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Abstract: Asparagine-linked glycosylation, also known as N-linked glycosylation is an essential and
highly conserved post-translational protein modification that occurs in all three domains of life. This
modification is essential for specific molecular recognition, protein folding, sorting in the endoplasmic
reticulum, cell–cell communication, and stability. Defects in N-linked glycosylation results in a class
of inherited diseases known as congenital disorders of glycosylation (CDG). N-linked glycosylation
occurs in the endoplasmic reticulum (ER) lumen by a membrane associated enzyme complex called
the oligosaccharyltransferase (OST). In the central step of this reaction, an oligosaccharide group
is transferred from a lipid-linked dolichol pyrophosphate donor to the acceptor substrate, the side
chain of a specific asparagine residue of a newly synthesized protein. The prokaryotic OST enzyme
consists of a single polypeptide chain, also known as single subunit OST or ssOST. In contrast, the
eukaryotic OST is a complex of multiple non-identical subunits. In this review, we will discuss the
biochemical and structural characterization of the prokaryotic, yeast, and mammalian OST enzymes.
This review explains the most recent high-resolution structures of OST determined thus far and the
mechanistic implication of N-linked glycosylation throughout all domains of life. It has been shown
that the ssOST enzyme, AglB protein of the archaeon Archaeoglobus fulgidus, and the PglB protein of
the bacterium Campylobactor lari are structurally and functionally similar to the catalytic Stt3 subunit
of the eukaryotic OST enzyme complex. Yeast OST enzyme complex contains a single Stt3 subunit,
whereas the human OST complex is formed with either STT3A or STT3B, two paralogues of Stt3.
Both human OST complexes, OST-A (with STT3A) and OST-B (containing STT3B), are involved in the
N-linked glycosylation of proteins in the ER. The cryo-EM structures of both human OST-A and OST-B
complexes were reported recently. An acceptor peptide and a donor substrate (dolichylphosphate)
were observed to be bound to the OST-B complex whereas only dolichylphosphate was bound to
the OST-A complex suggesting disparate affinities of two OST complexes for the acceptor substrates.
However, we still lack an understanding of the independent role of each eukaryotic OST subunit in
N-linked glycosylation or in the stabilization of the enzyme complex. Discerning the role of each
subunit through structure and function studies will potentially reveal the mechanistic details of
N-linked glycosylation in higher organisms. Thus, getting an insight into the requirement of multiple
non-identical subunits in the N-linked glycosylation process in eukaryotes poses an important
future goal.
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1. Introduction

Oligosaccharyltransferase (OST) is a membrane-associated enzyme complex that catalyzes an essential
and highly conserved asparagine-linked or N-linked glycosylation, a protein modification reaction.
N-linked glycosylation occurs in the lumen of the endoplasmic reticulum (ER) and is ubiquitous in
most eukaryotes [1–3] and some prokaryotes [4]. A general mechanism of N-linked glycosylation is
schematically shown in Figure 1. Unlike eukaryotes, in prokaryotes such as archaea and eubacteria,
N-linked glycosylation is largely nonessential although it aids in their survival and pathogenicity. The OST
enzyme is monomeric in bacteria, archaea, and protozoa but is an oligomeric membrane-associated complex
in animals, plants, and fungi [5]. OST catalyzes the transfer of a well-defined oligosaccharide donor
substrate, consisting of three glucose (Glc), nine mannose (Man) and two N-acetylglucosamine (GlcNAc)
monomers, (Glc3Man9GlcNAc2). This carbohydrate moiety is attached to the ER membrane through
a dolichol pyrophosphate (DolPP), also known as a lipid-linked oligosaccharide (LLO). The oligosaccharide
moiety of the LLO donor is transferred to the side chain of an asparagine residue defined by the sequence
-N-X-T/S- (where X , proline) of a newly synthesized polypeptide [6,7]. This modification is required for
protein folding and other downstream processes including stability, molecular recognition, subcellular
targeting, and cell–cell communication [5,8,9]. Defects in N-linked glycosylation cause a class of inherited
diseases collectively known as congenital disorders of glycosylation (CDG) with clinical symptoms that
include but are not limited to mental retardation, developmental delay, liver dysfunction, dysmorphic
features, anorexia, and gastrointestinal disorders [10,11]. In the ER, N-linked glycans primarily assist in
the proper folding of the nascent polypeptide [12–14]. Changes to the N-glycan structure on misfolded
proteins flag them for proteasomal degradation by the ER quality control machinery [9].
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chain of an asparagine residue in -N-X-T/S- consensus sequence within a protein. Protein folding 
occurs after N-linked glycosylation. The three terminal glucose residues are trimmed before 
translocating to the Golgi apparatus for sorting. Misfolded proteins are targeted for degradation by 
proteasomes. 
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glycosylation B (AglB) for archaea, and protein glycosylation B (PglB) for bacteria. In yeast, nine 

