long
asthe limiting translocation across the ER mem-
brane is bypassed by Rft1p overexpression (He-
lenius et al. 2002).

Deletions of ALG genes encoding ER lumen-
al enzymes do not display growth phenotypes in
yeast but result in protein hypoglycosylation.
The defect in glycosylation becomes less severe

N-Linked Protein Glycosylation in the ER

when b branch mannoses get added to the LLO
(Aalg3 > Aalg9 > Aalgl2) owing to glucosyla-
tion of the intermediates that is more efficient
when the b branch is completed (Verostek et al.
1993; Burda et al. 1999; Cipollo and Trimble
2000). Overexpression of the rate-limiting first
glucosyltransferase Alg6p therefore improves
protein glycosylation in the Aalg9, Aalgl2, and
even in the Aalg3 strain (Burda and Aebi 1998;
Burdaetal. 1999). In fact, LLO glucosylation has
been a long known key determinant for efficient
transfer of the oligosaccharide to proteins by the
OST complex in vivo and in vitro (Trimble et al.
1980; Burda and Aebi 1998; Burda et al. 1999;
Karaoglu et al. 2001). Especially the terminal
a-1,2 Glc residue is necessary for efficient gly-
cosylation (Burda and Aebi 1998). In summary,
OST seems to recognize the GIcNAc, core of the
LLO and, in addition, the terminal «-1,2 Glc
residue of the a branch, whereas the Man resi-
dues of the b and ¢ branches are of limited im-
portance (Burda et al. 1999).

Apart from the oligosaccharide moiety of
the LLO, the lipid carrier also may interact with
the OST. In yeast, OST seems to possess certain
flexibility toward the length of the LLO dolichol
moiety. Biosynthesis of truncated dolichol with
11-12 isoprene units by a cis-prenyltransferase
from G. lamblia in S. cerevisiae did not result in
a hypoglycosylation phenotype, indicating that
the truncated dolichol is sufficient for the yeast
OST to glycosylate proteins (Grabinska et al.
2010). However, yeast OST cannot utilize very
short lipid carriers with only three to four iso-
prene units in vitro (Fang et al. 1995).

Polypeptide Acceptor Substrates

Although the LLO donor substrate has a highly
conserved structure, the acceptor polypeptide
substrates are greatly diverse. The most strict-
ly conserved property, the consensus sequon,
was found in initial studies of eukaryotic gly-
coproteins, which established that N-glycosyla-
tion occurs at asparagine residues located with-
in a sequence motif that consists of asparagine,
a second amino acid (any except proline), and
threonine or serine (NxT/S) (Marshall 1972).
This sequon is also found in prokaryotic
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protein N-glycosylation (Wacker et al. 2002;
Abu-Qarn and Eichler 2007). The crystal struc-
ture of a bacterial OST shows that the peptide is
bound in a loop form that almost completes a
180° turn. This explains why proline is not al-
lowed at the x position of the NxT/S sequon
(Lizaketal.2011). It can be assumed that similar
structural constraints also hold true for eukary-
otic OSTs, because proline also prohibits
glycosylation of eukaryotic sequons. The con-
servation of the sequon is not absolute because
glycosylation of nonconsensus sequons (NxC,
NGx, and NxV) has been reported in nema-
todes, plants, and mammals, although these
are rare (about 1%—2%) compared with NxT/
Ssequons (Titani et al. 1986; Miletich and Broze
1990; Vance et al. 1997; Sato et al. 2000; Kaji et al.
2003; Zielinska et al. 2010; Matsui et al. 2011).
NxT sequons are glycosylated more efficiently
than NxS, whereas NxC sequons are only poorly
modified by OST invitro (Breueretal. 2001) and
in vivo (Gavel and von Heijne 1990; Ben-Dor
etal. 2004; Zielinska et al. 2010). Not all sequons
are glycosylated in vivo and the overall
proportion of glycosylated sequons of data-
base-listed glycoproteins was found to be
61%—65% (Ben-Dor et al. 2004; Petrescu et al.
2004). Therefore, additional factors were
searched that could prevent glycosylation.

Except for proline, few amino acids in the x
position (Shakin-Eshleman et al. 1996; Kasturi
et al. 1997) and in sequences surrounding the
sequon were found to influence glycosylation
(Ben-Dor et al. 2004; Petrescu et al. 2004). How-
ever, proline also has a strong negative effect on
glycosylation in the position following NxT/S
(Bause 1983; Gavel and von Heijne 1990; Ben-
Dor et al. 2004). The position of the sequon
within a protein plays a role as well. The distance
of the sequon to transmembrane helices (Nils-
son and von Heijne 1993) as well as the distance
to the carboxyl terminus can influence the gly-
cosylation efficiency, although this effect may be
protein specific (Nilsson and von Heijne 2000;
Walmsley and Hooper 2003a,b; Bano-Polo et al.
2011).

