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Abstract

The site of protein folding and maturation for the majority of proteins that are secreted, localized
to the plasma membrane or targeted to endomembrane compartments is the endoplasmic reticulum
(ER). It is essential that proteins targeted to the ER are properly folded in order to carry out their
function, as well as maintain protein homeostasis, as accumulation of misfolded proteins could
lead to the formation of cytotoxic aggregates. Because protein folding is an error-prone process,
the ER contains protein quality control networks that act to optimize proper folding and trafficking
of client proteins. If a protein is unable to reach its native state, it is targeted for ER retention and
subsequent degradation. The protein quality control networks of the ER that oversee this
evaluation or interrogation process that decides the fate of maturing nascent chains is comprised of
three general types of families: the classical chaperones, the carbohydrate-dependent system, and
the thiol-dependent system. The cooperative action of these families promotes protein quality
control and protein homeostasis in the ER. This review will describe the families of the ER protein
quality control network and discuss the functions of individual members.

Keywords

endoplasmic reticulum; secretory pathway; quality control; molecular chaperones; N-linked
glycosylation; oxidoreductases

Introduction

Gunter Blobel’s seminal studies on protein targeting that led to his proposal of the signal/
hypothesis theory in the 1970s [1-3], laid the conceptual framework for later studies on the
eukaryotic secretory pathway and provided a valuable experimental system to dissect
processes involving the endoplasmic reticulum (ER) [4-6]. A third of the proteome was later
found to be targeted to the ER for entry into the secretory pathway for maturation and
eventually secretion or delivery to various locations within the secretory/endocytic pathways
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[7]. With the discovery of molecular chaperones a decade later by Ellis, Hartl, Horwich,
Laskey, Lorimer, Pelham and others [8-12], protein folding and assembly was found to be
an assisted process within the cell. Several molecular chaperone families reside in the ER to
help these early maturation events including the folding reaction for proteins that traverse
the secretory pathway. As protein folding is an error-prone process, prolonged binding to
molecular chaperones is also utilized in an interrogation or evaluation process to determine
if the structural integrity of the protein product is sound so that native proteins can be passed
along the secretory pathway and non-native products can be retained and repaired, or
eventually sorted for degradation. This cellular interrogation step was termed protein quality
control by Ari Helenius shortly after the discovery of molecular chaperones [13]. In this
article, we will review the quality control processes that take place in the early eukaryotic
secretory pathway or ER that seek to ensure that only native substrates are passed along the
secretory pathway while terminally misfolded proteins are targeted for degradation.

The ER is the site of protein maturation for secretory pathway cargo. These processes are
assisted by chaperone and oxidoreductase family members that help increase the efficiency
of reaching the native and active state of a protein. Many of these maturation assistance
factors are also central players in the protein quality control evaluation and sorting
processes. There are three general categories of protein quality control factors in the ER that
will be discussed below: (1) the classical molecular chaperone systems; (2) glycan-
dependent molecular chaperone systems; and (3) thiol-dependent oxidoreductases. These
factors play diverse but well integrated roles in maintaining protein homeostasis in the ER
that involves the passage of properly folded cargo, while defective cargo is retained and
subsequently degraded.

The Classical Chaperones of the ER

Chaperones from the classical heat shock (heat shock proteins, Hsp) families generally bind
to hydrophobic domains on substrates in order to promote productive folding and prevent
aggregation [14]. The binding cycle of the classical chaperones is regulated by adenine
nucleotides. The ER contains members from the Hsp40s, Hsp70 (BiP/GRP78) and Hsp90
(GRP94) families. Of these, BiP is the most abundant and appears to play the widest role in
the ER, including assisting protein folding, protein translocation, ER retention and
promotion of ER-associated degradation (ERAD) of misfolded substrates, and inducing the
unfolded protein response (UPR) signaling cascade [15, 16]. Here, we will focus largely on
the protein quality control functions of BiP and its associated regulators.

BiP binds promiscuously to clients frequently at a number of sites on a maturing protein [17,
18]. These sites are generally hydrophobic and contain alternating aliphatic residues [19,
17]. There are algorithms that predict BiP sites on client proteins by analyzing the primary
amino acid sequence [20]. However, the utilization of these predicted sites by BiP requires
experimental demonstration for validation. BiP interacts with substrates via its substrate
binding domain (SBD) that is regulated by its nucleotide binding domain (NBD; Figure 1A
and B) [16]. When the NBD is bound by ATP, BiP exhibits a low substrate affinity due to the
lid of the SBD being in an open conformation, leading to a high on-and-off rate of the
substrate. Hydrolysis of ATP, leaving BiP in an ADP-bound state, increases substrate affinity
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by allowing the lid of the SBD to close over the substrate. In the case of some substrates,
direct interaction between the lid and the substrate can occur without the lid domain closing
over the substrate, therefore allowing for significant substrate tertiary structure and
suggesting that BiP has a relatively flexible substrate preference [21].