Figure 1. An overview of the N-linked glycosylation reaction of proteins in higher eukaryotes:
pyrophosphate and monosaccharides are added to the dolichol lipid on the cytosolic side of the
endoplasmic reticulum. The lipid linked oligosaccharide (LLO) is inverted to the luminal side of
the endoplasmic reticulum (ER). Additional monosaccharides are added to form the mature LLO.
Oligosaccharyltransferase (OST) catalyzes the transfer of the oligosaccharide from the LLO to the
side-chain of an asparagine residue in -N-X-T/S- consensus sequence within a protein. Protein folding
occurs after N-linked glycosylation. The three terminal glucose residues are trimmed before translocating
to the Golgi apparatus for sorting. Misfolded proteins are targeted for degradation by proteasomes.
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The prokaryotic OST enzyme contains a membrane-embedded single subunit: archaeal glycosylation
B (AglB) for archaea, and protein glycosylation B (PglB) for bacteria. In yeast, nine genes encoding
OST subunits have been identified, cloned, and sequenced. The genes OST1, OST2, STT3, WBP1, and
SWP1 are essential for the viability of the cell. Stt3 protein is the catalytic subunit in yeast OST, which is
homologous to the single subunit OST enzyme, AglB in archaea, and PglB in bacteria [15]. The OST4 gene
is essential above room temperature for the growth of yeast cells. Ost4 protein also binds to the catalytic
subunit Stt3 and is necessary for the incorporation of either of the Ost3/Ost6 subunits [16]. The genes
that encode Ost3, Ost5, and Ost6 are not essential, but are required for optimal enzyme activity [17–19].
Ost3 and Ost6 are homologous and only one of the two subunits is present in a given functional enzyme
complex [16].

The metazoan OST subunits have also been identified and cloned. All of these protein subunits
have homologs in the yeast OST complex [20] as shown in Table 1: ribophorin I is the homolog of yeast
Ost1, DAD1 correspond to yeast Ost2, OST4 to Ost4, ribophorin II to yeast Swp1, TUSC3/MAGT1 to
yeast Ost3/Ost6, TMEM258 to yeast Ost5, OST48 to yeast Wbp1, and STT3A/STT3B to yeast Stt3 [21].
These protein subunits assemble together into a multimeric complex similar to the yeast OST enzyme
complex [22].

Table 1. OST subunits and their functions across three domains of life.

Archaea Bacteria Yeast Human Function

ssOST ssOST OST complex OST-A complex OST-B complex
AglB PglB Stt3 STT3A STT3B Catalytic activity

Ost4 OST4 OST4 Maintains stability of
catalytic sub-complex

Ost3/Ost6 MAGT1|N33/TUSC3 Oxidoreductase activity
Ost5 TMEM258 TMEM258 Not clear

Ost1 RPN1 RPN1
Restrains glycosylated

peptide from sliding back to
the catalytic site

Ost2 DAD1 DAD1 Not clear
Wbp1 OST48 OST48 Possibly LLO recruitment
Swp1 RPN2 RPN2 Possibly LLO recruitment

KCP2 Mediates interaction with
translocon channel

DC2 Mediates interaction with
translocon channel

Genetic and biochemical studies have provided information on the subunits and their assembly in
the yeast OST complex, however, recent advances in atomic resolution structural techniques including
nuclear magnetic resonance (NMR) spectroscopy, crystallography, and cryo-electron microscopy have
shed light on the molecular structures of the individual subunits or the whole OST complex. Crystal
structures of the luminal domain of Ost6 [23,24], NMR structures of Ost4 [25,26] and Stt3 [27], and
low resolutions cryo-EM structures of mammalian and yeast OST complex [28,29] have contributed to
the understanding of the OST enzyme complex and the overall mechanism of N-linked glycosylation
reaction (Table 2). Recent high-resolution cryo-EM structures of the yeast OST complex [30,31] and
both the human OST complexes [32] have transformed our understanding of this enzyme (Table 2).
These new insights have laid the groundwork for future investigation and mechanistic studies on the
role of each individual subunit in acceptor/donor substrate recognition/specificity and/or stabilization
of the multi-subunit enzyme complex in the N-linked glycosylation process. Here, we review the
biochemical and structural characterization of bacterial, archaea, yeast, and mammalian OST complexes.
In addition, we shed light on the N-linked glycosylation mechanism in all domains of life based on the
most recent high-resolution structures.
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Table 2. List of all the high-resolution structures determined by various methods thus far with their
PDB code.

Prokaryotic Oligosaccharyltransferase

ReferencesBacterial Oligosaccharyltransferase

Protein Method PDB ID

Compylobactor lari PglB with acceptor peptide X-ray 3RCE [33]
Compylobactor lari PglB with acceptor peptide and LLO analog X-ray 5OGL [34]
Compylobactor lari PglB with inhibitory peptide and reactive LLO X-ray 6GXC [35]
C-terminal domain of Compylobactor jejuni PglB X-ray 3AAG [36]

Archaeal Oligosaccharyltransferase

C-terminal soluble domain from Archaeoglobus fulgidus X-ray 3VU0 [37]
C-terminal soluble domain from Pyrococcus horikoshii X-ray 3VU1 [37]
C-term globular domain as MBP fusion from Archaeoglobus fulgidus X-ray 3WAI [38]
Archaeoglobus fulgidus AglB X-ray 3WAK [39]
Archaeoglobus fulgidus AglB with Zn and sulfate X-ray 3WAJ [39]
Archaeoglobus fulgidus AglB with acceptor peptide X-ray 5GMY [40]

Eukaryotic Oligosaccharyltransferase

(1) Yeast Oligosaccharyltransferase (OST)

Yeast OST subunit Ost4p Solution NMR 1RKL [26]
Oxidized Ost6L X-ray 3G7Y [24]
Reduced Ost6L X-ray 3G9B [24]
Photo-reduced Ost6L X-ray 3GA4 [24]
C-terminal domain of Stt3p subunit Solution NMR 2LGZ [27]
OST complex Cryo-EM 6EZN [31]
OST complex Cryo-EM 6C26 [30]

