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Cryo-EM is uncovering the eukaryotic protein N-glycosylation
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Abstract

N-glycosylation is one of the predominant modifications of eukaryotic proteins. It is catalyzed by
oligosaccharyl transferase (OST), an eight-subunit protein complex in the endoplasmic reticulum
membrane. OST transfers the oligosaccharide from a lipid-linked donor (LLO) to the Asn-Xaa-
Ser/Thr sequon of nascent polypeptide, usually co-translationally by partnering with the ribosome
and the translocon. We and two other groups have recently determined high-resolution cryo-EM
structures of the yeast and mammalian OST complexes. In this Structural Snapshot, we describe
the molecular mechanism of eukaryotic OST and its interaction with the translocon.
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Introduction

Protein glycosylation is a process of covalently attaching sugar moieties to proteins. It plays
important role in many essential biological processes, such as intercellular recognition,
protein folding and stability, protein—protein or protein—ligand interactions, and in many
enzyme activities [1]. There are several types of glycosylation, including A-, O-, and C-
linked glycosylation, glypiation, and phosphoglycosylation [2]. At the three-dimensional
structural level, the vast majority of glycosyltransferases belong to one of three folds: GT-A,
which has a Rossmann-like domain; GT-B, with two Rossmann-like domains; and GT-C,
containing a transmembrane helical domain and a mixed o/ soluble domain [3, 4]. Whereas
O-linked glycosylation is generally catalyzed by enzymes of GT-A and GT-B folds, -
linked glycosylation is exclusively catalyzed by enzymes of GT-C fold.

N-glycosylation is wide spread in eukaryotes [5], but it is also found in some prokaryotes
[6-8]. About half of all proteins in a eukaryotic cell are A-glycosylated, which is catalyzed
by oligosaccharyl transferase (OST), an eight-subunit protein complex found in the ER
membrane [9, 10]. Previous studies revealed that the Saccharomyces cerevisiae OST
contains Ostl, 2, 4, and 5; Stt3; Wbp1; Swpl; and either Ost3 or Ost6 [11, 12]. All these
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subunits have homologs in higher organisms, which express two isoforms, STT3A-OST and
STT3B-OST: ribophorin | corresponds to the yeast Ostl; DAD1 to Ost2; MagT1/TUSC3 or
DC2/KCP2 to Ost3/6; OST4 to Ost4; TMEM258 to Ost5; OST48 to Wbpl; STT3A/STT3B
to Stt3; and ribophorin 1l to Swpl [5]. In S. cerevisiae, because Ost3 binds co-translational
translocon Sec61, and Ost6 binds the post-translational translocon Sshl [11], the Ost3-
containing OST is co-translational and the Ost6-containing OST is post-translational. In
higher organisms, DC2/KPC2, but not MagT1/TUSCS3, interact with the co-translational
translocon Sec61 [29]. Therefore, the DC2/KPC2-containing STT3A-OST functions co-
translationally, whereas the MagT1/TUSC3-containing STT3B-OST functions post-
translationally [5]. A-glycosylation in prokaryotes is catalyzed by a single-subunit enzyme
that is homologous to the catalytic subunit Stt3 of the eukaryotic OST complex [13, 14].

The first structural insight into the A-linked glycosyl transfer reaction was derived from the
crystal structures of the bacterial PglB and the archaeal AgIB, which are homologous to the
catalytic Stt3 subunit of OST [15-18]. The structures of eukaryotic OST had been limited to
low-resolution EM envelopes (which included a low-resolution shape of the yeast OST and
the mapping of the approximate locations of four essential subunits [19]), and three cryo-ET
studies on the native mammalian OST-Sec61-ribosome complex at nanometer resolution
[20-22]. These works lacked structural detail and did not reveal any clues to the functions of
the individual subunits. Recently, our lab at VVan Andel Research Institute and the labs of
Kasper Locher and Markus Aebi at ETH Zurich determined the first atomic-resolution cryo-
EM structures of the yeast OST complex [23, 24]. Around the same time, the labs of Roland
Beckman in Munich and Fredrich Forster, now in Utrecht, published cryo-EM maps of
several mammalian OST—-Sec61-ribosome complexes [25]. These structures are starting to
reveal the molecular mechanism of eukaryotic A~glycosylation.

