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Abstract

Asparagine-linked (N-linked) glycosylation is one of the most common protein modification reac-

tions in eukaryotic cells, occurring upon the majority of proteins that enter the secretory pathway.

X-ray crystal structures of the single subunit OSTs from eubacterial and archaebacterial organ-

isms revealed the location of donor and acceptor substrate binding sites and provided the basis

for a catalytic mechanism. Cryoelectron microscopy structures of the octameric yeast OST pro-

vided substantial insight into the organization and assembly of the multisubunit oligosaccharyl-

transferases. Furthermore, the cryoelectron microscopy structure of a complex consisting of a

mammalian OST complex, the protein translocation channel and a translating ribosome revealed

new insight into the mechanism of cotranslational glycosylation.
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Introduction

Oligosaccharyltransferase (OST) catalyzes N-linked glycosylation of
proteins by transferring a preassembled oligosaccharide from a
lipid-linked oligosaccharide (LLO) donor onto consensus acceptor
sites (sequons, (NXT/S/C; X≠P)) in cell surface proteins in bacterial
organisms or in nascent polypeptides within the ER lumen of
eukaryotic organisms. N-glycosylation of proteins is a critical pro-
tein modification reaction in eukaryotes, as N-linked glycans are
important for glycoprotein folding in the ER, intracellular traffic,
stability and function, cell–cell communication and normal develop-
ment (Helenius and Aebi 2004; Hebert and Molinari 2007). Defects
in N-linked glycosylation, including those caused by mutations in
OST subunit genes, cause a family of inherited diseases known as
congenital disorders of glycosylation (CDG, as reviewed by Freeze
(2013); Hennet and Cabalzar (2015). Current understanding of the
OST has significantly increased during the past decade due to

information that has been obtained by X-ray crystallography and
single particle cryoelectron microscopy analysis of bacterial and
eukaryotic oligosaccharyltransferases.

Structures of PglB and AglB illuminate the

catalytic mechanism of the OST

The eubacterial OST (PglB) and archaebacterial OST (AglB) and the
homologous catalytic subunits of eukaryotic OST complexes (STT3
proteins) are comprised of 13 transmembrane (TM) spans followed
by a C-terminal extracellular or ER-lumenal domain. The X-ray
crystal structure of the extracellular C-terminal domain of an
archaebacterial OST (A. fulgidus AglB) (Igura et al. 2008) provided
the first information about the location of conserved sequence motifs
in the OST (Table I). Analysis of the structure of the C-terminal
domain of AglB led to the identification of the DK motif which is
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located near the universally conserved WWD motif in the AglB
structure (Igura et al. 2008). The WWD motif had been shown to be
essential for OST activity in the yeast (Yan and Lennarz 2002b) and
bacterial model systems (Wacker et al. 2002; Yan and Lennarz
2002b).

A breakthrough in the understanding of the structure and cata-
lytic mechanism of the OST was achieved upon co-crystallization of
an intact eubacterial OST (C. lari PglB) with a hexapeptide contain-
ing a eubacterial acceptor sequon (D/EXNXT/S) in the peptide-
binding site (Lizak et al. 2011). The PglB structure consists of 13
TM spans followed by a lumenal domain that is structurally hom-
ologous to the C-terminal domain of AglB. Residues in the WWD
motif form hydrogen bonds to the hydroxyamino acid residue at the
+2 position of the sequon, while I572 in the MI motif, which is the
eubacterial equivalent of the DK motif, contacts the methyl group of
threonine in the acceptor peptide (Table I). The MI/DK motif inter-
action explains the higher affinity of bacterial and eukaryotic OSTs
for peptides with threonine at the +2 position relative to serine
(Breuer et al. 2001; Chen et al. 2007; Gerber et al. 2013). The side
chain of asparagine in the sequon projects through a porthole
formed upon assembly of extracellular loop 5 (EL5), a conforma-
tionally mobile segment of the OST that is responsible for binding
both the acceptor and donor substrates (Lizak et al. 2011;
Napiorkowska et al. 2017). An acidic residue cluster (D56, D154,
D156 and E319, see Table I) comprised of residues from three extra-
cellular loops (EL1, EL2 and EL5) coordinate the active site divalent
metal ion (Mn++) and activate the amide nitrogen of asparagine for
formation of the N–C bond to the oligosaccharide (Lizak et al.
2011).

Unlike the smaller archaebacterial or eukaryotic sequons (NXT/S),
an acidic residue (D or E) at the −2 position in the eubacterial sequon
is necessary for acceptor substrate recognition and catalysis (Kowarik

et al. 2006; Chen et al. 2007; Gerber et al. 2013). An arginine residue
(R331) in PglB makes contact with the −2 position of the acceptor
peptide. Critical roles for the acidic residue cluster and R331 in
acceptor peptide-binding and product formation have been experimen-
tally verified (Lizak et al. 2011; Gerber et al. 2013).

