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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 research-
ers, and molecular biologists to interpret the results of high-throughput experimental studies, by bioin-
formaticians seeking to develop novel algorithms for mining knowledge from genomic studies, and by
systems biologists building predictive models of normal 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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Insertion of tail-anchored proteins into the endoplasmic reticulum membrane 7
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Tail-anchored (TA) proteins have a hydrophobic transmembrane domain (TMD) located near the C-ter-
minus ("tail") of the protein. Depending on the nature of the TMD, TA proteins can be inserted into the
endoplasmic reticulum (ER) membrane by at least 4 mechanisms: cotranslational insertion by the signal
recognition particle (SRP), post-translational insertion by ASNA1 (TRC40), post-translational insertion by
the SRP, and post-translational insertion by a SRP-independent mechanism (SND) (Casson et al. 2017, re-
viewed in Borgese and Fasana 2011, Casson et al. 2016, Aviram et al. 2016, Chio et al. 2017). Much of the
information about the mammalian system of insertion by ASNA1 (TRC40) has been inferred from the
Saccharomyces cerevisiae homologue Get3.

Prior to post-translational insertion by ASNA1, SGTA binds the transmembrane domain of the substrate
TA protein immediately after translation (Leznicki et al. 2011, Leznicki and High 2012, Xu et al. 2012,
Wunderly et al. 2014, Shao et al. 2017), the SGTA:TA protein complex then binds the BAG6 complex
(BAG6:GET4:UBL4A) via UBL4A (Winnefeld et al. 2006, Chartron et al. 2012, Xu et al. 2012, Leznicki et al.
2013, Mock et al. 2015, Kuwabara et al. 2015, Shao et al. 2017), and the TA protein is transferred to ASNA1
(Mariappan et al. 2010, Leznicki et al. 2011, Shao et al. 2017), also bound by the BAG6 complex via UBL4A.
The ASNAL:TA protein complex then docks at the WRB:CAMLG (WRB:CAML) complex located in the ER
membrane and the TA protein is inserted into the ER membrane by an uncharacterized mechanism that
involves ATP and the transmembrane domain insertase activity of the WRB:CAML complex (Vilardi et al.
2011, Vilardi et al. 2014, Vogl et al. 2016, and inferred from yeast in Wang et al. 2014).

Misfolded TA proteins, overexpressed TA proteins, and membrane proteins mislocalized in the cytosol
bind SGTA but are not efficiently transferred to ASNA1 and, instead, are retained by BAG6 which recruits
RNF126 to ubiquitinate them, targeting them for degradation by the proteasome (Wang et al. 2011,
Leznicki and High 2012, Xu et al. 2012, Rodrigo-Brenni et al. 2014, Wunderly et al. 2014, Shao et al. 2017,
reviewed in Lee and Ye 2013, Casson et al. 2016, Krysztofinska et al. 2016, Guna and Hegde 2018).
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SGTA binds Tail-anchored protein 7

Location: Insertion of tail-anchored proteins into the endoplasmic reticulum membrane
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The C-terminal domains of a SGTA dimer bind the C-terminal hydrophobic transmembrane domain
(TMD) of a tail-anchored (TA) protein shortly after it emerges from the ribosome (Liou and Wang 2005,
Leznicki et al. 2011, Wunderley et al. 2014, Shao et al. 2017). Binding of SGTA shields the TMD of the TA
protein and stabilizes the TA protein by preventing it from being targeted for degradation (Leznicki and
High 2012).

