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The endoplasmic reticulum (ER) is a dynamic organelle responsible for many cellular func-
tions in eukaryotic cells. Proper redox conditions in the ER are necessary for the functions of
many luminal pathways and the maintenance of homeostasis. The redox environment in the
ER is oxidative comparedwith that of the cytosol, and a network of oxidoreductases centering
on the protein disulfide isomerase (PDI)–Ero1α hub complex is constructed for efficient
electron transfer. Although these oxidizing environments are advantageous for oxidative
folding for protein maturation, electron transfer is strictly controlled by Ero1α structurally
and spatially. The ER redox environment shifts to a reductive environment under certain
stress conditions. In this review, we focus on the reducing reactions that maintain ER homeo-
stasis and introduce their significance in an oxidative ER environment.

The endoplasmic reticulum (ER) is the site of
folding for newly synthesized secretory and

membrane proteins (Ellgaard and Helenius
2003; Ellgaard and Ruddock 2005). Therefore,
various molecular chaperones and folding en-
zymes for nascent polypeptides exist in the ER.
Because approximately one-third of the total
proteins produced in whole cells are inserted
into the ER (Ghaemmaghami et al. 2003), pro-
tein quality control is essential to maintain ER
homeostasis. The ER is also a reservoir for in-
tracellular calcium ions and stores ∼10,000
times more calcium ions than the cytosol (Mel-
dolesi and Pozzan 1998b; Groenendyk et al.
2006; Michalak et al. 2009). Intracellular calci-
um ions released from the ER are one of the
most important signaling molecules in the cyto-

sol and regulate numerous cellular functions,
including muscle contraction, cellular motility,
and vesicular transport, via calcium-binding
proteins, including calmodulin, in the cytosol
(Berridge et al. 2000, 2003). Calcium ions in
the lumen of the ER are required for the activi-
ties of various molecular chaperones, and en-
zymes in the ER are also important to maintain
protein quality control (Lebeche et al. 1994;
Lievremont et al. 1997; Lucero et al. 1998; Argon
and Simen 1999; Lucero and Kaminer 1999; Mi-
chalak et al. 2009).

Another characteristic feature of the ER en-
vironment is that it is oxidative compared with
the cytosol (Hwang et al. 1992; Bass et al. 2004;
Dixon et al. 2008; Gutscher et al. 2008). This
oxidative environment is considered advanta-
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geous for the disulfide bond formations required
for protein folding. These three major environ-
mental factors, protein quality control, calcium
homeostasis, and redox regulation, balance each
other and their cross talk maintains ER homeo-
stasis (Fig. 1). Disruptions in ER homeostasis
(generally called ER stress) are triggered by an
imbalance among these environmental factors
in the ER. These failures in ER homeostasis can
cause severe diseases, such as neurodegenerative
diseases (e.g., Alzheimer’s disease) (Salminen
et al. 2009), and metabolic disorders, such as
type 2 diabetes (Back and Kaufman 2012).

In this review, we introduce the basic fea-
tures of the oxidative environment in the ER
and describe the reduction reactions in the ox-
idative ER environment.We describe the central
role of the disulfide reductase ERdj5 in the cross
talk among these three environmental factors
(protein quality control, calcium homeostasis,
and redox regulation) for maintaining ER ho-
meostasis (Fig. 1).

REDOX ENVIRONMENT OF THE ER

Glutathione is one of the major components
involved in maintaining the redox environment