BiP co-factors regulate the binding and release of substrates. Proteins that contain J-domains
or HPD motifs (the tripeptide His-Pro-Asp) are known to interact with Hsp70 family
members to induce their ATPase activity at locations throughout the cell [22]. The ATPase
activity of BiP is stimulated by the ERdj proteins that also assist the recruitment of
substrates to BiP [23]. Release of substrate occurs when ADP is exchanged for ATP, placing
BiP back in a low substrate affinity conformation. Nucleotide exchange is regulated by
nucleotide exchange factors (NEFs). There are two known NEFs for BiP: Sill and Lhsl in
Saccharomyces cerevisiae [24-26], and Bap and GRP170 are mammalian homologues [26-
28, 16]. GRP170, in addition to being a NEF for BiP, also possesses a region that is
homologous to Hsp70 itself [29]. However, the role for this region is uncertain.

In yeast, BiP (Kar2p), is localized to the ER translocon by its association with the J-domain
protein Sec63 [30]. This positions BiP in its substrate bound state to help with the
translocation and early stages of nascent chains folding to its native state [5, 31, 32]. BiP
also plays a central role in targeting misfolded proteins for degradation [33-35]. These
alternate fates for a BiP substrate may be directed by multiple factors. Prolonged substrate
binding, as opposed to transient interactions with early folding intermediates, may target a
substrate for ERAD [36, 37]. Further specificity may be conferred by the BiP cofactor J-
proteins. While the role of each J-protein is currently unclear, certain J-proteins have been
shown to promote distinct fates for BiP substrates. ERdj4 promotes the degradation of a
natural variant of surfactant protein C (SP-C) and represses UPR by promoting BiP
interaction with IRE1 and repressing IRE1 dimerization [38, 39]. ERd]5 possesses reductase
activity and has been shown to promote the degradation of multiple substrates including SP-
C and the 1-antitrypsin variant nu//Hong Kong (NHK), possibly by reduction of disulfide
bonds, allowing the substrate to be threaded through the ERAD retrotranslocon [38, 40, 41].
A cellular peptide library demonstrated that ERdj4 and ERd]5 recognize peptides rich in
aromatic residues, suggesting that these J-proteins recognize misfolded residues exposing
aggregation prone domains and therefore support degradation of these proteins [18]. ERd]j3
has a diverse set of roles, but generally promotes protein folding [16, 42]. However, ERd]3
can also promote degradation of specific substrates such as-glucocerebrosidase [43]. ERdj6
(p58'PK) appears to promote protein folding and the protection against ER stress [44]. The J-
domain co-factors of BiP control the localization of BiP, its substrate selection, and activity,
thereby contributing to the diversification of its roles in ER protein quality control.

The activity of BiP can also be regulated by chemical modification. In the absence of ER
stress, BiP is chemically modified by AMPylation [45-47]. AMPylation of BiP by FICD (or
HYPE) has been shown to be inhibitory to BiP substrate binding as it confers a substrate
affinity similar to the ATP-bound state [48]. AMPylation does not inhibit ERd] protein
binding but allosterically inhibits ERdj mediated ATP-hydrolysis, causing BiP to remain in a
low substrate affinity state. Under stress, the level of BiP increases and it is de-AMPylated
by FICD, which can act to both AMPylate and de-AMPylate BiP, depending on its
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functional state (Figure 1B) [47, 49]. In this manner, a large pool of BiP can be quickly
converted into an active state upon ER stress, thereby decreasing the time required to
respond to stress.

While the ER hsp90 family member GRP94, is absent from the yeast ER, it is found in
higher eukaryotes. ERAD substrates including a-1 antitrypsin NHK and y-aminobutyric
acid type A (GABAA) receptors were stabilized by the knockdown of GRP94 in cells [50-
52]. These studies also found GRP94 associated with the lectin ERAD receptor, Os-9, and
the ERAD E3 ligase HRD1. However, other data demonstrates that Os-9 preferentially
interacts with hyperglycosylated GRP94, and knockdown of GRP94 does not stabilize a-1
antitrypsin NHK [53]. Together these results support a possible role for GRP94 in ERAD
substrate selection and targeting, but these conclusions remain unclear.