Followed by: Tail-anchored protein:SGTA dimer binds BAG6:GET4:UBL4A and ASNA1:ATP
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Tail-anchored protein:SGTA dimer binds BAG6:GET4:UBL4A and ASNA1:ATP ~
Location: Insertion of tail-anchored proteins into the endoplasmic reticulum membrane
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Inferred from: BAG6:GET4:UBL4A binds SEC61B (Homo sapiens)

ASNA1:ATP
dimer

7\

. . Tail-anchored protein:
BAGE:GET4:UBLAA # SGTA:BAG6:GET4:UBL4A:

ASNA1:ATP

Nee—/
7\

Tail-anchored
protein:SGTA dimer

—

cytosol

A SGTA dimer bound to a tail-anchored (TA) protein binds the BAG6 complex (BAG6:GET4:UBL4A) via
UBL4A (Winnefeld et al. 2006, Chartron et al. 2012, Xu et al. 2012, Leznicki et al. 2013, Darby et al. 2014,
Kuwabara et al. 2015, Mock et al. 2015, Shao et al. 2017, also inferred from rabbit homologs in Mariappan
et al. 2010). At some point, ASNA1 (TRC40) also binds the complex (Shao et al. 2017). SGTA interacts with
the ubiquitin-like domain (UBL) of BAG6 and the UBL of UBL4A competes with BAG6 for binding to SGTA
(Chartron et al. 2012, Xu et al. 2012, Leznicki et al. 2013, Darby et al. 2014, Shao et al. 2017).

Preceded by: SGTA binds Tail-anchored protein
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Tail-anchored protein:SGTA:BAG6:GET4:UBL4A:ASNA1:ATP dissociates and ASNA1
hydrolyzes ATP yielding Tail-anchored protein:ASNA1:ADP 7

Location: Insertion of tail-anchored proteins into the endoplasmic reticulum membrane
Stable identifier: R-HSA-9609860
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A properly folded tail-anchored (TA) protein is transferred from SGTA to ASNA1 via the BAG6 complex
(BAG6:UBL4A:GET4 also known at BAT3:GET5:TRC35) (Marriapan et al. 2010, Leznicki et al. 2011, Mock
et al. 2015, Shao et al. 2017, Guna et al. 2018). The TA protein bound to ASNA1 is then presumed to disso-
ciate from the BAG6 complex (inferred from yeast homologs). At some point during or shortly after dis-
sociation, ASNA1 hydrolyzes bound ATP to yield ADP (inferred from yeast homologs).

Improperly folded proteins and improperly localized hydrophobic proteins are transferred from SGTA to
BAGS6 rather than to ASNA1 (Shao et al. 2017). BAG6 then recruits RNF126 and facilitates the ubiquitina-
tion and consequent degradation of the defective protein. The selection of transferring a substrate pro-
tein from SGTA to ASNA1 or to BAG6 thereby acts as a "molecular triage". Proteins with less hydrophobic
tail-anchors appear to be inserted into the endoplasmic reticulum membrane by a separate system com-
prising calmodulin and the ER membrane protein complex (Guna et al. 2018).

Followed by: Tail-anchored protein:ASNA1:ADP binds WRB:CAMLG at the endoplasmic reticulum mem-
brane
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Tail-anchored protein:ASNA1:ADP binds WRB:CAMLG at the endoplasmic reticulum
membrane 7
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A tail-anchored protein bound to ASNA1 dimer (TRC40 dimer) in the cytosol (Stefanovic and Hegde 2007,
Favaloro et al. 2008, Favaloro et al. 2010) docks at the WRB:CAMLG complex located in the endoplasmic
reticulum membrane (Vilardi et al. 2011, Yamamoto and Sakisaka 2012, Vilardi et al. 2014, Colombo et al.
2016, Pfaff et al. 2016, Vogl et al. 2016). The cytoplasmic coiled coil domain of WRB and the cytoplasmic
N-terminal domain of CAMLG compete for binding to ASNA1 (Vilardi et al. 2011, Yamamoto and Sakisaka
2012). As inferred from yeast homologs, ASNA1 hydrolyzes bound ATP at some point, resulting in a
change of conformation of ASNA1. This may transfer the tail-anchored protein to WRB:CAMLG, which

functions as an insertase.