Increasing proximity of neighboring se-
quons reduces glycosylation efficiency in vitro,
although in vivo an example for glycosylation of

two sequons separated by just one amino acid
was found (Gavel and von Heijne 1990; Karamy-
shev et al. 2005). In overlapping sequons (e.g.,
NNST in yeast invertase), only one asparagine
can be glycosylated (Reddy et al. 1988; Reddy
et al. 1999).

In summary, several factors in the amino
acid sequence can influence the glycosylation
of a potential glycosylation site. However, it
seems to be most important that NxT/S se-
quons are located in a flexible or an unfolded
domain of the polypeptide.

Cotranslational or Posttranslational
Modification?

Sequons of nascent polypeptide chains located
more than 65 amino acid residues away from the
P site of the ribosome can get glycosylated when
entering the ER lumen. This suggests a largely
extended conformation of the nascent polypep-
tide and a position of the OST active site close to
the translocon (Whitley et al. 1996; Kowarik
et al. 2002). OST complexes of yeast and mam-
malian cells were suggested to be associated
with the translocation complex and to interact
with the ribosome (Chavan et al. 2005; Shiba-
tani et al. 2005; Harada et al. 2009). In support
of this, antibodies directed against the cyto-
plasmic domain of ribophorin I prevent protein
translocation (Yu et al. 1990). Therefore, co-
translational transfer of N-glycans has been pos-
tulated as suggested by experimental data in
early years (Chen et al. 1995). Cotranslational
modification enables the OST to glycosylate the
emerging polypeptide chain before the poly-
peptide starts to fold. Current models, more-
over, suggest that OST can temporarily prevent
folding of polypeptides to increase the efficien-
cy of glycosylation (see below).

The two isoforms of the mammalian OST
complex, containing either STT3A or STT3B,
differ in their catalytic activity and selectivity
for the LLO substrate (Kelleher et al. 2003). It
is proposed that nascent polypeptide chains can
get in contact with several OST isoform com-
plexes, opposed to the model stating that one
OST complex associates with one translocon
and glycosylates after translocation (Harada et
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al. 2009; Ruiz-Canada et al. 2009). The STT3A
OST isoform glycosylates substrate polypeptide
chains cotranslationally, whereas STT3B iso-
forms can glycosylate sites that were skipped
by STT3A complexes. Posttranslational glyco-
sylation by STT3B OST of sequons located close
to the carboxyl terminus was observed as long as
the protein had not been folded. Competition
between protein folding and N-glycosylation
may hence be a reason for the reduced glycosyl-
ation frequency observed for carboxy-terminal
sequons (Gavel and von Heijne 1990; Ben-Dor
et al. 2004). The presence of two OST isoforms
with distinct properties and activities therefore
increases the chance of glycosylation for sites
that failed to be cotranslationally glycosylated
(Ruiz-Canada et al. 2009). Because N-glycosyl-
ation is essential for protein folding as well as
quality control of this process, higher levels of
glycosylation increase the chance of successful
protein folding. Therefore the increasing com-
plexity of the N-glycosylation process in the ER
observed in eukaryotes might correlate with
the selective pressure to accommodate as many
N-glycosylation sites as possible (Schwarz and
Aebi 2011).

Functions of OST Subunits

Because the OSTs of S. cerevisiae, plants, and
mammals are multisubunit complexes, much
research has sought to elucidate the functions
of individual complex subunits. Mutagenesis
studies have identified conditional mutants of
several essential OST subunits. Such mutations
result in hypoglycosylation phenotypes, but
no specific function could be assigned to the
OST subunits (te Heesen et al. 1992; Silberstein
et al. 1995; Spirig et al. 1997). It was suspected,
though, that noncatalytic subunits may regulate
LLO substrate specificity and may serve as “adap-
tors” that promote interactions with the highly
diverse spectrum of polypeptide substrates.
Different biochemical studies with yeast and
mammalian OSTs and the identification of a
bacterial OST, consisting of only one protein,
finally led to the conclusion that STT3 encodes
the catalytically active OST subunit (Wacker
et al. 2002; Yan and Lennarz 2002; Kelleher et

N-Linked Protein Glycosylation in the ER

al. 2003; Nilsson et al. 2003). Several homologs
of STT3 were identified in kinetoplastids. They
function as single subunit OSTs, adding further
evidence that STT3 indeed is the catalytic sub-
unit of complex OST (Castro et al. 2006; Parsaie
Nasab et al. 2008; Hese et al. 2009; Izquierdo
et al. 2009).