Carbohydrate-dependent protein quality control

The majority of proteins that are targeted to the ER are N-linked glycosylated [54]. N-linked
glycosylation plays numerous roles during protein folding. These large, hydrophilic protein
appendages promote protein solubility and alter folding energetics (Figure 2A), as well as
protein function [55-59]. N-linked glycans also act as reporters of the folded state and age
of the glycoprotein. As a glycoprotein folds and matures, the glycan is modified, through
both trimming and addition, and these modifications affect the glycoprotein’s interaction
with carbohydrate-binding proteins resident to the ER, thereby altering folding and
trafficking [60—62]. At the hub of the glycan-dependent quality control system are the lectin
chaperones calnexin and calreticulin. Calnexin and calreticulin substrate binding plays a
central role in the folding and quality control of glycosylated cargo in the ER.

The N-linked glycan (Fig 2A) is preassembled on a dolichol phosphate in the ER membrane
and is appended en bloc by the oligosaccharyltransferase (OST) as GIcNAc,MangGlucs to
the Asn in the consensus site of Asn-X-Ser/Thr (where X is not Pro) on the substrate [62,
63]. While most glycosylation occurs co-translationally via OST complexes containing the
catalytic subunit STT3A, skipped acceptor sites can be glycosylated post-translationally via
STT3B-containing OST complexes [64].

After glycosylation, the glycan is then trimmed by -glucosidase I, generating a glycan with
two glucoses. In this state, the glycoprotein can interact with the lectin malectin. Malectin is
a membrane-associated ER-resident protein that specifically recognizes di-glucosylated
glycans [65]. Malectin associates with the OST component ribophorin | and acts to retain
misfolded glycoproteins in the ER [66, 67]. The ER retention role of malectin is somewhat
surprising as it resides in a region of the ER where early folding steps occur. A potential
answer to this conundrum may be that malectin is ER-stress induced, and therefore may only
play a relevant role under stress when proteins translocating into the ER are less likely to
undergo productive folding [68]. Alternatively, malectin’s association with an OST subunit
may aid in glycosylation of downstream sites as most glycoproteins contain more than one
site of modification.
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Trimming of the second glucose by -glucosidase Il creates monoglucosylated glycans. In
this state, the glycan can be bound by the membrane-bound lectin chaperone calnexin or its
soluble paralogue calreticulin that bind to monoglucosylated glycans with micromolar
affinity (Figure 3) [69-71]. Trimming of the final glucose by -glucosidase Il yields a non-
glucosylated glycan that supports release of the glycoprotein from calnexin and calreticulin.
In this state, natively folded glycoproteins can be further trafficked through the ER. Non-
natively folded glycoproteins are recognized by the folding sensor UDP-glucose:
glycoprotein glucosyltransferase 1 (UGGT1). UGGT1 reglucosylates substrates regenerating
monoglucosylated glycans that then become substrates for calnexin/calreticulin rebinding,
supporting retention of misfolded substrates while allowing for continued folding [6, 72].
Cycles of substrate binding to calnexin and calreticulin, trimming by -glucosidase I, and
reglucosylation by UGGT1 support the retention of misfolded glycoproteins in the ER while
promoting folding through interactions with chaperones and their associated co-factors. As
such, UGGT1 acts as a gatekeeper of the calnexin/calreticulin cycle, determining if
glycoproteins may exit the ER or must be retained.

While calnexin and calreticulin share 39% sequence identity, each has unique properties [73,
74]. Both calnexin and calreticulin are composed of a lectin domain, a flexible proline-rich
domain (P-domain) and a C-terminal domain (Figure 2B and C) [70]. Calnexin possesses a
transmembrane domain near its C-terminus, while the soluble calreticulin’s C-terminal
domain has low affinity and high capacity calcium binding sites comprised of a series of
acidic residues that support its role as a calcium buffer [75]. The lectin binding domain of
both calnexin and calreticulin folds to a globular conformation containing a single
carbohydrate binding site (Figure 2C). Isothermal calorimetry data has demonstrated that the
lectin domain alone is capable of binding substrate [76]. The P-domain adopts an extended,
arm-like conformation with a hairpin turn. The P-domain of calnexin contains four copies of
a Pro rich motif [77], while the P-domain of calreticulin contains three such motifs, though
both are structurally similar. The P-domain of both calnexin and calreticulin are interaction
sites for the cofactors ERp57 and ERp29, protein disulfide isomerases; and cyclophilin B, a
peptidyl proline isomerase [78-80]. By interacting with a diverse set of folding factors, the
P-domains of calnexin and calreticulin function to bring substrates and folding factors in
close proximity, supporting productive protein folding and quality control.