in both prokaryotic and eukaryotic cells. Glu-
tathione, a tripeptide consisting of glycine, cys-
teine, and glutamine, is abundant in cells and
acts as an electron donor in oxidoreductive re-
actions. Reduced glutathione (GSH) and oxi-
dized glutathione (GSSG) are in equilibrium
and constitute a redox environment in each
cellular compartment. In eukaryotic cells, glu-
tathione is present in all organelles, but the glu-
tathione synthesis system is located only in the
cytosol (Delaunay-Moisan et al. 2017). This in-
dicates the existence of a system that transports
glutathione to each organelle. Indeed, the glu-
tathione concentration in the ER lumen is esti-
mated to be 15 mM, which is higher than that in
the whole-cell lysate (7 mM) (Birk et al. 2013;
Montero et al. 2013). In addition, GSH has
lower redox potential and higher reactivity
than the protein disulfide isomerase (PDI) fam-
ily proteins, a group of oxidoreductases in the
ER (Lappi and Ruddock 2011). Therefore, GSH
reduces PDI family proteins, and this reduction
is coupled with oxidation of GSH to GSSG (as
will be described later, an electron is finally
transferred to molecular oxygen via Ero1). Glu-
tathione synthesis is limited to the cytosol, and
the presence of glutathione reductase in the ER
has not yet been detected. Therefore, it is neces-
sary to supply GSH consumed in the oxidative
reaction with PDI family proteins and discharge
the produced excess GSSG from the ER. How-
ever, the existence of active GSH and/or GSSG
transporters on the ER membrane has never
been reported. Only limited information on a
transport system for GSH and/or GSSG across
the ER membrane is available. The calcium
channel ryanodine receptor has been shown
in vitro to transport glutathione through pas-
sive transport (de Crouy-Chanel and Richarme
2001; Bánhegyi et al. 2003). Other research
groups found that the Sec61p channel, a pro-
tein-conducting channel on the ER membrane,
is involved in GSH diffusion from the cytosol to
the ER (Ponsero et al. 2017). However, it is nec-
essary to maintain GSH in the ER at a higher
concentration than that in whole-cell lysates,
and, thus, a transporter that actively transports
GSH should be assumed but is almost entirely
unknown.

ER homeostasis

Folding Degradation

Protein quality control Calcium homeostasis

ERdj5

Oxidation Reduction

Redox regulation

Influx Efflux

Figure 1. Cross talk among three environmental fac-
tors for endoplasmic reticulum (ER) homeostasis.
Three characteristic environmental factors and cross
talk in ER protein quality control, calcium homeosta-
sis, and redox control are shown. Protein quality con-
trol is balanced between “folding” and “degradation,”
and calcium ion homeostasis is balanced between the
“uptake” and “release” of calcium ions. The redox
environment is balanced between “oxidation” and
“reduction.” We introduce the disulfide reductase
ERdj5 as a key factor responsible for each cross talk.
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OXIDATIVE FOLDING IN THE ER

Nascent chains of secretory and membrane
proteins synthesized by ribosomes undergo var-
ious modifications, such as N-glycosylation and
phosphorylation, after insertion into the ER. Di-
sulfide bond formation via cysteines is also a
posttranslational modification required for pro-
tein folding and maturation (Ellgaard and He-
lenius 2003). The redox environment of the ER
is generally oxidative compared with that of the
cytosol; this is one reason the ER is regarded as
advantageous as a site for disulfide bond for-
mation. The ratio of GSSG to GSH required to
establish the appropriate redox environment
is GSSG:GSH= 1:1 to 1:7 in the lumen of the
ER and GSSG:GSH= 1:10 to 1:100 in the cytosol
(Fig. 2; Hwang et al. 1992; Birk et al. 2013; Mon-
tero et al. 2013). Therefore, because the GSSG:
GSH ratio is higher in the ER than in the cytosol,
it is believed to create an oxidative environment.

In addition, >20 oxidoreductases represent-
ed by PDI exist in the ER and share the thiore-
doxin-like domain, which may possess catalytic
activity for disulfide oxidation, isomerization, or
reduction (Andreu et al. 2012; Galligan and Pe-
tersen 2012). Although the reasons why somany
oxidoreductases are necessary in the ER remain
unclear, it is important to establish the diversity
of the proteins that partner with each PDI family
protein. For example, ERp57 interacts with the
lectin-typemolecular chaperone calnexin or cal-
reticulin (Okazaki et al. 2000) and contributes to
disulfide bond formation or isomerization of
glycoproteins (Elliott et al. 1997; Van der Wal
et al. 1998; Zapun et al. 1998). P5 interacts
strongly with BiP, a major molecular chaperone
in the ER, and contributes to disulfide formation
in substrates recognized by BiP (Marciniak et al.
2004; Jessop et al. 2009).