Preceded by: Tail-anchored protein:SGTA:BAG6:GET4:UBL4A:ASNA1:ATP dissociates and ASNA1 hydro-
lyzes ATP yielding Tail-anchored protein:ASNA1:ADP

Followed by: Tail-anchored protein:ASNA1:ADP:WRB:CAMLG dissociates yielding Tail-anchored protein

in the endoplasmic reticulum membrane
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A tail-anchored protein bound to ASNA1 (TRC40) (Stefanovic and Hegde 2007, Favaloro et al. 2008, Faval-
oro et al. 2010) docked at the WRB:CAMLG complex (also known as the WRB:CAML complex) located in
the endoplasmic reticulum membrane is released into the ER membrane in an incompletely character-
ized reaction (Vilardi et al. 2011, Yamamoto and Sakisaka 2012, Vilardi et al. 2014, Colombo et al. 2016,
Pfaff et al. 2016, Vogl et al. 2016). Experiments with yeast homologs (GET1 is the homologue of WRB and
GET?2 is the homologue of CAMLG) indicate that docking of ASNA1:ADP with WRB:CAMLG results in a
conformational change in ASNA1 that causes release of the tail-anchored protein to WRB:CAMLG and
then into the membrane (inferred from yeast homologs), ADP dissociates from ASNA1 at some point dur-
ing the reaction. Exchange of ADP for ATP by ASNA1 then recycles ASNA1 back into the cytosol (inferred
from yeast homologs).

Preceded by: Tail-anchored protein:ASNA1:ADP binds WRB:CAMLG at the endoplasmic reticulum mem-
brane
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Membrane proteins are not delivered to membranes with complete efficiency and a portion can end up
mislocalized to the cytosol. SGTA binds the hydrophobic regions of such mislocalized proteins that are
exposed to the cytosol (Leznicki and High 2012, Xu et al. 2012, Wunderly et al. 2014, Shao et al. 2017). Cli-
ent proteins of SGTA include both tail-anchored proteins destined for insertion into the endoplasmic re-
ticulum membrane (Leznicki et al. 2013) and inappropriately localized proteins such as cytosolic PRNP
(PrP) (Leznicki and High 2012), which is normally located in the plasma membrane. Mislocalized pro-
teins bound by SGTA can be routed to the proteasome via ubiquitination by the BAG6 complex
(BAG6:GET4:UBL4A) (Shao et al. 2017).
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BAG6:GET4:UBL4A binds mislocalized membrane protein:SGTA and ASNA1:ATP 7
Location: Insertion of tail-anchored proteins into the endoplasmic reticulum membrane

Stable identifier: R-HSA-9617596

Type: binding

Compartments: cytosol

Inferred from: BAG6:GET4:UBL4A binds SEC61B (Homo sapiens)

ASNA1:ATP
dimer

BAG6:GET4:UBL4A Mislocalized membrane
P | protein:SGTA:BAG6:GET4:
UBL4A:ASNA1:ATP

Mislocalized membrane
protein:SGTA dimer

cytosol

SGTA is believed to initially bind exposed hydrophobic regions of proteins (client proteins) in the cytosol
and then associate with the BAG6 complex (BAG6:GET4:UBL4A) and ASNA1 (Mariappan et al. 2010, Hessa
et al. 2011, Leznicki et al. 2012, Wunderly et al. 2014, Shao et al. 2017). If the client protein is not effi-
ciently transferred to ASNA1 then the client protein is transferred to BAG6 (Shao et al. 2017), which has
been demonstrated to bind hydrophobic regions of proteins and appears to prevent their aggregation pri-
or to proteasomal degradation (Wang et al. 2011). The efficiency of transfer of a client protein to ASNA1
appears to be determined by the sequence of the hydrophobic domain (Hessa et al. 2011). SGTA is not a
stable component of the BAG6 complex (Marriapan et al. 2010) and SGTA and RNF126 compete for the
same binding site on BAG6 (Krysztofinska et al. 2016).
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