(2) Human Oligosaccharyltransferase

Soluble N-terminal domain of N33/Tusc3 subunit X-ray 4M90, 4M91,
4M92, and 4M8G [23]

Ost4 subunit Solution NMR 2LAT [25]
OST-A complex Cryo-EM 6S7O [32]
OST-B complex Cryo-EM 6S7T [32]

2. N-Linked Glycosylation: An Overview

2.1. Donor Substrates in Prokaryotes and Archaea

N-linked glycosylation was originally believed to take place only in eukaryotic organisms
until the discovery of alkali-sensitive glycoproteins extracted from the cell surface in archaea,
Halobacterium [41–45]. In Halobacterium salinarum, the asparagine residue in the -N-X-T/S- motif
is glycosylated with a tetra-saccharide that is transferred either from a membrane associated dolichol
phosphate (DolP) or dolichol pyrophosphate (DolPP) donor depending on species [45–47]. The flagellins
in the archaeon, Methanococcus voltae, are glycosylated at multiple -N-X-T/S- sites with a trisaccharide
through an asparaginyl-β-GlcNAc linkage [44], but in Haloferax volcanii, dolichol-phosphate linked
mannosyl-β(1,4)-galactosyl (Man-β(1,4)-Gal) oligosaccharide is the donor. Although the above
oligosaccharides are shorter and not branched, the N-linked glycan of Pyrobaculum calidifontis has high
mannose content with branching [48] while that of Archaeoglobus fulgidus has high hexose content
with branching [49]. This evidence suggests a wide diversity in the N-glycan structures of the LLO
donor substrates for the AglB enzyme although dolichol is the common carrier [42,44,49]. In contrast
to archaea, in bacteria, the isoprenoid moiety is an undecaprenol (Und). The first eubacterial N-linked
glycosylation system was identified for Campylobacter jejuni [4,43,50]. The PglB enzyme in eubacteria
transfers the donor substrate, a preassembled heptasaccharide attached to undecaprenyl pyrophosphate
(UndPP-heptasaccharide) to a wide array of target proteins at selected asparagine residues in the
consensus sequon.
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2.2. Donor Substrate in Eukaryotes and Possible Mechanism of Sugar Transfer

In higher eukaryotes, three glucose (Glc), nine mannose (Man), and two N-acetyl glucosamine
(GlcNAc) monosaccharides are assembled sequentially to form a 14-residue oligosaccharide structure
on a lipid-linked dolichol pyrophosphate carrier constituting the lipid-linked oligosaccharide (LLO)
donor substrate [51,52]. Lower eukaryotes such as protists use a shorter oligosaccharide lacking the
terminal three glucose residues [53]. OST is responsible for the en bloc transfer of this preassembled
14-residue oligosaccharide chain (Glc3Man9GlcNAc2) to the selected asparagine specified by the
N-linked glycosylation sequon on a nascent polypeptide. In the N-linked glycosylation reaction,
the dolichol pyrophosphate (DolPP) acts as a leaving group following a nucleophilic attack at the C1
position of the GlcNAc. The mechanistic model to explain the primary amide reactivity in this OST
catalyzed glycosyl transfer process was originally proposed as shown in Figure 2a [54–56].

In this model, the carboxamido oxygen of the asparagine side chain forms hydrogen bonds with the
side-chain hydroxyl group and to the backbone amide proton of Ser/Thr at the +2 position. Subsequently,
a proton from the nitrogen atom of the asparagine side chain is abstracted by a general base at the OST
active site resulting in the formation of the imidate tautomer, a competent nucleophile. A nucleophilic
attack on the DolPP-bound sugar was proposed to be the catalytic mechanism of the transfer of the
glycan structure in this model (Figure 2a). However, this model (Figure 2a) has not been supported by
the recent high-resolution structure of PglB-acceptor peptide complex [33]. No appropriate residues
have been observed in the catalytic site of this complex that can activate the acceptor asparagine residue
by abstracting a proton. Thus, this model involving a general base mechanism has not been supported
by recent structural data. A new mechanism involving carboxamide twisting for the activation of
the amide nitrogen has been proposed (Figure 2b). In this model, two residues at the catalytic site,
D56 and E319 are optimally positioned to form hydrogen bonds with the two amide protons of the
acceptor asparagine in PglB [33]. In AglB and yeast Stt3, D47 and E360 [30,31,39], human Stt3A, D49
and E351, and human Stt3B, D103 and N623 [32] are the two hydrogen bond acceptors for the acceptor
asparagine amide protons. It has been proposed that formation of these hydrogen bonds would lead
to the rotation of the N-C bond of the amido group, which effectively decouples the conjugation of
the nitrogen electrons from the carbonyl group. This decoupling renders the nitrogen atom reactive
for a nucleophilic attack on the C1 anomeric carbon of the LLO creating a new N-glycosidic bond
while displacing the leaving group (DolPP) from the donor substrate [33,54,57]. During the reaction,
the -N-X-T/S- sequon needs to maintain an extended strand conformation and does not accommodate
all possible secondary structures of fully folded proteins suggesting that glycosylation needs to take
place on an unfolded polypeptide acceptor substrate.
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Figure 2. Possible reaction schemes of N-linked glycosylation showing nucleophilic attack by sidechain
amide of the acceptor asparagine residue yielding a glycosylated peptide. (a) Mechanism of formation
of an imidate tautomer, a competent nucleophile followed by nucleophilic attack on C1 of the
dolichol-linked oligosaccharide. (b) Twisted amide activation mechanism for glycosylation of the
acceptor peptide. The amide group forms H- bonds (dashed lines) with Glu319 and Asp56 residues
leading to rotation of the C-N bond (indicated by the blue arrow) in bacterial PglB. These residues
(Asp56 and Glu319) form H-bonds with the catalytic divalent metal ion. R1 is OH in eukaryotes, and
oligosaccharyl in bacteria. R2 is oligosaccharyl in eukaryotes and NHAc in bacteria. R3 is CH2OH in
eukaryotes and CH3 in bacteria [58]. X is any amino acid except proline.