UGGT1 is a soluble ER-resident protein consisting of an N-terminal folding sensor domain
and a C-terminal glucosyltransferase domain. Recent x-ray crystal structures from both
Thermomyces dupontii and Chaetomium thermophilum have found that the N-terminal
domain consists of four catalytically inactive thioredoxin like domains [81, 82]. Three of
these domains are sequential while the fourth is non-sequential, comprised of long range
interactions. The N-terminal folding sensor domain adopts a flexible, curved conformation
with a prominent central cavity that contains hydrophobic patches. These findings suggest
that UGGT1 interacts with high-mannose substrates primarily via hydrophobic interactions.
UGGT1 has a homologue UGGT?2 that is 55% identical to UGGT1. UGGT2 has been shown
to possess an active glucosyltransferase domain when domain swapped with UGGT1, but
biological substrates have not been identified for UGGT2 [83].
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Selenoprotein 15 (Sep15/Selenof) is a UGGT binding protein with redox activity [84].
Sep15 interacts tightly with UGGT1 and 2, such that the entire pool of Sep15 is bound to
UGGT1/2, though not all UGGT1/2 are bound by Sep15 [85]. /17 vitro, Sep15 has been
shown to increase the enzymatic activity of UGGT1/2 [83]. Sep15 may modulate the
selection of substrates by UGGT or act upon substrates modified by UGGT to help with
their repair and folding [86]. Selenocysteines, considered the 215t amino acid, are found in
the active site of Sep15. Since selenocysteines generally possess reducing or disulfide bond
breaking activity, it is possible that Sep15 acts to reduce disulfides to try to repair non-native
cargo. Additional work is needed to elucidate the biological role of Sep15.

The roles of the calnexin/calreticulin cycle are diverse and important for proper ER function.
These roles range from promoting productive folding, limiting deleterious folding pathways
and aggregation, and retention of non-native or incompletely assembled proteins [87- 90].
Indicative of these vital roles is the embryonic lethality of knocking out multiple factors in
the calnexin/calreticulin pathway including calreticulin (18 days), UGGT1 (13 days) and
ERp57 (13.5 days) [91-93]. Calnexin knockout mice display decreased rates of survival
within 48 hr post-birth while survivors displayed multiple motor disorders [94]. Such
lethality and disorders are indicative of the diverse roles of calnexin and calreticulin, and the
extensive set of substrates that are dependent on this carbohydrate-dependent chaperone
pathway for proper folding and trafficking.

A central role of the calnexin/calreticulin pathway is to promote proper folding of
glycoprotein intermediates. Numerous substrates exhibit reduced folding efficiency and
decreased rates of trafficking when interactions with calnexin and calreticulin are abrogated,
including hemagglutinin, neuraminidase, vesicular stomatitis virus G protein, MHC class I,
antithrombin 111 and corin [88, 90, 89, 95-97]. Calnexin and calreticulin act as molecular
chaperones by decreasing the rate of folding of substrates in a region-specific manner [73,
98, 96, 95]. This is done by sterically blocking regions proximal to the glycan interacting
with the lectin domain while leaving regions distal to the glycan free to fold or interact with
other factors. In this manner, the folding pathway of a protein can be determined both by the
amino acid sequence and the location of glycans.