An X-ray crystal structure of intact AglB in the absence of an
acceptor or donor substrate revealed two noteworthy differences
(Matsumoto et al. 2013). Unlike the PglB-acceptor peptide structure
(Lizak et al. 2011), where the N-terminal end of EL5 was disor-
dered, EL5 was ordered in the AglB apo-structure (Matsumoto et al.
2013). Secondly, packing of the membrane embedded domain of
AglB differed from PglB with respect to the location of TM8 and
TM9. The difference in the fold of the membrane embedded region
of AglB relative to PglB is not explained by the absence of the
acceptor peptide as an AglB structure obtained in the presence of a
covalently tethered acceptor peptide showed the same packing of the
TM spans (Matsumoto et al. 2017). The presence of the tethered
acceptor peptide and the lack of a donor oligosaccharide led to a N-
terminally disordered conformation of EL5 that was similar to EL5
in the PglB structure. OST activity assays utilizing covalently teth-
ered substrates allowed the contribution of peptide affinity to be
experimentally separated from the contribution of sequon residues
to acceptor activity. While sequon tethering eliminated the require-
ment for a hydroxyamino acid at the +2 position, the substitution
of glutamine for asparagine reduced transfer activity by 85-fold
rather than the 200,000-fold observed for an untethered DQQAT
peptide by PglB (Lizak et al. 2013). Although proline remained dis-
allowed at the X position in a sequon (N-X-T/S) even when the
acceptor peptide was tethered, all other amino acids at the X pos-
ition yielded similar transfer rates when tethered unlike free acceptor
peptides where the X position impacts transfer rate (Matsumoto
et al. 2017).

Table I. Conserved sequence motifs involved in substrate recognition and catalysis

Organism C. lari A. fulgidus S. cerevisiae H. sapiens H. sapiens
Protein PglBa AglBa STT3a STT3A STT3B
Sequon D/EXNXT/S NXT/S NXT/S NXT/S/C NXT/S/C

Sequon bindingb

–2 position R331 L379 D362 D363 D417
−1 position T54 G45 E45 E47 E101

WWD motif
+2 position W463 W550 W516 W525 W604
+2 position W464 W551 W517 W526 W605
+2 position D465 D552 D518 D527 D606

DK/MI motif
+2 position I572 K618 K586 K595 K674
Active site
Mn++, Asn D56 D47 D47 D49 D103
Mn++ D154 D161 D166 D167 D221
Mn++ D156 H163 E168 E169 E351
Mn++, Asn E319 E360 E350 E351 E405

LLO binding
PPi Y196 W215 W208 W209 W263
PPi R375 R426 R404 R405 R459
NAc Y468 H555 Y521 Y530 Y609
DGGK loop D481GGK N568PFQ D534NNT D543NNT D662NNT

aResidues and motifs in italics have been shown to be important for oligosaccharyltransferase activity in one or more of the following publications: PglB
(Wacker et al. 2002; Lizak et al. 2011; Gerber et al. 2013; Barre et al. 2017; Napiorkowska et al. 2017); AglB (Matsumoto et al. 2013); yeast STT3 (Yan and
Lennarz 2002b; Chavan et al. 2003; Li et al. 2005; Igura et al. 2008; Wild et al. 2018).

bThe positions shown (−2, −1 and +2) are relative to the asparagine residue in a glycosylation site. PglB, AglB and STT3 residues involved in binding the
asparagine residue in the sequon are listed in the active site section of this table.
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The donor substrates for N-glycosylation are polysaccharides
linked to a polyisoprenoid carrier by phosphate or pyrophosphate.
The in vivo LLO donors are not water-soluble as the polyisoprenoid
carriers consist of eleven to twenty 5-carbon isoprenyl units.
Chemical synthesis of donor substrates and competitive inhibitors
that contain two or three isoprenyl units (geranyl-PP or farnesyl-PP
instead of undecaprenyl-PP) provided the critical reagents for the
identification of the LLO binding site in the OST (Napiorkowska
et al. 2017). PglB was crystallized in the presence of a water-soluble
nonhydrolyzable donor substrate and the acceptor peptide
(Napiorkowska et al. 2017). When the acceptor peptide and donor
substrate analog are present, EL5 is completely ordered, clamping
both substrates into the enzyme active site. The polyprenol anchor is
located in a hydrophobic groove that is in part formed by EL5,
TM6 and TM11. An aromatic residue (Y196 in PglB) and a con-
served basic residue (R375) contact the pyrophosphate group of the
donor substrate while Y468 contacts the N-acetyl group on the first
saccharide residue (Table I). The DGGK loop, which was previously
shown to be essential for PglB activity (Jaffee and Imperiali 2011;
Barre et al. 2017), makes additional contacts to the acceptor sub-
strate and the first saccharide unit in the LLO donor. Entry of the
physiological heptasaccharide donor into the LLO binding site of
PglB cannot occur when the N-terminal end of EL5 is in the ordered
conformation consistent with the disordered nature of this section of
EL5 in the PglB-acceptor peptide co-crystal structure. The
C-terminal end of EL5 would have to detach from the active site fol-
lowing catalysis to allow glycopeptide product release from the
active site.

Structure guided alignment of the AglB and PglB indicated that
the critical residues and sequence motifs involved in acceptor peptide
recognition, LLO binding and activation of the amide nitrogen for
N–C bond formation are conserved (Table I).

Structure of the yeast oligosaccharyltransferase:

conservation of catalytic mechanism

Remarkable technical and computational improvements in cryoelec-
tron microscopy allowed two groups to solve high-resolution struc-
tures of the yeast oligosaccharyltransferase in the apo-conformation
(Bai et al. 2018; Wild et al. 2018). Unlike the single subunit bacterial
OST discussed above, the majority of eukaryotic organisms assem-
ble OST complexes that contain between four and nine non-
identical subunits. The yeast OST is composed of eight subunits that
can be grouped into subcomplex 1 (OST1 and OST5), subcomplex
2 (STT3, OST4 and OST3/OST6) and subcomplex 3 (WBP1, SWP1
and OST2) as indicated in Figure 1. The evidence for three subcom-
plexes was initially based upon genetic and biochemical evidence
(e.g., te Heesen et al. 1993; Karaoglu et al. 1997; Spirig et al. 1997;
Mueller et al. 2015) as summarized in an earlier review (Kelleher
and Gilmore 2006). In addition to the 13 TM spans of STT3, there
are 15 additional TM spans provided by the other seven subunits.