3. Structural Mechanisms of N-Linked Glycosylation by OST

3.1. Bacteria and Archaea

The crystal structures of the eubacterial OST Compylobactor lari, PglB, in the presence of acceptor
peptides (D/EXNXT/S) have greatly enhanced the understanding of the mechanism of N-linked
glycosylation [33,35]. Furthermore, a crystal structure of the apo form of AglB from the archaeon
Archaeoglobus fulgidus has shown that despite low sequence similarity, archaea use a structurally and
likely functionally similar mechanism for oligosaccharide transfer [39]. These structures contain
two domains: a transmembrane domain consisting of 13 transmembrane helices connected by short
cytoplasmic loops and a luminal or periplasmic C-terminal domain with mixed α/β topology in
both eubacteria and archaea [59]. The periplasmic C-terminal domain contains two distinct cavities
(labeled cavity 1 and cavity 2 in Figure 3) that appear to be the binding sites for the nascent peptide
and the oligosaccharide portion of the LLO, respectively, with the catalytic site situated between the
two cavities.
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The acceptor substrate-binding pocket contains two conserved motifs: the highly conserved
WWD motif and the bacterially specific MXXI motif. The indole nitrogen of the tryptophan and the
aspartate side chain from the WWD motif in PglB form a set of highly specific hydrogen bonds with
the hydroxyl (-OH) of either a T or S residue at the +2 position of the acceptor peptide sequence and its
backbone amide (Figure 4). Therefore, the WWD motif specifically recognizes the side-chain hydroxyl
group of T/S at the +2 position. This eliminates the possibility of the T/S side-chain performing any
catalytic role in the mechanism of N-linked glycosylation as previously proposed [60] prior to structural
determination. An isoleucine from the MXXI motif in PglB makes a hydrophobic contact with the
methyl group of threonine at the +2 position of the peptide. This explains the observation that peptides
containing serine at the +2 position have lower glycosylation efficiency relative to threonine [61–63].
However, this isoleucine is not conserved in AglB [39] and is occupied by lysine (K618) instead. This
suggests that there is a degree of flexibility in the type of amino acid that may be present in close
proximity to the methyl group of the threonine. Since non-canonical residues such as cysteine, alanine,
and valine have low affinity when present in the recognition sequences, but larger residues such as
leucine or glutamine have no affinity, this suggests that some rather bulky amino acid such as lysine is
required in the position occupied by I572 in PglB [33,39]. However, the binding interactions with T/S at
the +2 position by the WWD motif are only part of the peptide recognition by the enzyme. The amide
nitrogen of the Asn residue at position 0 is situated between two acidic residues in PglB, D56, and E319.
This facilitates hydrogen bond formation between the amide protons of the acceptor Asn with D56
and E319. These two amino acids (D56 and E319) along with R147, D154, and D156 also coordinate to
a divalent metal ion. The metal ion is located between the two cavities and is positioned so that it can
coordinate and stabilize the phosphate groups on the LLO. This stabilization provided by the metal ion
and its surrounding chelating residues (D56 and E319) facilitates nucleophilic attack by the N residue
via the carboxamide twist mechanism described earlier on the anomeric carbon of the saccharide
directly attached to the phosphate or pyrophosphate leaving group. The second cavity provides
a binding pocket to the saccharide portion of the LLO above the surface of the membrane and bridges
the connection to the first cavity with the metal ion and its coordinating residues. Although there is
no peptide bound to the active site in the crystal structure of AglB, it appears that the catalytically
important residues E319 and D56 from PglB are replaced by E360 and D47 in AglB and the additional
residues that coordinate to the metal ion including D154, D156, and R147 in PglB are replaced by D161,
H163, and R154 in AglB, respectively. Therefore it appears that the overall mechanism is that the
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peptide recognition sequence is identified by specific binding of the WWD motif to the T/S at position
+2 and the N at position 0 is sandwiched between two acidic residues that also chelate to a divalent
metal ion and act as hydrogen bond acceptors to the two amide hydrogens of the N residue to activate
the nitrogen as a nucleophile via the carboxamide twist that decouples the lone pair on the nitrogen
atom from the carbonyl. The metal ion also coordinates and positions the phosphate groups from the
LLO to be the leaving group once the now activated nucleophilic amide nitrogen attacks the anomeric
carbon on the saccharide of the LLO to create the new N-glycosidic bond.
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3.2. Yeast