When proper folding or multimer assembly of calnexin and calreticulin substrates does not
occur, the calnexin/calreticulin pathway generally acts to retain such substrates through
persistent reglucosylation by UGGT1 and rebinding to calnexin or calreticulin [99-102].
However, data from UGG TT~ mouse embryonic fibroblasts showed that the effect of
reglucosylation and interaction with the calnexin/calreticulin pathway is substrate specific
[103]. There appears to exist three classes of UGGT1 substrates. The first class are proteins
that require only one round of binding to calnexin or calreticulin, and therefore do not
require reglucosylation by UGGT1 to fold properly. When UGGT1 is knocked out, the
trafficking of these proteins is unaltered. The second class involves proteins that are secreted
faster when reglucosylation does not occur, and this might be due to the decreased
interaction time with calnexin/calreticulin. Alternatively, some proteins displayed decreased
rates of secretion, suggesting that reglucosylation and multiple rounds of calnexin/
calreticulin binding acts to increase the rate of secretion. This may be due to the calnexin/
calreticulin pathway promoting folding efficiency and sequestration of structural elements
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that act to retain such substrates in the ER. Overall, the calnexin/calreticulin pathway alters
the folding and trafficking of a diverse set of substrates, but it does not function in a
common manner for all substrates. Eventually non-productively folding substrates must be
extracted from the calnexin/calreticulin cycle for targeting for degradation to maintain
proper ER homeostasis [102].

Mannose trimming plays a central role both in the extraction of terminally misfolded or slow
folding glycoproteins from the calnexin/calreticulin cycle and the sorting for degradation to
the ERAD process. Trimming of A-branch mannose residues precludes the ability of
UGGT1 to modify the glycan for calnexin and calreticulin rebinding. Whereas removal of
B- and C-branch mannoses creates a degradation signal that is recognized by downstream
sorting lectins that target the demannosylated substrates for ERAD. The secretory pathway
possesses a number of mannosidases that trim the various mannose residues including ER
mannosidase | (ER Man 1 also called Man1B1), the EDEM family members (EDEM1-3),
Golgi 1,2-mannosidases (Golgi Man 1A, IB, and IC) and endomannosidase that help to
support these functions (Figure 4) [104, 105, 61].

The extraction of substrates from the calnexin and calreticulin binding cycle appears to be
cell type dependent. Some cells possess an endomannosidase activity capable of cleaving the
A-branch mannose residues and abolishing UGGT1 modification. However, this activity is
missing from Chinese Hamster Ovary (CHO) cells and possibly other cells [106]. While
EDEML1 has been shown to be able to extract substrates from the lectin chaperone binding
cycle [107, 108], it is not clear if this is through direct binding to the substrate, mannose
trimming of the A-branch glycans, or possibly the utilization of both properties. Further
investigation is required to understand the full mechanism of extraction of misfolded
substrates from the calnexin and calreticulin binding cycle.

Treatment with mannosidase inhibitors stabilizes ERAD substrates [109]. Mannose
trimming on B- and C-branches is linked to creating a degradation signal on ERAD
glycoprotein substrates. Initially, it was thought that the transition of the N-linked glycans to
MangGIcNAC; sorted the protein for ERAD [110]. ER Man I/Man1B1 has been implicated
in removing the B-branch terminal mannose and recognizing tertiary and quaternary
structure [111, 112]. The activity of ERManl/Man1B1 is enhanced in the presence of the
oxidoreductants PDI or TXNDC11 [112]. In S. cerevisiae, the ER Man | equivalent, Mnslp,
removes the outermost mannose from branch B, creating an eight mannose residue glycan
(termed M8B) [110, 113]. More recent studies discovered that degradation signaling
required an additional ER mannosidase in yeast, Htm1p, that removes the C-branch terminal
mannose, to expose an 1,6-linked mannose residue, and it is this residue that is the signal for
ERAD [110, 114]. The ER lectin yos9p recognizes and binds ERAD substrates containing
exposed or terminal 1,6-linked mannoses and targets them to the Hrd1p-containing dislocon
complex in the ER membrane for dislocation, ubiquitination and degradation by the
proteasome [115-118].

The process in metazoans appears to be more complex as the mannosidases involved have
diversified. The EDEM family of three (EDEM1-3) serves as homologues to Htm1p. While
all three EDEM family members have now been shown to possess mannosidase activity in

Protein J. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adams et al.

Page 8

cells, as well as using purified proteins more recently [119-122, 112], the precise glycans
they act upon and generate remains uncertain. Following the yeast paradigm, ER Manl/
Man1B1 and the EDEMs work together to create Man7-5 glycans with exposed 1,6-linked
mannose residues on the C-branch [121]. These demannosylated ERAD substrates are
recognized by two downstream mannose-receptor homology (MRH) domains containing
lectins that reside in the ER; OS9 and XTP3B [123, 50, 124]. It is these carbohydrate-
binding proteins that then target the substrate to the HRD1 dislocation/ubiquitination
complex in the ER membrane. Multiple mechanisms likely protect substrates from improper
trimming by mannosidases including mannosidase subcompartmentalization and regulated
concentration of mannosidases in the ER [125, 126].