The resolution of the 3D reconstruction was excellent for both
structures (3.3 Å (Wild et al. 2018) and 3.5 Å (Bai et al. 2018)),
allowing the assignment of 26 TM spans and atomic resolution
structures for the lumenal domains of all subunits except OST3.
TM9 and EL5 of STT3 were disordered due to the absence of sub-
strates. The 13 TM spans of yeast STT3 are arranged in a fold that
is more similar to AglB than to PglB based upon the locations of
TM8 and TM9 relative to the other TM spans (Bai et al. 2018; Wild
et al. 2018).

A comparison of the yeast STT3 and eubacterial PglB structures
revealed extensive conservation of the residues involved in donor
and acceptor substrate binding and catalysis (Table I). The import-
ance of several key catalytic residues in the yeast OST was con-
firmed by testing whether yeast expressing stt3 mutations could
survive in the absence of a single subunit OST from L. major (Wild
et al. 2018). Other residues that had been shown to be critical for
yeast OST function had been identified previously based upon
sequence conservation (Yan and Lennarz 2002b; Chavan et al.
2003; Li et al. 2005) or by analysis of the AglB structure (Igura
et al. 2008). One noteworthy difference between PglB and STT3 is
in the acceptor peptide-binding site. Like AglB, STT3 proteins lack
the basic residue that aligns with R331 in PglB to form the salt
bridge with the −2 position of the extended eubacterial sequon
(Table I). The corresponding residue in yeast STT3 is D362, which
by virtue of having a shorter, albeit charged, side chain poses no
restriction on amino acids that are permitted at the −2 position rela-
tive to the eukaryotic sequon. Although the peptide-binding pocket
of eukaryotic STT3 proteins have a conserved glutamate residue
near the modeled location of the −1 residue of an acceptor peptide
(E45 in yeast STT3, Table I) there is no indication that sequons with
a basic residue at the −1 position are preferred substrates.

Bacterial and eukaryotic OSTs can transfer truncated oligosac-
charides that contain one or two saccharide residues (Lee and
Coward 1992; Tai and Imperiali 2001; Napiorkowska et al. 2017).
For example, PglB can utilize a LLO donor that consists of a single
GlcNAc residue (Napiorkowska et al. 2017). Transfer of truncated
oligosaccharides by the OST is explained by the presence of active
site residues that directly contact the polyisoprenoid, the pyrophos-
phate group and the acetylated 2-amino sugar that is the first sac-
charide residue in the LLO donor (Table I). Nonetheless, the
transfer rates for truncated oligosaccharides are reduced compared
to the natural LLO donor, and this results in the synthesis of glyco-
proteins that have fewer N-linked glycans in cells that are defective
in LLO assembly. In eukaryotic cells, assembly of the polysaccharide
of LLO is catalyzed by the glycosyltransferases in the ALG pathway
(asparagine-linked glycosylation). Due to competition between trun-
cated and fully-assembled LLO donors for the OST active site, cells
with a partial defect in an ALG pathway enzyme will synthesize gly-
coproteins that contain mixtures of normal and truncated N-linked
glycans. A novel N-linked tetrasaccharide (Neu5Ac-α2,6Galβ1,4-
GlcNAcβ1,4 GlcNAc) that is derived by Golgi processing of
N-linked GlcNAc2 has been detected in serum and in fibroblast
lysates from patients with ALG1-CDG, PMM2-CDG and MPI-
CDG (Zhang et al. 2016).

Structure of the yeast OST: subunit structures

and interactions

The structures of the lumenal domain of yeast OST6 and a human
homolog (TUSC3) were solved previously (Schulz et al. 2009;
Mohorko et al. 2014). These OST subunits are oxidoreductases
with a thioredoxin fold. Interestingly, the thioredoxin domain and
first TM span of OST3 were not resolved in either cryo-EM struc-
ture indicating that OST3 is conformationally flexible with respect
to STT3 (Bai et al. 2018; Wild et al. 2018). The active site CXXC
motif in these subunits (OST3/OST6 or MagT1/TUSC3) is import-
ant for glycosylation of proteins by yeast OST (Schulz and Aebi
2009; Schulz et al. 2009) and by the mammalian STT3B complex
(Cherepanova et al. 2014; Cherepanova and Gilmore 2016) which
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is homologous to the yeast OST (Figure 1). It has been proposed
that the CXXC motif in OST3 family members can form a mixed
disulfide with an unfolded protein to enhance STT3/STT3B access to
acceptor sequons (Schulz et al. 2009; Cherepanova et al. 2014;
Mohorko et al. 2014). Rotational flexibility of the lumenal domain
of these oxidoreductases with respect to the STT3 catalytic site
might facilitate the presentation of acceptor sites to STT3 or STT3B.

The role of the non-catalytic OST subunits with large lumenal
domains (OST1, WBP1 and SWP1) in OST function was unclear
despite previous publications that reported roles for these proteins,
or their mammalian homologs, in donor or acceptor substrate bind-
ing or catalysis based upon chemical modification experiments
(Pathak et al. 1995; Bause et al. 1997) or photolabeling (Yan and
Lennarz 2002a). As these reports predated the identification of
STT3 as the catalytic subunit of the OST, there is good reason to
question whether these earlier reports remain informative.
Ribophorin I (RPN1), the mammalian homolog of OST1, was pro-
posed to act as a chaperone to escort specific substrates to STT3A
or STT3B (Wilson and High 2007; Wilson et al. 2008).