In eukaryotes, OST is an enzyme complex composed of multiple non-identical protein subunits [6].
Yeast, Saccharomyces cerevisiae, has two functional OST isoforms each containing eight of the nine
non-identical protein subunits. Both isoforms share seven subunits: Ost1, Ost2, Ost4, Ost5, Stt3,
Swp1, and Wbp1. Each isoform contains either Ost3 or the homologous Ost6 subunit. Genetic,
biochemical, and recent structural studies have verified that these subunits are grouped into three
subcomplexes: subcomplex I (Ost1-Ost5), subcomplex II (Ost4-Stt3-Ost3/Ost6), and subcomplex III
(Wbp1-Swp1-Ost2) [17,18,30,31,64–67]. The low resolution cryo-EM structure of yeast OST complex
in the apo state provided an idea of the overall shape and approximate locations of four essential
subunits [28]. However, recent advancements in cryo-EM technology have allowed construction of
a high-resolution structure of the yeast OST complex in the apo state. The structural details have
greatly contributed to the understanding of the yeast OST structure, including the assembly of the
eight-subunit complex and the possible functions of certain subunits in N-linked glycosylation.

In this structure, the catalytic subunit Stt3 is at the core with seven other subunits assembled
around it [30,31]. The structure contains a total of 28 transmembrane helices (TMHs) and five soluble
luminal domains. Of these, TMH1 and the luminal domain of Ost3 are missing in the EM map along
with the external loop EL5 (connecting TMH9 and TMH10) of Stt3. Poor resolution is also observed for
the TMH9 of Stt3. These regions, EL5 and TMH9 of Stt3 and TMH1 of Ost3 are likely disordered in the
absence of the bound substrates. This fact is supported by the substrate-bound structures of PglB and
recently reported human Stt3B [32,33].
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3.2.1. Catalytic Subunit Stt3

Similar to the PglB and AglB structures, the catalytic subunit Stt3 is composed of 13 TMHs
containing an N-terminal domain and a C-terminal luminal domain consisting of a mixed α/β fold.
Ost4 is nestled between TMH1 and TMH13 of Stt3 stabilizing the Stt3 structure. Three TMHs of Ost3
interact with TMH10, 11, and 13 of Stt3. By comparing the yeast OST structure in the apo state to the
substrate-bound structures of PglB and AglB, key mechanistic insights with respect to the binding
pocket and interactions with both acceptor and donor substrates were gleaned. The superposition
of the structures of yeast Stt3 and bacterial PglB revealed that the conserved motifs critical for the
binding of the substrates have similar spatial arrangements suggesting a conserved mechanism of
glycosylation despite low sequence identity. The WWD motif that forms hydrogen bonds with the
β-hydroxyl group of the Ser/Thr at position +2 of the acceptor sequon, D47 (corresponding to D56 in
PglB) that interacts with both the carboxamide group of the acceptor Asn and the catalytic metal ion,
the D-X-D/E motif that coordinates the catalytic metal ion (where D166 and E168 in yeast correspond
to D154 and D156 in PglB, respectively), and K586 residue of the DK motif (corresponding to I572 in
the MXXI motif in PglB) that contributes additional binding interactions to the Ser/Thr at +2 position
of the acceptor sequon are all conserved across the three domains of life (Figure 5). Indeed, residues
that interact with LLO binding, R404 (R375 in PglB) with the pyrophosphate group of LLO, and Y521
(Y468 in PglB) that forms hydrogen bond with the N-acetyl group of the C-2 substituent of the first
saccharide moiety, are also conserved (Figure 6a,b).
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Figure 5. Sequence alignment of bacterial PglB, archaeon AglB, yeast Stt3, human STT3A, and human
STT3B proteins to show the important residues and motifs. D56 (PglB), D47 (AglB and yeast Stt3),
D49 (human STT3A), and D103 (human STT3B) are shown in green background. DXD motif in
PglB, DXE motifs in yeast Stt3, human STT3A, and human STT3B are shown in cyan background.
The conserved WWD motif is shown in red background highlighted in yellow. The MXXI motif in PglB
that corresponds to DK motifs in AglB and yeast Stt3 are shown in purple background.
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All the above observations indicate that yeast Stt3 and bacterial PglB share the same catalytic
mechanism of glycosylation sequon recognition and LLO binding. However, there are also subtle
differences in the Stt3 recognition of the acceptor sequon, which may translate to the requirement
of consensus sequence and specificities. For example, the requirement of bacterial acceptor sequon,
-D-X-N-X-T/S-, is longer than that of the eukaryal sequon, -N-X-T/S- [68]. This difference in the length
of the required sequon is explained based on residues in PglB that interact with D at the −2 position.
Thus, the peptide-binding pocket of the PglB has R331 which interacts with a negatively charged D/E
at the −2 position of the bacterial sequon [33]. This R331 is conserved in bacterial ssOST. However, the
putative acceptor peptide-binding pocket in yeast Stt3 contains D362 instead of R331. This suggests
that for eukaryotes, a D/E at position −2 of the acceptor sequon is not necessary for the recognition by
Stt3 and accordingly no positively charged residue is present in the peptide-binding pocket. Instead,
a smaller amino acid such as D provides a larger cavity space to accommodate voluminous sidechains
such as aromatic residues at the −2 position. This observation clarifies an earlier finding that OST can
glycosylate substrates with aromatic residues at the −2 position with higher efficiency [69]. Another
difference between bacterial PglB and yeast Stt3 is that the bacterial PglB MXXI motif is replaced by the
DK motif in yeast Stt3 [30,31].

