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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway annotations
are authored by expert biologists, in collaboration with Reactome editorial staff and cross-referenced to many
bioinformatics databases. A system of evidence tracking ensures that all assertions are backed up by the primary
literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the
results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining
knowledge from genomic studies, and by systems biologists building predictive models of hormal and disease
variant pathways.

The development of Reactome is supported by grants from the US National Institutes of Health (P41 HG003751),
University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and the European
Molecular Biology Laboratory (EBI Industry program).
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N-glycan trimming in the ER and Calnexin/Calreticulin cycle 7

Stable identifier: R-HSA-532668

After being synthesized in the ER membrane the 14-sugars lipid-linked oligosaccharide is co-translationally
transferred to an unfolded protein, as described in the previous steps. After this point the N-glycan is progressively
trimmed of the three glucoses and some of the mannoses before the protein is transported to the cis-Golgi. Therole
of these trimming reactions is that the N-glycan attached to an unfolded glycoprotein in the ER assume the role of
'tags' that direct the interactions of the glycoprotein with different elements that mediate its folding. The removal of
the two outer glucoses leads to an N-glycan with only one glucose, which is a signal for the binding of either one of
two chaperone proteins, calnexin (CNX) and calreticulin (CRT). These chaperones provide an environment where
the protein can fold more easily. The interaction with these proteins is not transient and is terminated by the
trimming of the last remaining glucose, after which the glycoprotein is released from CNX or CRT and directed to
the ER Quality Control compartment (ERQC) if it still has folding defects, or transported to the Golgi if the folding
is correct. The involvement of N-glycansin the folding quality control of proteinsin the ER explains why this form
of glycosylation is so important, and why defects in the enzymes involved in these reactions are frequently
associated with congenital diseases. However, there are many unknown points in this process, as it is known that
even proteins without N-glycosylation sites can be folded properly (Caramelo JJ and Parodi AJ, 2008).
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Trimming of the first glucose by by mannosyl-oligosaccharide glucosidase 7
Location: N-glycan trimming in the ER and Calnexin/Calreticulin cycle

Stable identifier: R-HSA-532678

Type: transition

Compartments: endoplasmic reticulum membrane, endoplasmic reticulum lumen

MOGS

unfolded protein:
(Glc)2 (GIcNAc)2
unfolded protein: (Man)9 (Asn)1
(Glc)3 (GIcNAc)2

(Man)9 (Asn)1

Glc

endoplasmic reticulum lumen

After the glycosylated precursor is attached to the protein, the outer alpha-1,2-linked glucose is removed by by
mannosyl-oligosaccharide glucosidase (MOGS, GCS1 in yeast). This is a mandatory step for the protein folding
control and glycan extension, and defects in MOGS are associated with congenital disorder of glycosylation type I1b
(CDGIIb) (De Praeter et a. 2000, Volker et al. 2002).

Followed by: Binding of Malectin
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Binding of Malectin 7

Location: N-glycan trimming in the ER and Calnexin/Calreticulin cycle
Stable identifier: R-HSA-901006

Type: binding

Compartments: endoplasmic reticulum membrane, endoplasmic reticulum lumen

unfolded protein: unfolded protein:(Glc)2
(Glc)2 (GIcNAc)2 (GlIcNAc)2 (Man)9 (Asn)1:
(Man)9 (Asn)1 malectin

endoplasmic reticulum lumen

endoplasmic reticulum membrane

A recently discovered protein called malectin is known to recognize the Glc(2)Man(9)GIcNACc(2) glycan (Schallus T
et a, 2008). The exact role of thisinteraction is not clear but malectin is thought to regulate the availability of this
substrate to glucosidase 11, or to act as a chaperone to stabilize the unfolded protein.