The lumenal domains of WBP1, SWP1 and OST1 were suffi-
ciently well resolved in the cryo-EM structures to allow their com-
parison to previously solved proteins (Bai et al. 2018; Wild et al.
2018). While both groups identified the same structural homologs,
they reached rather different conclusions about whether the homolo-
gies were informative. Bai and colleagues (Bai et al. 2018) concluded
that the structural homologs of WBP1 and SWP1 provided support
for a role in recruiting LLO to the STT3 active site. However as
noted by Wild et al. (Wild et al. 2018), the N-terminal domain of
Swp1 (Figure 1, Figure 2A) is attached to the membrane by a long
linker, placing the globular SWP1 domain well outside the LLO
binding pocket. OST1, which does not contain a domain similar to
a chaperone or a saccharide binding protein (Wild et al. 2018), is
not located in the vicinity of the acceptor peptide-binding site
(Figure 2A) casting doubt on the hypothesis that RPN1 mediates
selective entry of substrates into the OST active site. Instead, Wild
and colleagues proposed that OST1, WBP1 and SWP1 might be

involved in recruitment of accessory factors that interact with nas-
cent glycoproteins in the ER lumen. In mammalian cells, an ER loca-
lized lectin (malectin) that recognizes the GlcNAc2Man9Glc2
trimming intermediate of an N-linked oligosaccharide (Schallus
et al. 2008, 2010), is a substoichometric subunit of the OST that
binds directly to RPN1 (Qin et al. 2012; Shrimal et al. 2017).

The interactions between STT3 and the seven accessory subunits
can be categorized as follows: (a) protein–protein interactions
between TM spans, (b) protein–protein interactions between hydro-
phobic patches on lumenal domains, (c) phospholipid mediated
interactions between nearby TM spans, and (d) N-glycan dependent
interactions between lumenal domains (Bai et al. 2018; Wild et al.
2018). Rather than review all of the observed interactions, we high-
light one or two from each category.

Three (OST2, OST4 and OST5) of the eight yeast subunits are
relatively small integral membrane proteins without extensive lume-
nal or cytoplasmic domains. The TM spans of OST2 bind to TM5,
TM7 and TM8 of STT3 to recruit subcomplex 3. Subcomplex 3 is
stabilized by evolutionarily conserved (Wild et al. 2018) contacts
between the lumenal domains of SWP1 and WBP1 and by several
well ordered phospholipids that fill gaps between the TM spans of
SWP1, OST2 and STT3 (Bai et al. 2018; Wild et al. 2018). Contacts
between the C-terminal tail of STT3 and the N-terminal lumenal
domains of WBP1 and SWP1 are the most extensive lumenal con-
tacts between STT3 and subcomplex 3 (Bai et al. 2018; Wild et al.
2018). STT3–subcomplex 1 interactions within the membrane
bilayer are primarily mediated by well-ordered phospholipids (Bai
et al. 2018; Wild et al. 2018). Evolutionarily conserved hydrophobic
patches on the lumenal surface of STT3 and OST1 mediate protein–
protein contacts.

STT3, WBP1 and OST1 are glycoproteins that contain a total of
seven N-linked glycans based upon previous analysis (Kelleher and
Gilmore 1994; Li et al. 2005). The cryo-EM structures of the yeast
OST were of sufficient resolution to visualize either three (Bai et al.
2018) or five of these glycans (Wild et al. 2018). As N-glycans are
conformationally flexible, the well-resolved portion of protein-linked

Fig. 1. Subunit composition, membrane topology and domain organization of the STT3A and STT3B complexes. Multisubunit OSTs are composed of three sub-

complexes. Proteins are shown using their mammalian names, with yeast protein names shown in parentheses. Yeast lack homologs of DC2 and KCP2. The

C-terminal four-helix bundle of RPN1 and the N-terminal domain of RPN2 are not present in the yeast homologs (Ost1 and Swp1, respectively). NTD, MD and

TRX designate N-terminal domains, middle domains and the thioredoxin domain, and are based upon the cryo-EM structure of the yeast OST (Bai et al. 2018;

Wild et al. 2018) and the structures of OST6 and TUSC3 (Schulz et al. 2009; Mohorko et al. 2014). The diagrams for STT3A and STT3B depict the location of EL1,

EL5 and a well-ordered N-glycan that is important for STT3 function.
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N-glycans is typically limited to one or two saccharide residues. A
remarkable exception is the glycan linked to N539 of yeast STT3 that
is sufficiently well ordered that GlcNAc2Man5-6 can fit into the
observed density (Figure 2A). Hydrogen bonds between mannose resi-
dues and Wbp1 and Swp1 are responsible for the ordered structure of
the N539 glycan, raising the possibility that the glycan helps stabilize
the interaction between STT3 and subcomplex 3.