Structures of the yeast OST complex

The two cryo-EM structures of Saccharomyces cerevisiae OST were both derived from the
endogenous source, one purified with the detergent digitonin and used directly for EM
imaging, and the other purified with a mixture of A-dodecyl-p-D-maltopyranoside and
cholesteryl hemisuccinate and further reconstituted in the nanodisc MSPE3D1 [23, 24]. The
structures were determined to comparable resolutions of 3.5-A and 3.3-A, respectively, in
which all eight subunits were unambiguously resolved (Fig. 1A—C). These two structures
represent a rare example in which the same structure has been determined in two different
environments, in detergent and in nanodisc. The two structures are remarkably similar, with
a root-mean-square deviation of 1.78 A, suggesting that the protein structures are not
appreciably altered if mild manipulations are used to extract them from their native lipid
bilayers, as in these two cases. This is highly encouraging, because the potential for
structural change of membrane proteins outside their native membrane environment is a
constant concern.

Because these two structures are both in the apo state — in the absence of LLO and peptide
substrate — and nearly identical, we will focus our discussion on the structure determined in
digitonin. Yeast OST has a total of 28 predicted transmembrane helices (TMHSs), and the
3.5-A 3D map has densities for 26 of them. The two unresolved TMHs are TMH9 of Stt3
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and TMH1 of Ost3, both of which are around the LLO binding site and are likely dynamic
in the absence of the large donor substrate. The yeast OST contains five soluble domains.
The aqueous domains of Stt3, Ost1, Wbpl, and Swp1 are well resolved in the 3D density
map, but the soluble domain of Ost3 is largely absent, visible only in one of the 3D map
classes and at a very low display threshold, indicating its high flexibility in the apo state of
the enzyme complex. In the OST structure, the catalytic subunit Stt3 forms the core and the
other seven subunits assemble around it. Consistent with previous biochemical studies, the
eight subunits can be grouped into 3 classes according to their assembly features:
Ost1-0st5, Ost2—Swpl-Whp1l, and Stt3—-Ost4—0st3 [26]. Interestingly, several
phospholipid molecules were identified in the subunit interfaces, mediating the OST
complex assembly.

The stabilizing function of an N-glycan in the OST structure

All three predicted glycoproteins in the OST were found to indeed be glycosylated: Asn336
of Ost1, Asn60 of Whpl, and Asn539 of Stt3. There was enough density on Asn539 for
atomic modeling of seven covalently linked sugars for the A~glycan. This glycan directly
interacts with Wbp1 and Swpl, suggesting a stabilizing role of A-glycosylation in regulating
the enzymatic activity of the A-glycosylation complex OST (Fig. 2A-B). Similarly, we
recently found an O-linked trisaccharide that binds and stabilizes the epidermal growth
factor-like (EGF) repeat of the human coagulation factor 9 (hFA9) [27] (Fig. 2C-D).
Although glycans are usually portrayed like a branch of a tree protruding outwards into the
solvent, these observations clearly indicate that glycans can also bind non-covalently to
protein via interactions such as hydrogen bonds and participate in protein folding and
stability.

The N-glycosyltransferase reaction mechanism is likely conserved

The catalytic subunit Stt3 has 13 TMHs, a lumenal domain, and an a-helical accessory
domain that is formed by external loop 1 (EL1) (Fig. 3A), but the structure is in the apo state
and does not contain substrates. However, structures of the bacterial homolog PgIB have
been determined either in complex with Mn2* and a peptide acceptor or in complex with
Mn2*, an LLO analog, and a peptide acceptor (Fig. 3B) [17, 18]. Structural alignment
showed high similarity between Stt3 and PgIB (Fig. 3C). In fact, many catalytically
important residues and structural motifs are conserved and share the same positions in the
two structures (Fig. 3D). For examples, the conserved glycosylation-sequon-binding WWD
motif is located at the top of the active site pocket of Stt3; residues that are expected to
coordinate Mn2* and LLO, such as D47, D166, E168, W208, and R404, are superimposable
with their counterparts in PgIB. These observations suggest that Stt3 and PgIB share the
same catalytic mechanism. In other words, the mechanism of glycosylation sequon
recognition and LLO binding, as proposed for PgIB structure, will likely apply to the
eukaryotic Stt3.
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Interface between OST and the translocon

The determination of the yeast OST structure made it feasible to interrogate the interface
between the OST and the translocon, given the available crystal structure of the yeast Sec61
and the low-resolution cryo-ET map of the mammalian OST-translocon-ribosome. Our lab
and the labs of Kasper Locher and Markus Aebi realized that Ost3 of the yeast OST (DC2/
KCP2 in the mammalian OST) mediated the physical interaction with the co-translocon [23,
24].