Each oxidoreductase must be oxidized by
Ero1 (ER oxidoreductin 1), Ero1α and Ero1β
in mammalian cells (Cabibbo et al. 2000; Pagani
et al. 2000), and Ero1p in yeast (Frand and Kai-
ser 1998; Pollard et al. 1998) with flavin adenine
dinucleotide (FAD) as a cofactor. Electrons from
the substrates are transferred from several disul-
fide oxidase enzymes to Ero1α. However, in
these electron transfers, the affinity with Ero1

differs for each oxidase (Araki et al. 2013).
Ero1 preferentially interacts with PDI, themajor
oxidase/isomerase in the ER, among other PDI
family proteins. Electrons received from PDI are
transferred to molecular oxygen via FAD and
produce hydrogen peroxide, a reactive oxygen
species (ROS) (Fig. 2A; Tu et al. 2000; Tu and
Weissman 2002; Wang et al. 2009). Some oxi-
dases in the ER form a network with the Ero1α–
PDI complex (Araki et al. 2013). As shown in
Figure 2B, Ero1α andPDI constitute a regulatory
hub complex that sequentially oxidizes other ox-
idoreductases. P5, ERp57, and ERp46 not only
transfer electrons directly to Ero1α but also pave
the path for transferring electrons to PDI and
delivering electrons to Ero1α via PDI. Abundant
PDI in the ER acts as an electron acceptor for
other oxidoreductases to provide flexibility and
robustness in the ER redox environment. The
redox network centered on Ero1α–PDI eventu-
ally catalyzes disulfide bonds in each substrate
protein and aids in protein maturation. Thus, it
is possible that suchmultiple oxidationpathways
contribute to the formation of disulfide bonds in
a broad range of substrates by constructing a
network for electron transfer from various oxi-
doreductases to Ero1α.

Based on this evidence, the Ero1α–PDI com-
plex collects many electrons and acts as an ac-
ceptor of electrons generated by oxidative fold-
ing via PDI and other PDI family proteins in the
ER. High levels of hydrogen peroxide produced
from oxidative folding affect the redox environ-
ment of the ER. Hydrogen peroxide also con-
tributes to the oxidative environment of the ER
lumen (Margittai et al. 2012), but hydrogen per-
oxide accumulation may inhibit correct disul-
fide formation in the ER. Abnormal formation
of disulfide bridges and abnormal intermolecu-
lar oligomerization lead to ER stress via accu-
mulation of misfolded proteins, which impairs
ER functions by perturbing protein quality
control and calcium homeostasis. Hydrogen
peroxide is cleared from the ER lumen with per-
oxidases, including peroxiredoxin 4 (Prx4), glu-
tathione peroxidase (GPx)7, and GPx8. In these
elimination systems, the hydrogen peroxide ox-
idizes PDI, ERp46, ERp57, and P5 through Prx4,
GPx7, or GPx8. As a result, hydrogen peroxide
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from Ero1α efficiently contributes to oxidative
folding (Tavender et al. 2010; Zito et al. 2010;
Nguyen et al. 2011). In addition, the Ero1 activ-
ity must be strictly controlled to prevent in-
creases in hydrogen peroxide or excess oxida-
tion of substrates. A detailed analysis of the
control of Ero1 was previously reported. Inter-
estingly, Ero1α monitors the redox state of the
ER through an intramolecular disulfide bond
and thus controls its own activity. When the