Potential roles for the conserved STT3 glycan

N539 in yeast STT3 is located in a protein sequence
(D534NNTWN539NT) that contains a pair of sequons and initiates
with the eukaryotic equivalent of the DGGK loop (D534NNT,
Table I). This sequence is highly conserved in fungal and metazoan
STT3 sequences (Table II). Glycoproteomic analysis of murine pro-
teins (Zielinska et al. 2010) indicates that the glycosylated aspara-
gine is located in the second acceptor site (e.g., N548 in STT3A,
N624 in STT3B) as in yeast STT3. Interestingly the double sequon
motif (NXTZNXT/S, where Z can be any residue and X can be any

residue except proline) is also conserved in most multisubunit protist
STT3s (Table II) that express a Wbp1 homolog, but is not present in
STT3 proteins from organisms that express single subunit OSTs
(e.g., L. major (Kelleher et al. 2007; Nasab et al. 2008). In S. cerevi-
siae, the stt3 N539Q mutation is lethal when this allele is the sole
source of STT3 (Li et al. 2005). Importantly, when expressed along
with wild type STT3, the stt3 N539Q protein co-precipitates with
WBP1 and OST1 indicating that the non-glycosylated variant is nei-
ther unstable nor defective in OST complex assembly. It is not
known whether the stt3 N539Q complexes contain SWP1. Thus,
N539 appears to be essential for OST activity, presumably due to
the presence of the N-glycan, as the stt3 T541A mutant is tempera-
ture sensitive and displays severe growth and N-glycosylation
defects at the permissive temperature (Li et al. 2005).

The N539 glycan in STT3 is located in a central cavity in the yeast
OST that extends from the active site of STT3 to the WBP1 and
SWP1 subunits (Bai et al. 2018; Wild et al. 2018). This cavity is large
enough to accommodate the oligosaccharide (GlcNAc2Man9Glc3) on
the fully assembled LLO donor utilized by most fungal and metazoan

Fig. 2. Structure of the eukaryotic oligosaccharyltransferases. (A) High-resolution structure of the yeast OST viewed from the plane of the membrane with the

ER lumenal domain at the top. Subunits are color coded as in Figure 1 and are labeled. The blue star is positioned near the WWD motif. N-glycans are shown as

black sticks. (B) Interaction between the STT3A complex and the RNC-Sec61 complex shown in the same orientation as in panel A. OST subunits are color

coded as in Figure 1. The lumenal loop of DC2 interacts with the C-terminal tails of Sec61β (marine) and Sec61γ (light magenta). Lumenal domains of RPN1,

RPN2, OST48 and TMEM258 are not shown. The C-terminal four-helix bundle of RPN1 interacts with 60 S ribosomal subunit protein eL28 and 28 S rRNA helices

H25 and H19/20. The WWD motif in STT3A is shown as magenta spheres. An unidentified TM span near Sec61 is designated by an asterisk. (C, D) Structural

homology between TMs 2-4 of OST3 (C) and DC2 (D) as viewed from the plane of the membrane. N and C-termini are labeled, where N of OST3 corresponds to

residue S216. The figure was made with PYMOL v2.1software and PDB files 6FTI (B) and 6EZN (A, C).
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OSTs. The ability of eukaryotic OSTs to discriminate between fully-
assembled LLO and assembly intermediates varies between organ-
isms, with a single subunit OST (T. cruzi) showing lower selectivity
than a four subunit OST that contains WBP1 as a subunit (T. vagina-
lis or E. histolytica) which in turn showed lower specificity than the
eight subunit yeast OST that contains both SWP1 and WBP1 subunits
(Kelleher et al. 2007).

Wild and colleagues (Wild et al. 2018) made the intriguing pro-
posal that the N539 glycan may contribute directly to the recogni-
tion of LLOs that contain a terminal α−1,2 linked glucose residue
by forming hydrogen bonds to the donor oligosaccharide. A role for
the N539 glycan in LLO recognition would be one possible explan-
ation for the critical function of this glycan in the yeast STT3 (Li
et al. 2005). Interestingly, P. falciparum STT3 does not retain the
sequon corresponding to N539TT, and utilizes a truncated LLO
donor (Dol-PP-GlcNAc2) in vivo (Bushkin et al. 2010).

Remarkably, the double sequon motif (DNXTZNXT/S) is pre-
sent in AglB sequences from the ASGARD and TACK superphylums
of Archaea (Table II) but not in AglB sequences from species in the
Euryarchaeota superphylum. Eukaryotes are thought to be most
closely related to the ASGARD and TACK superphylums (Castelle
and Banfield 2018). Nonetheless, conservation of these potential gly-
cosylation sites would be unexpected unless the extended DGGK
loop containing a sequon is important in most eukaryotes and a sub-
set of Archaea. It is not known whether the DNXTZNXT site is gly-
cosylated in the AglB protein.

Analysis of the lipid-linked oligosaccharide of the Crenoarchaeota,
Pyrobaculum calidifontis revealed a decasaccharide linked to dolichol
pyrophosphate (Taguchi et al. 2016). Structural analysis of a protein-
linked oligosaccharide from this organism indicated that the oligosac-
charide resembles a eukaryotic high mannose glycan in having a bian-
tenary structure consisting of nine mannose residues linked to two di-
N-acetylated glucose residues linked to asparagine. Although we
appreciate that this suggestion is speculative, an interaction between
the LLO donor and a protein-linked oligosaccharide on STT3/AglB
could be involved in LLO recognition.