The architectural difference between the mammalian STT3A-OST and STT3B-OST in
which DC2/KCP2 - but not MagT1/TUSC3 - physically binding to the translocon [28, 29],
was elegantly confirmed in the labs of Fredrich Férster and Roland Beckmann. They showed
that the translocon was associated with the OST in the cryo-EM map derived from an
STT3B-knockout cell line and that the OST was absent in the density map of the translocon
derived from an STT3A-knockout cell line [25]. Their single-particle cryo-EM efforts led to
an improved 3D map of the OST—Sec61-ribosome in which the translocon had a resolution
of 3.5-4.5 A and the OST had a resolution of 4.5-5.5 A in the transmembrane region (the
resolution was lower at the lumenal soluble region of the OST). With the improved 3D map,
the Forster and Beckmann labs also realized that DC2/KCP2, equivalent to Ost3/6, was
responsible for interfacing with the translocon [25].

To provide a better view of the interface between OST and translocon, we docked the yeast
OST structure into the improved 3D map of the mammalian OST-translocon-ribosome
(Fig. 4A-C). The fact that Ost3/6 interfaces with the translocon explains why two yeast OST
isoforms, the Ost3-containing or the Ost6-containing, exist in yeast and their distinct
association with the Sec61 or Ssh1 translocon, respectively [11]. The OST/translocon
interface is also in agreement with previous biochemical studies demonstrating that DC2/
KCP2 mediates the interaction between the human OST and the translocon [29]. DC2 seems
to maintain tight binding with the translocon, suggesting an essential role in co-translational
N-glycosylation. Interestingly, there is an interaction between the ribosome and the cytosolic
RPN21 domain of ribophorin | (Ostl in yeast). STT3B possesses a unique 47-amino-acid
aqueous domain directly beneath the RPN1 domain and thus interferes with ribosome
binding, potentially explaining the why STT3B-OST does not function co-translationally.

Concluding remarks

The atomic structure of the yeast OST and the near-atomic model of the mammalian OST
—translocon-ribosome complex have revealed the architecture of eukaryotic OST, the likely
conserved glycosyl transfer reaction mechanism of the eukaryotic Stt3, and the physical
interactions between the OST and the translocon-ribosome. However, many key questions
remain. For example, how does the eukaryotic OST accommodate and recognize its donor
substrate, which is considerably larger than the prokaryotic donors? Is an atomic-resolution
structure of the mammalian OST on the horizon that would clarify several mammal-specific
features of the enzyme complex? How do the noncatalytic subunits contribute to A-
glycosylation? Last but not the least, what are the structures and functions of the dozen or so

FEBS J. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bai and Li Page 5

enzymes that sequentially synthesize the LLO donor for the OST to transfer en bloc onto the
nascent peptide chain? We look forward to answering these questions in the coming years.

Abbreviations

AglB archaeal glycosylation B

cryo-EM cryo-electron microscopy

cryo-ET cryo-electron tomography

EGF epidermal growth factor-like repeat

EL1 external loop 1

hFA9 human coagulation factor 9

LLO lipid-linked oligosaccharide

osT oligosacchary! transferase

PglB protein glycosylation locus B

TMH transmembrane helix

WWD motif tryptophan-tryptophan-aspartate motif
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Fig. 1.
Atomic structure of the yeast OST. (A) Cryo-EM 3D map of the OST isolated in digitonin at

3.5 A resolution. (B) Cryo-EM 3D map of the OST reconstituted in nanodisc at 3.3 A
resolution. (C) The OST structure is shown in cartoons and colored in the same scheme as in
panel A. The three A-linked glycans are shown as sticks.
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Fig. 2.
A glycan can directly interact with the underlying protein to exert a stabilizing effect on the

protein structure. (A-B) The 7-sugar A-glycan on Asn539 of Stt3 interacts with and
stabilizes neighboring Whp1 and Swpl. (C-D) The O-linked trisaccharide Xyl-Xyl-Glc on
Ser53 of the EGF motif of hFA9 folds back and interacts with a shallow groove to stabilize
the structure (PDB ID 5VYG).
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Fig. 3.
Structural comparison between the yeast Stt3 and the bacterial PgIB. (A) Atomic structure of

Stt3 in carton view. TMHs are in grey, carboxyl terminal domain (CTD) in cyan, EL1 in
magenta, and the carboxy! terminal extension (CTE) in red. (B) Atomic structure of PgIB in
complex with Mn2*, an acceptor peptide, and a nonhydrolyzable LLO donor analog. (C)
Superimposition of Stt3 and PgIB. (D) A close-up view of the active site of Stt3 aligned with
that of PgIB.
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Fig. 4.
Structure of the mammalian OST-translocon-ribosome complex. (A) Cryo-EM 3D map at

4.2-A overall resolution determined in the Forster and Beckmann labs. (B) A close-up view
of the translocon region using a high surface-rendering threshold as depicted in (A). (C)
Docking of the yeast OST structure into the 3D map of the mammalian OST-translocon
—ribosome. The identity of the red TMH is currently unknown.
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