3.2.2. Non-Catalytic Subunits

Despite a number of reports on the role of non-catalytic subunits of the yeast OST enzyme,
the exact functions of these subunits are still not clear. Recent high-resolution structures of yeast OST
have shed some light on the possible roles of some of these subunits [30,31].

Subcomplex I is composed of two subunits, Ost1 and Ost5. Ost1 contains two similar N-terminal
luminal domains, which are formed of mainly β-sheets [30,31]. Ost1 is shown to bind only glycosylated
peptides, which suggests that it may restrain the sliding back of the newly glycosylated peptide into
the catalytic site [30,70]. Ost5 of this subcomplex has been suggested to assist Ost1 [30]. Both TMHs of
Ost5 pack against the single TMH of Ost1 as seen in the recent cryo-EM structures [30,31].

Subcomplex II contains Ost4, the catalytic subunit Stt3, and either Ost3 or Ost6. Ost4, the smallest
subunit of the OST complex, interacts very tightly with Stt3. The NMR structure of yeast Ost4 in mixed
aqueous-organic solvent shows a well-formed kinked helix [26]. Mutation of any residue present in
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positions 18 to 24 to a charged residue in Ost4 resulted in severe growth defects in yeast [71]. These
mutations were reported to destabilize the Stt3-Ost4-Ost3 sub-complex [71,72]. Ost4 stabilizes Stt3
and helps in the recruitment of Ost3/Ost6 as well [16,30,31]. Recombinant Ost4 and Ost4V23D mutant
proteins have been successfully expressed, purified, and reconstituted in detergent for structure-function
studies [73,74]. Ost3, a subunit that is homologous to Ost6, contains four transmembrane helices. Three
of the TMHs of Ost3 interacts with TMH10, 11, and 13 of Stt3. The luminal domain of Ost3 is reported
to be flexible in the absence of an LLO [31]. The transmembrane helix2 of this subunit is reported to
interact with transmembrane helices 6 and 11 of Stt3 forming a groove that creates the putative LLO
docking site [30].

Subcomplex III is composed of Ost2, Swp1, and Wbp1. Swp1 and Wbp1 are the non-catalytic
subunits that contain large luminal N-terminal domains. In the membrane, four TMHs of Ost2 and
three TMHs of Swp1 arrange around the only TMH of Wbp1 [30]. Ost2 contains an N-terminal
α-helix located on the cytoplasmic side parallel to the membrane axis. This helix contacts TMHs
8 and 9 of Stt3. Thus, Ost2 mediates contacts between Stt3 and TMHs of Wbp1 and Swp1. While
Wbp1 contains two luminal domains, Swp1 contains one. Despite several reports on functions of
these proteins [75,76], their role in substrate binding and catalysis is still unclear [77]. Previously,
Swp1 and Wbp1 along with Ost1 were predicted to act as chaperones assisting protein folding and
glycosylation [75,78]. However, structures of the OST complex clearly show that they do not adopt
chaperon-like folds [30,31]. Wbp1 possesses a GIFT domain [79]. The GIFT domain is named for
flavobacterial gliding protein GldG and the intraflagellar transport (IFT) protein, IFT-52 of the green
alga Clamydomonas reinhartdtii [79]. GIFT domains are proposed to have sugar-binding function based
on their sequence similarity to β-galactosidase and sugar isomerase (SIS) [79]. Thus, it may play an
important role in LLO binding. In fact, it has been proposed that Swp1 and Wbp1are likely involved in
recruiting LLO or serve as a docking platform for the recruitment of other accessory proteins acting on
nascent glycoproteins [30,31].

3.2.3. Pathway for LLO Entry in Yeast OST

The structures of free PglB and substrate-bound PglB have been crucial to the understanding of the
LLO pathway. The external loop5 (EL5) in PglB is disordered in the absence of the donor and acceptor
substrates, but becomes ordered in the bound state. Based on this observation, it is proposed that EL5
disordering in PglB allows the donor substrate, LLO, to diffuse under it to the catalytic site [30,31].
The yeast OST also has a disordered EL5 in the apo state. However, a large membrane-embedded
pocket, formed by TMH2 of Ost3, and TMHs 6, 8, and 11 of Stt3, is observed inside the OST [30].
Furthermore, the disordered EL5, TMH9 of Stt3, and TMH1 of Ost3 enlarge this donor-binding pocket.
Yeast LLO is much larger in comparison to the bacterial LLO as far as both the lipid carrier (dolichol)
and the oligosaccharide (OS) moiety are concerned. Based on these observations, it is proposed that
unlike the bacterial LLO, the yeast LLO is too large to dive under the disordered EL5; hence, it enters
the catalytic site via the gap between TMH8 and TMH9 of Stt3 [30].