Interaction of the OST with the protein

translocation channel

Multicellular plant and metazoan genomes encode two STT3 pro-
teins (STT3A and STT3B) that are assembled into separate OST
complexes (Figure 1) that contain either eight or nine subunits
(Kelleher et al. 2003; Cherepanova et al. 2014; Shrimal et al. 2017).
Subcomplex 1 and subcomplex 3, which contain five of the six
shared subunits, are present in both complexes. STT3A complexes
contain DC2 and KCP2, while STT3B complexes contain an oxidor-
eductase subunit (either MagT1 or TUSC3), hence the STT3B com-
plex is homologous to the yeast OST. Based upon gene expression
data (NCBI, EST database), STT3A and STT3B are expressed in all
human tissues, and to our knowledge are expressed in all mamma-
lian cell lines. Depletion of STT3A or STT3B by siRNA knockdown,
or by CRISPR/Cas9 mediated gene disruption revealed that the
STT3A and STT3B complexes have distinct roles in N-linked glyco-
sylation (Ruiz-Canada et al. 2009; Cherepanova and Gilmore
2016). The STT3A complex is associated with the protein transloca-
tion channel (Sec61 complex) and mediates cotranslational glycosy-
lation of nascent polypeptides using an N-terminal to C-terminal
scanning mechanism (Ruiz-Canada et al. 2009; Shrimal and
Gilmore 2013). The STT3B complex can post-translocationally gly-
cosylate acceptor sites that have been skipped by STT3A including
extreme C-terminal sites (Ruiz-Canada et al. 2009; Shrimal and
Gilmore 2013; Shrimal et al. 2013).

Biochemical and cell biological insight into the interaction
between the STT3A complex and the protein translocation channel
was obtained by analyzing HEK293 cells that lack STT3A, DC2 or
KCP2 (Shrimal et al. 2017). The DC2 deficient STT3A complexes
were unable to form 80S ribosome-SEC61-STT3A complexes as
monitored by blue native gel electrophoresis and have a glycosyla-
tion defect that resembles STT3A deficient cells (Shrimal et al.
2017). Cells that lack KCP2 have a less severe glycosylation defect.

A low-resolution structure of an active protein translocation
channel was obtained by cryoelectron tomography of pancreatic
microsomal membranes (Pfeffer et al. 2014). In addition to the
SEC61-bound 80 S ribosome, additional protein density correspond-
ing to the TRAP complex and the OST complex was observed

Table II. N-glycosylation acceptor sites that include the “DGGK”

loop

Organism Phylum Sequence OST
subunitsa

STT3
S. cerevisiae Fungi DNNTWNNT 8
H. sapiens (A) Metazoa DNNTWNNT 9
H. sapiens (B) Metazoa DNNTWNNS 8
D. melanogaster
(A)

Metazoa DNNTWNNT 9

D. melanogaster (B) Metazoa DNNTWNNT 8
O. sativa (A) Viridiplantae DNNTWNNT 9
O. sativa (B) Viridiplantae DNNTWNNT 8
T. vaginalis Parabasalia DGNTNNFT 4
E. histolytica Amoebozoa DNNTWNNS 4
T. thermophila Alveolata DNNTWNNT 5
P. falciparum Alveolata DNNTWNPE 4
C. parvum Alveolata DNNTWNNT 5
T. brucei Euglenozoa DGNTWNHE 1
L. major Euglenozoa DGNTWNHE 1
G. lamblia Diplomonadida DGLTRSTY 1

PglB
C. lari Proteobacteria DGGKHLGK 1

AglB
A. fulgidus Euryarchaeota NPFQAGIG 1
M. jannaschii Euryarchaeota DGGSQNSP 1
P. furiosus Euryarchaeota DGGHARDR 1
S. solfataricus Crenarchaeotab ENNTLNGT 1
P. calidifontis Crenarchaeotab DNSTINAT 1
M. yellowstonensis Crenarchaeotab ENNTLNDT 1
Bathyarchaeota sp.c Bathyarchaeotab DNGTINMT 1
N. viennensis Thaumarchaeotab DNATINQT 1
N. maritimus Thaumarchaeotab DNSTILDH 1
Odinarchaeota sp.c ASGARD DNGTFNQT 1
Thorarchaeota sp.c ASGARD DNATFNAT 1
N. equitans Nanoarchaeota DGGNYYPY 1

aSubunit compositions of OST complexes that have not been purified are
based upon protein database searches. Four subunit complexes consist of
STT3, WBP1, OST1 and OST2 while five subunit OST complexes in addition
contain OST3. It is not known whether OST4 or OST5 are also present in the
four or five subunit OST complexes as these small hydrophobic proteins can
be overlooked in protein database searches.

bCrenarchaeota, Bathyarchaeota and Thaumarchaeota are part of the
TACK superphylum.

cProtein sequences derived from DNA sequencing of uncultured organisms.
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(Pfeffer et al. 2014, 2017). However, it was not known which OST
complex (STT3A or STT3B) was visualized, nor was the resolution
sufficient to define the interaction site between the OST and the
SEC61 complex. To address these questions, microsomal mem-
branes from the STT3A null or STT3B null HEK293 cells were ana-
lyzed by cryoelectron tomography (Braunger et al. 2018).
Elimination of STT3A, but not STT3B, prevented the association
between the OST and the ribosome-bound SEC61 complex, provid-
ing complementary evidence that the STT3A complex interacts dir-
ectly with the translocation channel in the ER.

Structure of a mammalian STT3A complex

bound to the protein translocation channel

A breakthrough in understanding the mechanism of cotranslational
protein glycosylation was achieved by obtaining a high-resolution
cryoelectron microscopy structure of an active protein translocation
channel isolated from canine microsomes programmed in vitro to
synthesize a truncated derivative of the membrane glycoprotein
opsin. These in vitro assembled complexes consisted of the
ribosome-nascent chain (RNC) complex, the SEC61 complex and
the STT3A complex (Braunger et al. 2018). The TRAP complex was
also present, but poorly resolved due to disorder or low occupancy.