The mannosidases involved in ERAD do not act as traditional glycosidases that trim glycans
by transiently interacting with the carbohydrate. Some of them appear to contain folding
sensing properties directly or through their associated co-factors. Htm1p mannosidase
activity is aided by an associated oxidoreductase, Pdilp [127, 128]. While EDEM1 appears
to stably bind ERAD substrates independently of its associated factors BiP and ERd)5, its
binding appears to be bi-partite in that it has a stable interaction that survives harsh
treatments that is thiol dependent and likely covalent, as well as a weaker interaction with
substrates that is thiol independent [122, 129]. The associated ERd]5 appears to assist in the
reduction of substrates to make them competent for dislocation but is not required for thiol
dependent binding [41, 129, 130, 122]. BiP is recruited to the EDEM1 complex by the J-
domain of ERd]j5. BiP may also contribute to ERAD substrate selection, translocation
preparation and dislocon complex delivery in some way.

The role for EDEMs in protein quality control is further complicated by the fact that they
also appear to bind and select substrates in a glycan-independent manner [129, 131, 122]. In
the case of EDEML, the mannosidase-like domain can also act as a lectin and aid in the
delivery of ERAD substrates to downstream dislocation complex by binding to the N-linked
glycans on the HRD1 complex adapter, SEL1L (Hrd3p homologue in yeast) [129, 132].
While mannose trimming clearly marks terminally misfolded substrates for turnover through
the ERAD process, the versatility and possible redundancy of lectin quality control factors
has complicated the full understanding of their functions and mechanisms.

Thiol-dependent protein quality control

The ER is an oxidizing environment and the site of disulfide bond formation between
proximal Cys pairs on maturing proteins. Disulfide bonds are crucial for the structure and
activity of many proteins that traverse the secretory pathway. Numerous oxidoreductase
proteins in the ER aid in the formation, reduction, and isomerization of disulfide bonds in
order to ensure the correct native disulfides are formed, which is dependent upon the redox
potential of an active site disulfide (Figure 5). As most Cys are paired in disulfides before
trafficking from the ER, free thiols can act as an indicator that a protein is non-native. The
ER has quality control machinery that recognizes proteins with free thiols. While extensive
studies have been performed to elucidate the mechanism of disulfide bond formation and the
factors involved, here we will focus on thiol-dependent protein quality control.
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Protein disulfide isomerase (PDI) is a large family of ER proteins with more than twenty
members that play essential roles in disulfide bond formation and maintenance [133-135,
132, 136]. We will focus on a subset of PDIT which are well characterized, though other
proteins of the PDI family exist which may interact with a smaller subset of clients (i.e.
TXNDCS5, TXNDC15 and TMX1). A protein by the same name as the family is also used to
identify the most abundant member of the family and PDI can help form, reduce, and
isomerize disulfide bonds. The oxidative partner of PDI is ERO1 /, allowing PDI to remain
in a redox competent state [137]. PDI is comprised of four thioredoxin like domains; a, b, b’
and a’. Of these domains, a and a’ are active thioredoxins, containing catalytically active
Cys-Xxx-Xxx-Cys motifs [138]. PDI appears to be able to bind substrates in both a redox
dependent and independent manner as the b’ domain of PDI binds to hydrophobic substrates
[139-141]. PDI may be capable of scanning proteins for misfolded regions and potentially
oxidize, reduce, or isomerize disulfide bonds of clients in order to promote proper folding
[142]. PDl is a versatile protein as it has also been shown to promote the degradation of
misfolded substrates [143].

Two members of the PDI family associate with the P-domain of calnexin and calreticulin,
ERp57 and ERp29, for recruitment to glycosylated substrates. Similar to PDI, ERp57 is
comprised of four thioredoxin-like domains of which two are catalytically active [144].
ERp57 acts as an oxidoreductase and is brought in close contact with glycoprotein folding
intermediates or retained substrates through its interaction with the carbohydrate-binding
chaperones, allowing for scanning of substrates to ensure proper disulfide bonding [145].
ERp29 is unusual in that it is a dimer and lacks a catalytic active site as it only possesses a
single Cys residue. It is possible that this Cys is used for isomerization. Its role in
polyomavirus infection and virus disassembly and penetration across the ER membrane is
analogous to the preparation and translocation of aberrant proteins for ERAD but this
connection will require further investigation [146].