ER becomes oxidative because of hydrogen per-
oxide accumulation, disulfide bonds are formed
in the Ero1 molecule, and the shuttling of elec-
trons to the active center cysteine is restricted in
yeast (Sevier et al. 2007; Heldman et al. 2010;
Kim et al. 2012) and mammals (Fig. 3; Appen-
zeller-Herzog et al. 2008, 2010; Baker et al. 2008;
Chambers et al. 2010; Wang et al. 2011; Ram-
ming et al. 2016). As a result, the transfer of
electrons from PDI to Ero1 is suppressed along
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Figure 2. Oxidative folding by Ero1α and protein disulfide isomerase (PDI) family proteins. (A) The nascent
polypeptide synthesized from the ribosome acquires a proper structure by oxidative folding and is folded into a
mature protein. At this time, the PDI family (PDIs) takes electrons (e−) from the substrate and transfers them to
Ero1α. Next, Ero1α transfers electrons to molecular oxygen (O2) via flavin adenine dinucleotide (FAD), and
hydrogen peroxide (H2O2) is produced. Compared with the cytosol, the ER has a high ratio of oxidized glutathi-
one, and this oxidative environment is environmentally favorable foroxidative folding. (B)The cascade of electron
transfer among PDI family proteins (Araki et al. 2013). Red or blue arrows indicate electron transfer to PDI or
Ero1α, respectively. Broken lines indicate the redox-independent interaction or presumed electron transfer.
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with hydrogen peroxide production. Ero1 inac-
tivation also limits the availability of its interac-
tion site with PDI, thus reducing the physical
interaction between Ero1 and PDI.

Furthermore, Ero1α activity is controlled
not only by structural regulation through intra-
molecular cysteines but also by spatial regula-
tion. The ER localization of Ero1α is regulated
in two steps by PDI and ERp44 (Otsu et al. 2006;
Kakihana et al. 2013). Neither Ero1α nor Ero1β
contain any known ER retention signal. None-
theless, Ero1α and Ero1β localize to the ER by
forming a complex with PDI. In PDI-knock-
down cells, Ero1α is mainly localized in the
ER–Golgi intermediate compartment (ERGIC).
Next, Ero1α binds with ERp44 in the ERGIC
and is recycled back to the ER together with
ERp44. This shuttling of Ero1α between the

ER and the ERGIC controls the redox environ-
ment of the ER lumen. According to a previous
report (Kakihana et al. 2013), the expression of
Ero1α artificially fused with an ER retention
signal increased the GSSG ratio in the ER; this
was one answer to the long-standing question of
why Ero1 does not have an ER retention signal.
Ero1α must be fluidly transported from the ER
to the ERGIC tomaintain a proper redox state in
the ER. When the ER is in an excessively oxi-
dized state, the shuttling of electrons caused by
the formation of intramolecular disulfide bonds
in the ER is restricted, which suppresses the pro-
duction of hydrogen peroxide by Ero1α. Ero1α
dissociated from PDI migrates to the ERGIC.
Therefore, the network centered on Ero1α–
PDI must change according to the redox envi-
ronment of the ER.
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Figure 3. Spatial control of Ero1α to protect the endoplasmic reticulum (ER) from oxidative stress. Ero1α
produces hydrogen peroxide after transferring electrons to oxygen molecules. The accumulation of hydrogen
peroxide causes oxidative stress in the ER, which leads to the perturbation of ER homeostasis. For control, Ero1α
senses an oxidative environment with disulfide bonds possessed by Ero1α or protein disulfide isomerase (PDI)
and is released from the ER. Ero1α transferred to the ER–Golgi intermediate compartment (ERGIC) is recycled
back to the ER by ERp44.
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Recent findings have shown that the gluta-
thione environment shifts to a reducing envi-
ronment because of depletion of calcium ions
in the ER (Avezov et al. 2015). Interestingly, the
decrease in calcium concentration restricts the
mobility of PDI in the ER. PDI preferentially
forms a complex with calreticulin, an abundant
lectin-type molecular chaperone in the ER, fol-
lowing a decrease in ER calcium concentration.
This complex formation decreases the mobility
and activity of PDI. The decrease in PDI activity
under calcium-depleted conditions inhibits glu-
tathione oxidation and largely influences the re-
dox environment of the ER, shifting it to a re-
ducing environment. Notably, the mobility of
the disulfide reductase ERdj5 in the ER is not
significantly changed by calcium depletion. An-
other study reported that other ER stresses, such
as tunicamycin treatment, also increase the ratio
of reduced glutathione in the ER (Hoseki et al.
2016). These redox shifts are not only phenom-
enological but also meaningful environmental
shifts in the ER, from oxidative reactions to re-
ductive reactions. What is the significance of the
reduction reactions in the oxidative ER?