The resolution of the RNC-Sec61-STT3A complex was not as
high as the yeast OST complex, particularly in the membrane-distal
lumenal domains of RPN1, RPN2 and OST48. Nonetheless, all of
the OST subunits except KCP2 could be unequivocally identified
based upon the organization of the TM spans (Figure 2B). Unlike
the yeast OST structure, density for pyrophosphate was readily
detected in the LLO binding site of STT3A. TM9 was not disor-
dered and the C-terminal end of EL5 was ordered consistent with
the presence of the LLO donor. The acceptor sites in the opsin nas-
cent chain had been glycosylated prior to solubilization of the mem-
brane. The 3-D reconstruction lacks density for the nascent chain in
the acceptor peptide-binding pocket in STT3A, so it was not pos-
sible to visualize the path taken by the nascent chain between the
lumenal face of Sec61 and the peptide-binding site in STT3A. The
presence of STT3A-bound LLO suggests that LLO binding can pre-
cede acceptor substrate binding (Karaoglu et al. 2001), thereby pla-
cing the OST in a primed state awaiting the arrival of an acceptor
substrate.

The most significant information that was provided by the cryo-
EM structure was the visualization of the interaction site between
the STT3A complex and the RNC-SEC61 complex. The DC2 pro-
tein mediates the primary interaction between the STT3A complex
and the SEC61 complex (Figure 2B), with DC2 adjacent to TM1 of
Sec61α, and the C-terminal tails of Sec61β and Sec61γ (Braunger
et al. 2018). Although not resolved in the cryo-EM structure, the
KCP2 protein contributes to the Sec61 interaction, as KCP2 inter-
acts with DC2 and is needed for optimal glycosylation of STT3A-
dependent protein substrates (Shrimal et al. 2017). DC2 occupies
the same position in the STT3A complex that is occupied by the
yeast OST3 protein (Figure 2A and B), hence DC2 and KCP2 are
part of subcomplex 2 (Figure 1). Segments of DC2 that were shown
to be necessary for incorporation into the STT3A complex, or for
the interaction with the Sec61complex (Shrimal et al. 2017), contact
STT3A and the Sec61 complex respectively in the cryo-EM structure
(Braunger et al. 2018).

A second interaction that contributes to the stability of the
RNC-SEC61-STT3A complex is between a four helix bundle that

corresponds to the C-terminal cytoplasmic tail of RPN1 and the
28 S rRNA and ribosomal protein eL28 (Figure 2B, (Braunger et al.
2018)). RPN1 and RPN2 were initially identified as ribosome bind-
ing proteins (Kreibich et al. 1978) long before they were shown to
be OST subunits (Kelleher et al. 1992). Fab fragments derived from
an antibody raised against the C-terminus of RPN1 sterically block
protein translocation by preventing ribosome targeting to micro-
somal membranes (Yu et al. 1990) consistent with the interaction
between RPN1 and the large ribosmal subunit. OST1, the yeast
RPN1 homolog, lacks the C-terminal segment that forms the four
helix bundle. The RPN1-60S subunit interaction apppears not to be
conserved in all metazoa as protein database searches indicate that
insect genomes from several orders (Diptera, Coleoptera and
Lepidoptera) encode C-terminally truncated forms of RPN1 that
lack the four helix bundle, yet these genomes encode STT3A, DC2
and KCP2. We conclude that the RPN1-60S subunit contact stabi-
lizes the RNC-Sec61-STT3A complex, but is not a universally con-
served requirement for the interaction between STT3A and Sec61.

Docking of the yeast OST structure into the previously published
cryoelectron tomagraphy structures of the native protein translocation
channel (Pfeffer et al. 2014, 2017) allowed Wild and colleauges to
localize mammalian OST subunits in the observed EM density and to
conclude that the STT3A–Sec61 interaction is mediated by DC2 (Wild
et al. 2018). The same docking approach led Bai and colleagues to
conclude that the OST3 protein mediates the interaction of the yeast
OST with the Sec61 complex (Bai et al. 2018). Although a complex
between the yeast OST and an 80 S ribosome was assembled from
purified components for cryoelectron microscopy (Harada et al. 2009),
the EM structure had insufficient resolution to identify the knob-like
interaction sites, which at the time were assumed to be cytosolic tails
of the yeast OST subunits.

In addition to the positive determinants that promote the
STT3A–SEC61 interaction, there may be negative determinants that
disfavor the STT3B–SEC61 interaction. One potential negative
determinant is the N-terminal extension on STT3B relative to
STT3A. This segment, due to its proximity to the C-terminal domain
of RPN1, might interfere with the interaction between RPN1 and
the 60 S ribosomal subunit (Braunger et al. 2018). The N-terminal
extension on STT3B appears to be limited to vertebrate organisms,
so this is not a universal mechanism to prevent an STT3B inter-
action with the SEC61 complex. The lumenal domain and first
transmembrane span of the oxidoreductases (MagT1/TUSC3) are
proposed to interfere with the Sec61–STT3B interaction as these seg-
ments are not present in DC2 (Braunger et al. 2018).