ERp72 consists of five thioredoxin domain; a, a, a’, b, and b’, of which a, a, and a’ possess
catalytically active Cys-Xxx-Xxx-Cys motifs [147]. Despite the high level of structural
similarity to ERp57, ERp72 does not interact with calnexin or calreticulin, likely due to
differences in exposed surface charges [148]. However, ERp72 interacts with cyclophilin B
via a polyacidic stretch of amino acids on ERp72 [149]. This interaction increases the rate of
in vitro folding of immunoglobulin G. ERp72 retains misfolded cholera toxin and
thyroglobulin as shown by RNAI and overexpression studies [143]. ERp72 has been shown
to stably interact with and retain thyroglobulin through a disulfide bond [150]. While more
work is needed to fully understand the role of ERp72, these data suggest that ERp72, for a
subset of clients, promotes folding and ER retention.

ERdj5 is the largest PDI family member. It has six thioredoxin domains and a J-domain that
recruits BiP. Its redox state favors a role as a reductase for preparation of non-native proteins
for dislocation to the cytoplasm for proteasomal degradation [41]. ERd]5 can reduce
glycosylated substrates through its association with EDEML1. BiP can also capture
nonglycosylated ERAD substrates independent from EDEM1 for passage to ERdj5 and
delivery to the SEL1L/HRD1 dislocation complex [130]. Work from the Hendershot group
using a peptide library, mapped ERdj5 binding sites to aggregation-prone sequences on a
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protein underscoring its role in quality control [18]. The structure of ERdj5 is dynamic as
measured by high-speed atomic force microscopy and this flexibility in some way assists its
ability to enhance ERAD [151]. ERdj5 plays a central reductive role in the preparation of
both glycosylated and non-glycosylated substrates for degradation.

While numerous proteins facilitate proper disulfide bond formation, errors can occur that
could, if progressed unchecked, lead to secretion of non-native proteins with free Cys. This
is potentially problematic as reactive thiols can enhance aggregation mediated by non-native
intermolecular disulfide bonds. As such, ER quality control recognizes proteins with non-
native, reactive free thiols and retains them in the ER. ERp44 is a soluble chaperone of the
protein disulfide isomerase family that cycles between the ER and early Golgi [152]. It
contains three thioredoxin domains; a, b, and b’, of which a is catalytically active [135].
ERp44 uses Cys29 to retain non-native or unassembled substrates containing free thiols and
this has been shown for substrates including unassembled IgM, adiponectin and SUMF1
[153-156]. The manner in which ERp44 binds and retains proteins in the ER is proposed to
be pH dependent [157, 158]. In this model, ERp44 traffics from the ER to the Golgi, where
the pH is progressively lower. The C-terminal tail of ERp44 undergoes a pH-dependent
conformational change in the Golgi, exposing the Cys29 necessary for client binding while
also exposing the RDEL retention/retrieval sequence at its C-terminus [159, 160]. ERp44
then traffics back to the ER by interacting with KDEL receptors with its substrate covalently
attached. It is currently unclear how ERp44 releases substrates upon re-entry into the ER,
though the intermolecular disulfide bond is likely reduced by another member of the PDI
family. In this manner, clients with free thiols can be retained in the ER via cycling between
the ER and early Golgi.

Open questions remain regarding the extent to which free thiols act as hallmarks of
misfolded proteins. Numerous native proteins with free thiols exit the ER for secretion or
residence in the lysosome, as in the case of lysosomal Cys proteases with active site Cys.
How these proteins escape quality control recognition is unclear. One possibility is any
unpaired Cys are buried and therefore not accessible to factors involved in recognizing
proteins with free thiols. Also, the nearby environment or context of the Cys may contribute
to its pKa and reactiveness, and thereby determine its effectiveness in supporting retention
and subsequent degradation. Additionally, non-native proteins with free thiols may evade
thiol dependent quality control by forming non-native, intermolecular disulfide bonds,
thereby generating disulfide linked protein aggregates which are resistant to degradation.