PROTEIN QUALITY CONTROLOF
GLYCOPROTEINS BY THE DISULFIDE
REDUCTASE ERdj5

The oxidative environment of the ER is advan-
tageous for forming the disulfide bonds in na-
scent polypeptides that are necessary for protein
maturation and protein stability. In 2008, we
found and reported a novel protein, ERdj5, as
anER-resident reductase having disulfide reduc-
tase activity in mammalian cells (Ushioda et al.
2008). ERdj5 contains both a J domain and four
thioredoxin-like domains, with the catalytic site
Cys-X-X-Cys acting as the oxidoreductase, and
belongs to the J-domain protein and thioredoxin
superfamily. The J domain potentially binds to
Hsp70 family proteins and promotes theATPase
activity of Hsp70. Specifically, ERdj5 binds to
BiP, a major Hsp70 family protein in the ER,
and promotes the ATPase activity of BiP (Cun-
nea et al. 2003; Hosoda et al. 2003). The four
thioredoxin-like domains in ERdj5 may show
catalytic activity for disulfide oxidation, isomer-

ization, or reduction. In vitro, we detected the
disulfide reductase activity of ERdj5 but not ox-
idativeor isomerase activity. Thus, ERdj5was the
first disulfide reductase found in the ER.

Interestingly, ERdj5 binds to the lectin-
like protein EDEM (ER degradation-enhancing
α-mannosidase-like protein) (Ushioda et al.
2008). Our group first identified EDEM1 as a
lectin-like protein recognizing the N-glycan
structures of misfolded proteins (Hosokawa et
al. 2001). We also reported that EDEM1 is in-
volved in ER-associated degradation (ERAD)
(Hosokawa et al. 2001; Molinari et al. 2003;
Oda et al. 2003). Further, we and other groups
identified EDEM2 (Mast et al. 2005) and EDEM
3 (Hirao et al. 2006) as EDEM family proteins.

ERAD is one of the protein quality-control
systems that relocates terminally misfolded pro-
teins from the ER to the cytosol via dislocon
channels and degrades them via the ubiquitin/
proteasome system in the cytosol (Vembar and
Brodsky 2008; Olzmann et al. 2013; Xu and Ng
2015). In the quality control of N-glycosylated
proteins, the folding state of proteins is moni-
tored by the glycans of glycoproteins. As shown
in Figure 4, the Glc3Man9GlcNAc2 structure
(Glc: glucose, Man: mannose, GlcNAc: N-ace-
tyl-D-glucosamine) is transferred by oligosac-
charyltransferase (OST) to the N-glycan motif
(Asn-X-Ser/Thr, where X is any amino acid ex-
cept Pro) of nascent polypeptides immediately
after insertion into the ER lumen (Kelleher and
Gilmore 2006; Ruiz-Canada et al. 2009). During
retention in the ER, the glycans are trimmed
by ER-resident glucosidase and mannosidase.
If the retention time of nascent proteins is ex-
tended in the ER because of difficulties in their
folding, trimming of the N-glycan chains will
proceed (Xu and Ng 2015), and trimming of
the N-glycan chain in the ER can be regarded
as a “folding timer.” EDEM family proteins rec-
ognize proteins with a trimmed glycan (Man6-8)
of misfolded proteins and recruit the substrates
to the ERADmachinery as terminally misfolded
proteins. By this ingenious recognition mecha-
nism through EDEM family proteins, proteins
that should be degraded as misfolded proteins
are segregated and transferred from the produc-
tive pathway to the degradation pathway. Final-
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ly, ERAD substrates are returned from the ER to
the cytosol through the retrograde transport
channel (dislocon).