3.2.4. OST-Translocon Interaction

It was previously reported that the two yeast OST isoforms containing either Ost3 or Ost6 interact
with the Sec61 and Ssh1 translocon complexes, respectively [80,81]. A good fit was observed between
mammalian and yeast OSTs when the recent model of yeast OST was docked to the cryo-electron
tomogram of a mammalian ribosome-translocon-OST complex [30,31]. Further docking studies
using the crystal structure of mammalian Sec61 revealed that Ost3 mediates the interaction with the
translocon [30]. The TMHs 3-4 of Ost3 specifically pack tightly with TMH1 of Sec61α, TMH2 of Sec61β,
and the only TMH of Sec61γ [30].
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3.2.5. Assembly of Subcomplexes in the OST Complex

Recent cryo-EM structures [30,31] of yeast OST confirmed the previously reported groups of
three subcomplexes: subcomplex I (Ost5-Ost1), subcomplex II (Stt3-Ost4-Ost3/Ost6), and subcomplex
III (Ost2-Swp1-Wbp1) [30,31,82]. Recent structures suggest that there are not many protein–protein
interactions among the subcomplexes; hence, the interface among the three subcomplexes in the
transmembrane region is loose [30]. However, seven highly ordered phospholipids that appear to
stabilize the complex are identified in the recent cryo-EM structure at the interface of these three
subcomplexes with the eighth phospholipid situated at the donor-binding site of Stt3 [30]. Three of the
well-ordered phospholipids are observed at the interface between subcomplex II (Stt3-Ost4-Ost3/Ost6)
and subcomplex I (Ost1-Ost5). These phospholipid head groups are in contact with some of the
hydrophilic residues of Ost1, Stt3, and Ost5. Additionally, the hydrophobic tails interact with the
hydrophobic residues in TMH1–TMH2 of Stt3 and TMH2 of Ost5 [30]. Two of the phospholipids are
involved in the stabilization of the interface of subcomplex II (Stt3-Ost4-Ost3/Ost6) and subcomplex III
(Ost2-Swp1-Wbp1) [30]. While the hydrophobic tails of these phospholipids interact with hydrophobic
residues of TMH3 of Ost2, TMH2–TMH3 of Swp1, TMH5 and EL1 of Stt3, the phosphate head groups
form either hydrogen bonds or salt-bridges to the side chains of some of the ionizable residues of
Wbp1 [30]. Thus, it appears that well-ordered phospholipids play crucial roles in the assembly and
stabilization of all the three subcomplexes to form the complete OST enzyme complex.

3.3. Human

In humans and other mammals, the OST complex has diverged into two distinct isoforms known
as OST-A and OST-B that perform distinctly different roles in N-linked glycosylation of proteins. OST-A
is connected directly to the translocation channel called Sec61 in the ER membrane and scans the newly
synthesized unfolded polypeptide chain emerging from the ribosome for glycosylation sites [83,84].
Therefore, OST-A is responsible for the majority of N-linked glycosylation in mammals [85]. In contrast
OST-B seems to act in a proofreading role to catch glycosylation sites that OST-A misses for partially
folded proteins or proteins that contain disulfide bonds. Recently, a high resolution cryo-EM structure
of both OST-A and OST-B was reported that contains a bound lipid substrate in both complexes
and a native peptide fragment in just OST-B [32]. OST-A and OST-B are very similar but contain
some important differences. Both complexes contain the following subunits: ribophorin 1 (RPN1),
ribophorin 2 (RPN2), defender against cell death 1(DAD1), OST 48-kDa subunit (OST48), OST 4-kDa
subunit (OST4), and transmembrane protein 258 (TMEM258) (Figure 7a,b) [22]. Where they differ is
that the OST-A complex contains keratinocyte-associated protein 2 (KCP2) and/or DC2 in place of
OST3/OST6 from yeast and the catalytic subunit is STT3A. KCP2 and DC2 were previously shown to
be the subunits that mediate a connection to the ribosome via the translocation channel Sec61 [83,84].
However, the most recent high-resolution structure of purified OST-A did not appear to contain
the KCP2 subunit as a part of subcomplex II, but did appear to partially bind an additional protein
called malectin [32]. The OST-B complex also binds malectin, but with a higher affinity than OST-A.
Malectin, in association with ribophorin I, preferentially associates with the misfolded glycoproteins
and guides these to the proteasome for degradation [86,87]. Thus, malectin is involved in the quality
control of glycoproteins in the ER [87]. Since unfolded glycoproteins increase the interaction between
malectin and ribophorin I [88], this suggests that the OST-B complex may encounter more unfolded
glycoproteins than OST-A.

The recent cryo-EM structure indicates that DC2 binds specifically to STT3A and magnesium
transporter protein 1 (MAGT1) binds specifically to STT3B [32]. The binding interactions between
DC2 to STT3A and MAGT1 to STT3B are specific to each complex [32]. Neither could MAGT1 bind to
STT3A nor could DC2 bind to STT3B due to steric clashes [32]. MAGT1 is a membrane protein that is
expressed in a wide range of cells throughout the cell. It regulates the cellular magnesium levels [89].
STT3B is the catalytic subunit of OST-B and contains either tumor suppressor candidate 3 (TUSC3) or
MAGT1 subunits as redox capable yeast OST3/OST6 homologs, respectively [20,84,90]. As a result,
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yeast subcomplexes I and III are identical in both OST-A and OST-B and the differences manifest in
subcomplex II. Figure 7a,b shows the subunit composition and domain organization of the OST-A and
OST-B complexes and their respective subcomplexes.Biomolecules 2020, 10, x 13 of 20 
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Overall, the architecture of both OST-A and OST-B are very similar in their cryo-EM structures
especially with respect to the active site [32]. In the cryo-EM structure, surprisingly OST-A and OST-B
complexes were each found to contain a dolichol phosphate (DolP) positioned near the catalytic
divalent metal ion. No density was observed in the cryo-EM map for the second phosphate group of the
expected dolichol pyrophosphate (DolPP) carrier for either complex [32]. A notable difference between
OST-A and OST-B was that while OST-B was bound to a native peptide as its acceptor substrate at
the active site, OST-A did not contain any acceptor substrate in its active site [32]. This suggests that
OST-A, when not bound to the Sec61 translocation channel and the ribosome, has a lower inherent
affinity for acceptor substrate peptide than OST-B. The lower affinity for an acceptor substrate peptide
was further corroborated by in vitro assays with a cognate peptide and a minimal (GlcNAc2) LLO,
which showed that only OST-B could form a glycosylated peptide within 1 h [32]. Using a larger
(GlcNAc2Man5) LLO in the same assay demonstrated that both complexes are active, but OST-B is
more active than OST-A [32].