Sequence specific chaperone and oxidoreductase binding appears to be the basis for quality
control recognition. Hallmarks of misfolded proteins include exposed hydrophobic domains
and free thiols. These features can also impact the N-linked glycan composition to further
signal aberrancy to the quality control system. As the quality control process is responsible
for monitoring thousands of proteins that traverse the secretory pathway, the sequences that
signal non-nativeness must be degenerate. While some factors appear to recognize substrates
that are folding intermediates and should be given additional time to fold and can be
repaired, others must recognize terminally misfolded proteins to target them for degradation.
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Chaperones play promiscuous roles in all these functions with their precise role in some
cases being determined by their associated co-factors, while others possess more specialized
activities. The interplay between these diverse quality control systems that relies on exposed
hydrophobic residues, free thiols or carbohydrate compositions helps to evaluate the large

val
co

riety of cargo that travel through the ER. The interplay is underscored by the many
mplexes found between traditional chaperones, oxidoreductases and lectin chaperones or

glycosidases. A deeper understanding of these quality control processes and their
manipulation provides an avenue for disease intervention for the large number of diseases
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Fig. 1. BiP domain architecture and binding cycle.
(A) BIP is targeted to the ER via a signal sequence (SS) that is cleaved in the mature form of

the protein. From N- to C-terminus, BiP is comprised of a nucleotide binding domain (NBD)
(green), interdomain linker (blue), and substrate binding domain (SBD) (purple). It is
retained in the ER via a KDEL motif. (B) The substrate binding cycle of BiP is regulated by
ATP. When the NBD is bound to ATP, BiP is in a low substrate affinity state. Interaction
with a substrate bound J-protein promotes ATP hydrolysis, leading to an extended
conformation of the interdomain linker, SBD lid closing and a high substrate affinity. A BiP
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nucleotide exchange factor (NEF) can then exchange ADP for ATP, placing BiP back in a
low substrate affinity state. This process can be inhibited by the AMPylation of BiP by
FICD. AMPylation places BiP in a state similar to an ATP-bound state.
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Fig. 2. Glyan dependent quality control.
(A) Structure of an N-linked glycan. N-linked glycans are transferred en blocto an Asn

residue in acceptor sites Asn-X-Ser/Thr, where X is not a proline. Glycosidic bonds are
denoted. (B) The domain architecture of calnexin and calreticulin. Both calnexin and
calreticulin possess an N-terminal signal sequence (black) that is cleaved in the mature
protein. Calnexin possesses a lectin domain (red) that is composed of two regions separated
by the P-domain (orange), a transmembrane region (TM) (grey) and a cytosolic C-terminal
domain (green). Calreticulin possesses a contiguous lectin domain, a P-domain, a C-terminal
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domain, and a KDEL retention motif. (C) Surface representation of the crystal structure of
the luminal domain of calnexin (PDB: 1JHN). The lectin domain is shown in red and the P-
domain in orange. The carbohydrate binding pocket in the lectin domain and the binding site
of CypB/ERp57/ERp29 on the tip of the P-domain are designated.
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Fig. 3. The calnexin/calreticulin substrate binding cycle.
Proteins targeted to the ER receive N-linked glycans that are transferred by the OST

complex to acceptor sites. The first two glucoses are trimmed by glucosidases | and 11,
leaving a monoglucosylated glycan. In this state, the glycan is a substrate for calnexin and
calreticulin. Release from calnexin/calreticulin and trimming of the final glucose by
glucosidase Il leaves the glycan in a non-glucosylated state. Productive folding and adoption
of a native state allows for trafficking of the glycoprotein from the ER. Glycoproteins that do
not adopt a native fold can be recognized by the folding sensor UDP-glucose: glycoprotein
glucosyltransferase 1 (UGGT1). UGGT1 reglucosylates substrates, allowing for rebinding to
calnexin/calreticulin or trimming by glucosidase 1. Glycoproteins that continue to non-
productively fold can be removed from the calnexin/calreticulin cycle through trimming by
mannosidases and targeting to ER associated degradation (ERAD) machinery.
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Fig. 4. The architecture of mannosidases involved in quality control.

Domain architecture of mannosidases: ER Manl, EDEM1, EDEM2, EDEMS3, and

endomannosidase. The signal sequences (black), predicted transmembrane domains (grey),
the mannosidase domains (orange), and putative catalytic residues (stars) are designated.
Endomannosidase possesses a predicted non-cleavable signal sequence, as shown by a half

black and half grey box.
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Fig. 5. Redox reactions catalyzed by PDI family members.
PDI, or members of the protein disulfide isomerase family (PDI), can oxidize, reduce and

isomerize disulfide bonds of substrates. In all cases, a transient intermolecular disulfide bond
is formed between PDI and the substrate (not pictured). While the various PDIf members
have varying numbers of catalytic domains, a single catalytic site of PDIf is displayed for
simplification.
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