Folded 3D structure and/or oligomeric
structure formed and stabilized by disulfide
bonds should interfere with prompt retrograde
transport of misfolded proteins from the ER
through the channelporeowing topossible steric
hindrance. We succeeded in showing that the
reductase ERdj5 binds to EDEM and cleaves
the disulfide bonds of misfolded proteins recog-
nized by EDEM family proteins (Fig. 4; Ushioda
et al. 2008; Hagiwara et al. 2011). This result
suggested a novel ERAD mechanism in which
N-glycan trimming serves to segregatemisfolded
proteins from theproductive pathway via EDEM
family proteins and cleavage of disulfide bonds

in misfolded proteins by ERdj5 for efficient ret-
rograde transport by reducing the steric hin-
drance of the proteins.

In a subsequent study, a comprehensive
ERdj5 substrate search was performed (Oka et
al. 2013). Although the importance of oxidases
and isomerases was recognized from previous
studies, the contribution of reductases to the
folding and/or unfolding of proteins in mam-
malian cells has not been elucidated. The low-
density lipoprotein receptor (LDLR) was identi-
fied as a substrate of ERdj5. LDLR contains 30
disulfide bonds, and its oxidative folding is ac-
cordingly very complicated (Jansens et al. 2002;
Gent and Braakman 2004; Pena et al. 2010). In
this folding process, ERdj5 reduces the nonna-
tive disulfide bonds of LDLR, which contributes
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Figure 4. Endoplasmic reticulum (ER)-associated degradation (ERAD) for glycosylated substrates through
ERdj5. The nascent protein inserted into the ER is folded by molecular chaperones or oxidoreductases in the
ER. However, terminally misfolded proteins should be rapidly dislocated from the ER to the cytosol through the
dislocon channel and degraded by the ubiquitin-proteasome system in the cytosol. EDEM recognizes the glycan
structure of the misfolded protein and recruits the substrate to the ERAD pathway. ERdj5 binds to EDEM and
reduces the disulfide bonds of the misfolded protein recognized by EDEM. The J domain of ERdj5 promotes the
ATPase activity of BiP, and BiP strongly grasps the substrate as ADP-type BiP. Substrate binding to BiP prevents
reoxidation of the substrate, and the substrate is recruited to the dislocon channel. (This figure is based on data
from Ushioda et al. 2008.)
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to the maturation of LDLR (Oka et al. 2013).
This broadens the role of ERdj5 as a reductase
inmammalian cells and suggests the importance
of this disulfide reductase in protein folding.

ERdj5 IS ALSO INVOLVED IN THE QUALITY
CONTROLOF NON-GLYCOPROTEINS

Many secretory andmembrane proteins are gly-
cosylated and maturated in the ER. However,
not all proteins are glycosylated. As mentioned
above, lectin-type molecular chaperones, such
as calnexin and calreticulin, recognize the gly-
can structure (Glc1Man9GlcNAc2) and are in-
volved in the quality control of glycoproteins
(Ou et al. 1993; Hammond et al. 1994; Jackson
et al. 1994). However, the details of the quality
control of non-glycoproteins are still unclear.
ERdj5 cleaves the disulfide bonds of non-gly-
cosylated ERAD substrates as well as those of
glycosylated proteins and promotes their deg-
radation independent of its interaction with
EDEM (Ushioda et al. 2013). Generally, themis-
folded protein exposes hydrophobic amino ac-
ids to the protein surface, and this hydrophobic
surface becomes the target of molecular chaper-
ones (Saibil 2013). A non-glycoprotein substrate
bound to the major molecular chaperone BiP in
the ER is recruited to ERdj5 via the J domain,
and the disulfide bond is cleaved by the reduc-
ing activity of ERdj5. Interestingly, glycoprotein
substrates are also degraded by the non-glyco-
protein pathway under ER stress, during which
excess amounts of misfolded glycoproteins like-
ly overwhelm the ERAD pathway for glycopro-
teins, including EDEMs. Thus, the BiP-ERdj5
pathway for non-glycoprotein ERAD func-
tions as a backup of the glycoprotein substrate
pathway consisting of EDEM-ERdj5-BiP coping
with multiple misfolded proteins under ER
stress (Ushioda et al. 2013).