The bound peptide in the OST-B complex was in an extended strand conformation but looped
into the shape of a U. As has been observed in PglB, the T residue at the +2 position is coordinated by



Biomolecules 2020, 10, 624 14 of 20

the WWD loop with a series of hydrogen bonds (Figure 8). Additionally, the N residue at position
0 is situated near the divalent metal ion and between catalytic residues D103 and N623 (Figure 8),
which are analogous to D56 and E319, respectively, from PglB, to be activated as a nucleophile by the
same carboxamide twist mechanism observed in PglB and AglB. Finally, it is worth noting that the
presence of the cognate peptide in the OST-B complex and the dolichol phosphate lipid in both of the
purified complexes indicate that the rate-limiting step in the glycosylation pathway appears to be the
exchange of the dolichol phosphate leaving group for a new LLO after the peptide has been properly
positioned within the active site. Once a new LLO comes into the active site, the activated nucleophilic
nitrogen of the asparagine attacks the anomeric carbon on the oligosaccharide and then dissociates as
a glycosylated peptide, leaving the dolichol phosphate behind still coordinated to the divalent metal
ion and making contact to an ordered EL5 helix that is disordered in the yeast OST when a lipid is
not bound. This suggests that EL5 may transition from disordered to fully structured upon binding
the LLO.
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with dashed lines. D103 and N623 in STT3B correspond to D56 and E319 in bacterial PglB.

3.3.1. Glycosylation by the OST-A Isoform

The STT3A complex interacts with the Sec61 translocon channel and is positioned adjacent to
the protein translocon channel [90–92]. The acceptor sequences in nascent polypeptide emerging
from the ribosome first makes contact with STT3A [15,93] so that the acceptor site in the newly
translated polypeptide is scanned in an N-terminal to C-terminal manner [93,94]. This initial contact
of the newly formed peptide does not appear to take place with the STT3B complex, which suggests
a different form of peptide recognition not linked directly to the ribosome. Nascent polypeptides
are co-translationally glycosylated by the STT3A complex more efficiently if Thr is present at the
+2 position of the recognition sequence. Polypeptides containing Ser at the +2 position are skipped
and instead are post-translationally glycosylated by the STT3B isoform [94]. The acceptor residue
is exposed to the active site through a porthole in the catalytic site in a manner similar to what has
been shown in the bacterial OST PglB [33]. The STT3A complex residing adjacent to the ribosome
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translocon complex scans for an acceptor sequence -N-X-T-, and transfers the oligosaccharide molecule
co-translationally before disulfide bond formation can occur in the newly translated protein. N-linked
glycosylation of proteins takes place prior to disulfide bond formation to allow the linear nascent
polypeptide to enter the OST catalytic site [20]. Formation of disulfide bond/s ahead of N-linked
glycosylation may allow the protein to adopt a conformation that could inhibit its entry into a OST
catalytic site [20].

3.3.2. Proofreading by the OST-B Complex

The STT3B complex glycosylates any conformationally available acceptor sites that are missed
by STT3A [95,96]. This proofreading by the STT3B complex takes place either co-translationally
or post-translationally depending upon the position of the skipped acceptor site relative to the
C-terminus of the protein [90,96]. Acceptor sites located within the C-terminal 50 residues are
rarely glycosylated by the STT3A complex. These skipped acceptor sites of polypeptides are instead
post-translationally glycosylated by the STT3B complex. The acceptor sites that are frequently skipped
by the STT3A complex are located within five residues of the signal sequence cleavage sites, in small
membrane proteins, -N-X-G- sites, acceptor sites near to cystines, -N-C-T/S-, and closely spaced -N-X-S-
sites [94,95,97–99]. The folding rate of nascent glycoproteins and the diffusion rate of the substrate
after being skipped by STT3A are two of the factors that determine the efficiency of glycosylation by
the STT3B complex [20].

4. Conclusions

The mechanism of N-linked glycosylation is remarkably similar in all three domains of life.
Unicellular organisms such as bacteria contain a single unit OST enzyme, while the OST enzyme
in both yeast and metazoans is composed of multiple subunits. The organisms containing multiple
subunit OSTs are reported to glycosylate a variety of acceptor peptides [100]. This indicates that the
non-catalytic subunits assist in increasing the glycosylation efficiency of Stt3 by interacting with the
substrates or by impacting the protein folding after glycosylation. Recent high-resolution structures
of the yeast OST complex, human OST complex, and the SEC61-STT3A complex have enhanced our
understanding of the multi-subunit OST enzyme mechanism and possible roles for various subunits.
However, the functions of certain subunits, particularly those having larger luminal domains, still
require additional investigation.
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