The recentlysolved crystal structure of a bac-
terial STT3 homolog led to a mechanistic pro-
posal for the glycosylation reaction. Important-
ly, the most highly conserved WWDxG motif in
this protein family interacts with the threonine/
serine of the NxT /S sequon but does not seem to
take part in the catalytic reaction as previously
suggested (Igura et al. 2008; Lizak et al. 2011),
and the crystal structure of PglB excludes specif-
ic conformations of the peptide substrate to ac-
tivate the side-chain amide of the acceptor as-
paragine (Bause and Legler 1981; Imperiali et al.
1992). Instead, a “twisted amide” intermediate
was proposed (Lizak et al. 2011).

Much less is known about LLO substrate
recognition by OST. Kinetic models that are
based on in vitro studies predict that substrate
selection for fully glucosylated LLOs is accom-
plished by the OST complex via an allosteric
regulation involving a regulatory and a catalytic
binding site for the LLO substrate (Pathak et al.
1995; Karaoglu et al. 2001; Kelleher et al. 2007).
Studies performed with mammalian OSTs led
to insights into possible functions of other com-
plex subunits. Ribophorin I may be involved in
targeting the ribosome to the ER membrane (Yu
et al. 1990). In addition, ribophorin I interacts
with a subset of polypeptide substrates and pre-
sents them to the catalytic subunit STT3 to fa-
cilitate efficient glycosylation of these proteins
(Wilson and High 2007; Wilson et al. 2008).
Knockdown of OST48 and DAD1 by small in-
terfering RNA (siRNA) results in destabilization
of both OST complex isoforms (Roboti and
High 2012b). KCP2 associates mainly, or even
exclusively, with STT3A complex isoforms, and
knockdown experiments led to the conclusion
that KCP2 may facilitate the glycosylation of
selected substrate proteins (Roboti and High
2012a,b). DC2 might interact with the y-secre-
tase and seems not to be directly involved in N-
glycosylation (Wilson et al. 2011).
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Ost3p and Ost6p define in S. cerevisiae two
OST complex isoforms (Schwarz et al. 2005).
Analysis of glycosylation efficiency for numer-
ous glycosylation sites of different proteins
revealed that Ost3p and Ost6p OST isoforms
facilitate efficient glycosylation of distinct gly-
cosylation sites. Several sites were only efficient-
ly glycosylated in the presence of either the
Ost3p or the Ost6p OST complex (Schulz and
Aebi 2009). Structural and biochemical charac-
terization revealed an oxidoreductase activity
of these subunits and led to a model proposing
that they prevent certain substrate polypep-
tides from oxidatively folding by forming mixed
disulphides with the polypeptide substrate
(Schulz et al. 2009). Indeed, the formation of
disulphide bonds was found to interfere with
glycosylation when the glycosylation site is lo-
cated close to a cysteine residue (Allen et al.
1995). In addition, OST isoforms were sug-
gested to be associated with components of
the translocon (i.e., OST3 with SEC61 and
OST6 with SSH1I), resulting in specific translo-
con/OST complexes (Yan and Lennarz 2005).
Whether this has an influence on glycosylation
of distinct subsets of substrate proteins has not
been addressed so far.

CONCLUDING REMARKS

N-linked glycosylation plays an essential role in
the folding and the quality control of proteins in
the ER. Therefore, a tightly controlled and con-
served biosynthetic pathway ensures the correct
assembly of the glycan, and the specificity of the
OST guarantees that only mature oligosaccha-
rides are transferred to substrate polypeptides
(Burda et al. 1999; Helenius and Aebi 2004).
Numerous diseases associated with defects in
the N-glycosylation pathway underline its im-
portance in humans (Haeuptle and Hennet
2009; Hennet 2012).

Although prokaryotic N-glycosylation sys-
tems show remarkable similarity to eukaryotic
N-glycosylation in the ER, the glycans trans-
ferred to proteins are quite diverse (Schwarz
and Aebi 2011). Glycosylation of proteins in
prokaryotes occurs after folding. This glycosyl-
ation of folded proteins restricts the range of

possible substrates to surface-exposed sites ac-
cessible to the OST (Kowarik et al. 2006; Dell
et al. 2010), whereas attachment of glycans to
proteins before folding in eukaryotes allows a
wide range of polypeptides to be glycosylated
and to use the N-glycans as a signal that displays
the folding state of a protein.
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