CALCIUM HOMEOSTASIS IN THE ER
THROUGH REDOX CONTROL

The reducing activity of the disulfide reductase
ERdj5, which was first found in the lumen of the
ER, plays an important role in protein quality
control. We recently clarified that ERdj5 also

plays an important role in calcium homeostasis.
Intracellular calcium ions act as a second mes-
senger in various life phenomena, including
muscle contraction, cellular motility, and vesic-
ular transport (Berridge et al. 2000, 2003). The
ER retains ∼10,000 times more calcium ions
than the cytosol and acts as a cellular calcium
reservoir (Meldolesi and Pozzan 1998a; Hogan
and Rao 2007; Michalak et al. 2009). This calci-
um homeostasis is controlled by the calcium
pump and the calcium channel on the ERmem-
brane (Inui et al. 1987; Lai et al. 1988; Miyawaki
et al. 1990; Burdakov et al. 2005; Verkhratsky
2005). Interestingly, it has been shown that sev-
eral pumps and channels are controlled by the
redox status of the ER lumen. The reduced IP3
(inositol 1,4,5-triphosphate) receptor (IP3R),
which releases calcium ions from the ER to the
cytosol, binds to ERp44, a member of the PDI
family. This interaction negatively regulates the
channel function of ERp44 (Higo et al. 2005).
Sarco/ER calcium ATPase (SERCA) family
members are P-type ATPases that act as calcium
pumps that take calcium ions from the cytosol
into the ER in an energy-dependent manner
(Burdakov et al. 2005; Verkhratsky 2005). Cal-
ciumuptake by SERCA2b is negatively regulated
by the oxidase ERp57, which oxidizes the thiol
groups on the luminal loop of SERCA2b (Li and
Camacho 2004). Moreover, the oxidoreductase
TMX1 on the ER membrane also inhibits the
activity of SERCA2b (Raturi et al. 2016). When
the ER redox environment is oxidative, the re-
lease of calcium ions from the lumen of the ER is
activated. Uptake into the ER is simultaneously
suppressed, and calcium ions in the ER finally
decrease. These findings suggest that calcium
ions in the ER theoretically decrease when the
redox environment in the ER lumen is oxidative.
Conversely, in the case of a reductive environ-
ment in the ER, the calcium concentration the-
oretically becomes high. Before the discovery of
ERdj5, themechanism of the reduction involved
in calcium regulation was unknown.

We focused on SERCA2b, the most ubiqui-
tously expressed protein in the SERCA family
with the widest tissue distribution, and observed
the effect of ERdj5 (Ushioda et al. 2016). Only
two cysteines on the luminal side of SERCA2b

R. Ushioda and K. Nagata

8 Cite this article as Cold Spring Harb Perspect Biol 2019;11:a033910



form a disulfide bond, and this disulfide forma-
tion negatively regulates the pump function.
Our analysis confirmed that ERdj5 cleaves its
disulfide bond through disulfide reductase activ-
ity. We established a system to directly observe
the uptake of calcium ions into the ER by
SERCA2b and investigated the importance of
ERdj5 in calcium ion uptake. Cells were permea-
bilized with the detergent digitonin, and all the
calcium in cells was chelated with EGTA. Next,
SERCA-dependent calcium uptake into the ER
was observed by adding ATP and calcium ions
(the calcium ion probe Fura-2 was introduced
into the ER to measure calcium uptake in the
ER). As shown in Figure 5A, the uptake of cal-
cium ions dramatically decreased in ERdj5−/−

cells compared with ERdj5+/− cells. In addition,
in ERdj5-deficient cells, the calcium concentra-
tion in the lumen of the ER steadily decreased.
These results revealed that ERdj5 cleaves the di-
sulfidebondofSERCA2bandpromotesthepump
activity of SERCA2b. A structural approach is
needed to understand which step of SERCA2b
is promoted by disulfide reduction on the lumi-
nal loop of SERCA2b. Furthermore, it is neces-
sary to review and analyze whether only ERdj5 is
involved in the activation of SERCA2b through
its reduction. Interestingly, Zito et al. (2010)
found that SEPN1, a selenoprotein located in
the ER, is involved in the activation of SERCA2b
(Marino et al. 2015). SEPN1 was suggested to
reduce sulfenylated SERCA2b by reducing
activity based on the high activity of the active
motif, which includes selenocysteine. Although
the relationship between ERdj5 and SEPN1 re-
mains unknown, reduction of the reductases
ERdj5 and SEPN1 can reduce disulfide-bonded
or sulfenic acid–modified SERCA2b cysteines,
respectively, for activation of pump activity.