Preceded by: Trimming of the first glucose by by mannosyl-oligosaccharide glucosidase

Followed by: Removal of the second glucose by glucosidase II
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Removal of the second glucose by glucosidase II 7
Location: N-glycan trimming in the ER and Calnexin/Calreticulin cycle
Stable identifier: R-HSA-532667

Type: transition

Compartments: endoplasmic reticulum membrane, endoplasmic reticulum lumen

| glucosidase Il |

endoplasmic reticulum membrane

endoplasmic reticulum lumen

unfolded protein:
(Glc)1 (GIcNAc)2
unfolded protein:(Glc)2 (Man)9 (Asn)1
(GIcNAc)2 (Man)9 (Asn)1:
malectin
Glc
O
! MLEC

A second glucose is removed from the N-linked glycan. The removal of an alphal,3 glucose moiety is catalyzed by
glucosidase |1, a complex composed of an alpha subunit (GANAB) with catalytic activity and a beta subunit
(GLU2B; PRKCSH), probably with regulatory and recruitment function (Pelletier MF et al, 2000). GANAB can
exist in two different isoforms, but both are able to catalyze both of the reactions catalyzed by glucosidase Il
(Pelletier MF et al, 2000). Defects in PRKCSH are a cause of polycystic liver disease (PCLD).

Preceded by: Binding of Malectin
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Calnexin/calreticulin cycle 7
Location: N-glycan trimming in the ER and Calnexin/Calreticulin cycle

Stable identifier: R-HSA-901042

The unfolded protein is recognized by a chaperon protein (calnexin or calreticulin) and the folding process starts.
The binding of these protein requires a mono-glucosylated glycan (Caramelo JJ and Parodi AJ, 2008) and lectin-
based interaction with client proteins is the predominant contributor to chaperone activity of calreticulin (inferred
from the mouse homolog in Lum et al. 2016).
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Deglycosylation complex hydrolyses N-glycans from unfolded glycoproteins #
Location: N-glycan trimming in the ER and Calnexin/Calreticulin cycle

Stable identifier: R-HSA-8850594

Type: transition

Compartments: endoplasmic reticulum membrane, cytosol

cytosol
endoplasmic reticulum membrane
Deglycosylation
complex
Ub-unfolded protein: (GlcNAc)2
(GIcNAc)2 (Man)9-5 O (Man)9-5
unfolded
H20 protein

Peptide-N(4)-(N-acetyl-beta-glucosaminyl)asparagine amidase (NGLY 1, aka PNGase) is a cytosolic peptide:N-
glycanase which acts on N-glycoproteins generating free, unconjugated N-glycans and deglycosylated peptides in
which the N-glycosylated asparagine residues are converted to aspartates. It is involved in the quality control system
for misfolded glycoproteins exported to the cytosol that need to be targeted for degradation (Suzuki et al. 2016).
NGLY1 is part of a complex that couples retrotranslocation, ubiquitination and deglycosylation. It is probably
composed of NGLY1, UBX domain-containing protein 1 (UBXN1 aka SAKS1), E3 ubiquitin-protein ligase
(AMFR), transitional endoplasmic reticulum ATPase (VCP), derlin-1 (DERL1), 26S protease regulatory subunit 4
(PSMC1) and UV excision repair protein RAD23 homolog B (RAD23B). NGLY 1 interacts with the proteasome
components RAD23B and PSMC1, directly with VCP and with DERL1, bringing it close to the endoplasmic
reticulum membrane (Katiyar & Lennarz 2004, Song et a. 2005, McNeill et al. 2004, Ye et al. 2004, Katiyar et al.
2005).
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ENGASE hydrolyses unfolded protein:(GlcNAc)2 (Man(9-5) 7
Location: N-glycan trimming in the ER and Calnexin/Calreticulin cycle
Stable identifier: R-HSA-8853379

Type: transition

Compartments: cytosol

cytosol
ENGASE
Ub-unfolded protein: (ﬂ::)ts
(GIcNAc)2 (Man)9-5
©)
unfolded protein:
H20 GIcNAc

Two cytosolic deglycosylating systems can generate free oligosaccharides from glycoproteins; a deglycosylation
complex that hydrolyses the whole glycan from an unfolded protein and cytosolic endo-beta-N-
acetylglucosaminidase (ENGASE) that catalyses the endohydrolysis of -(Man(GIcNAc)2)Asn- structures in
glycoproteins, leaving one N-acetyl-D-glucosamine (GIcNAc) residue attached to the protein (Suzuki et a. 2002).
Glycans with a single GIcNAc at their reducing termini need to be further degraded by a cytosolic alpha-
mannosidase, MAN2C1.
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