Specificity of multisubunit OST complex

assembly

Until the yeast and mammalian OST structures were solved, it was
not known how the complex specific accessory subunits (DC2,
KCP2 and MagT1/TUSC3) interact with STT3A or STT3B.
Sequence alignment between DC2 and TMs 2-4 of OST3 revealed
short blocks of sequence identity interspersed with short blocks of
non-homology (Wild et al. 2018). Moreover, DC2 and TMs 2-4 of
OST3 have a similar three-dimensional structure (Braunger et al.
2018) as depicted in Figure 2C and D. Thus, the DC2 protein can
be viewed as an N-terminally truncated derivative of OST3. Given
the homology between DC2 and OST3, and their shared binding
surface on STT3 proteins (TM10-13 of STT3A or yeast STT3),
what accounts for the specificity of the interaction of DC2 with
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STT3A and MagT1 with STT3B? Sequence alignments revealed that
TMs 10-13 of STT3A and STT3B show lower sequence identity
than other regions of the proteins and highlight an expansion of the
TM12/13 loop in STT3B relative to STT3A (Braunger et al. 2018).
Residues that are conserved between DC2 and OST3 may be
responsible for the similarity in the protein fold, while non-
homologous segments likely specify the interactions with STT3A,
STT3B and the SEC61 complex. Notably, the lumenal loop (L1/2)
of DC2 is larger than the corresponding loop in OST3 (L2/3) and
adopts a markedly different conformation to promote the inter-
action with the Sec61 complex (Figure 2B). Differences in the struc-
ture (Figure 2C and D) and sequence of the C-terminal tails of
OST3 and DC2 also influence the specificity of OST complex forma-
tion as an STT3A interaction motif was mapped to the C-terminus
of DC2 (Shrimal et al. 2017).

Distinct mechanisms for substrate recogniton by

the STT3A and STT3B complexes: implications

for N-linked glycosylation in eukaryotess that

lack the STT3A complex

The combination of positive and negative determinants are proposed
to regulate the association between the OST and the Sec61 com-
plexes (Figure 3A). Nascent glycoproteins are glycosylated in a
highly synchronized manner (Chen et al. 1995) consistent with a
defined distance between the peptidyltransferase site on the ribo-
some and the STT3A active site (Whitley et al. 1996; Nilsson et al.

2003). The STT3A complex (Figure 3B) utilizes an N-terminal to
C-terminal cotranslational scanning mechanism to locate acceptor
sequons (Shrimal and Gilmore 2013). Internal glycosylation sites
that have been skipped by STT3A can be glycosylated by STT3B
within the time-frame of a brief pulse-labeling experiment (Ruiz-
Canada et al. 2009). Hence, the STT3B complex can mediate
cotranslational glycosylation by a mechanism that does not involve
a direct interaction with the Sec61 complex (Figure 3C).
Posttranslocational glycosylation of extreme C-terminal sites in pro-
teins by STT3B does not occur by a scanning mechanism as indi-
cated by the more rapid kinetics of glycosylation of NXT sites than
NXS sites (Shrimal et al. 2013). Importantly, skipped sequons in
folded protein domains are no longer substrates for posttransloca-
tional glycosylation (Figure 3C). We propose that cooperation
between the STT3A and STT3B complexes enhances N-glycosyla-
tion efficiency and led to the expansion of the N-glycoproteome to
include acceptor sites that are not efficiently modified by the STT3B
complex.

Given that the yeast OST lacks DC2, KCP2 and the RPN1 tail,
we favor the hypothesis that the yeast OST does not interact directly
with the yeast Sec61 complex (Figure 3D). If OST3 was responsible
for proposed interaction between the yeast OST and the Sec61 com-
plex (Yan and Lennarz 2005; Bai et al. 2018), one would predict
that the mammalian STT3B complex would interact with the Sec61
complex via MagT1 or TUSC3. However, the STT3B–SEC61 inter-
action was not detected by cryoelectron tomography in STT3A null
cells (Braunger et al. 2018) nor by native gel electrophoresis when
mammalian cells lack both DC2 and KCP2 (Shrimal et al. 2017).

Fig. 3. Oligosaccharyltransferase in metazoan and fungal organisms. (A) Formation of complexes between the oligosaccharyltransferase and the RNC-Sec61

complex is controlled by the presence of positive determinants in the STT3A complex and negative determinants in the STT3B complex. For simplicity, the dia-

grams do not show RPN2, OST48, DAD1, TMEM258, KCP2 and OST4. (B) STT3A cotranslationaly glycosylates proteins using a scanning mechanism. A skipped

sequon is indicated by a red asterisk. (C) STT3B can mediate cotranslational or posttranslocational glycosylation of acceptor sites that were skipped by STT3A

before the protein folds. (D) By analogy to the mammalian STT3B complex we propose that the yeast OST glycosylates substrates by a mechanism that does

not rely on a direct interaction with the Sec61-RNC complex. For simplicity, we do not depict glycoproteins that are translocated by the heptameric Sec complex

or the Ssh1p complex.

295OST structures illuminate mechanism of N-glycosylation



We propose that organisms that lack the STT3A complex mediate
glycosylation by a mechanism that does not rely upon formation of
a complex between the OST and the protein translocation channel
(Figure 3B), but instead acceptor sites are recognized by a non-
scanning mechanism that is facilitated by OST3 (Schulz and Aebi
2009; Schulz et al. 2009; Mohorko et al. 2014).

Future goals and outstanding questions

In our opinion, an important goal for the future will be to determine
whether protein N-glycosylation in yeast utilizes a translocation-channel
coupled mechanism despite the absence of the STT3A complex.
Resolving this issue may shed light on the mechanism of N-glycosylation
in other eukaryotes that lack an STT3A complex including protist
organisms and species in the genus Caenorhabditis. Another objective of
future research will be to obtain a better understanding of the role of the
non-catalytic subnunits that have large lumenal domains (OST1/RPN1,
WBP1/OST48 and SWP1/RPN2). It will be particularly important to
determine whether WBP1 and SWP1 have a role in LLO recognition
either directly via interacting with the LLO donor or indirectly by sta-
blizing the conformation of the conserved STT3 glycan.
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