An unexpected characteristic of ERdj5 was
revealed by in vitro assays of calcium ion uptake.
ERdj5 is usually present as a monomer, but it
becomes homomultimerized and dissociates
from SERCA2bwhen the calcium concentration
in the ER environment is high (Ushioda et al.
2016). Previous reports showed that PDI forms a
complex with a molecular chaperone, such as
calreticulin, as the concentration of calcium
ions in the ER decreases (Avezov et al. 2015).

This complex formation strongly inhibits PDI
activity and attenuates the oxidation of GSH to
GSSG by PDI in the ER. The same investigators
showed that ERdj5 did not form a complex even
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Figure 5. Regulatory mechanism of calcium homeo-
stasis in the endoplasmic reticulum (ER) through
SERCA2b and ERdj5. (A) A deficiency of ERdj5 sup-
presses Ca2+ uptake into the ER through SERCA2b
(Ushioda et al. 2016). MEF cells were loaded with
Mag-Fura-2 to estimate ER Ca2+ concentrations. Af-
ter semi-permeabilized MEFs were treated with
EGTA to deplete intra-ER-luminal Ca2+, ATP and
Ca2+ were added to examine SERCA2 pump activity.
(B) The oxidized (inactive) form of SERCA2b can be
converted into the active form by reduction of the
disulfide bond in its ER-luminal portion by ERdj5,
which facilitates Ca2+ uptake into the ER. Once
[Ca2+]ER is recovered, the high [Ca2+]ER causes olig-
omerization of ERdj5, which inactivates SERCA2b.
This feedback regulation by ERdj5 maintains Ca2+

homeostasis in the ER lumen.
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if the calcium concentration decreased, unlike
PDI. These results suggest that the redox envi-
ronment of the ER may be shifted from an ox-
idizing environment to a reducing environment
under the condition of a low ER calcium ion
concentration. As a result, when the calcium
concentration in the lumen of the ER decreases,
as shown in Figure 5B, monomeric ERdj5
cleaves the disulfide bond of SERCA2b and in-
creases the calcium concentration. On the other
hand, once the intraluminal calcium ion con-
centration in the ER becomes sufficiently high,
ERdj5 is released from SERCA2b by forming
oligomers, which ceases the activation of calci-
um uptake by SERCA2b. This sophisticated

negative feedback mechanism maintains calci-
um homeostasis in the ER.

FUTURE PERSPECTIVE

The ER has been recognized as a site for oxida-
tion reactions, including oxidative folding.
However, research from the past decade has re-
vealed the significance of reduction reactions in
the ER (Fig. 6). ERdj5 selectively reduces mis-
folded proteins by binding with EDEM and
BiP. Furthermore, monomeric ERdj5 reduces
SERCA2b and activates its pump function when
the calcium concentration in the ER decreases.
In this way, disulfide reductase activity should be
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Figure 6. Endoplasmic reticulum (ER) as a site of reduction. The ER is the site of folding of nascent polypeptide
chains synthesized from ribosomes. Disulfide bond formation, which is important for structure formation, is
catalyzed by protein disulfide isomerase (PDI) family proteins. Disulfide bond formation important for the
structure is catalyzed by PDI family proteins, which remove electrons from the substrate. Electrons are ultimately
transferred to molecular oxygen via Ero1. It is advantageous for oxidative folding that the redox environment of
the ER lumen is very oxidative compared with the cytosol, and the ER is regarded as a site of oxidation. ERdj5 was
identified as a disulfide reductase in this oxidative environment. The reducing activity of ERdj5 is involved in the
disulfide bond cleavage of the terminally misfolded protein in the ERAD pathway and promotes retrograde
transport to the cytosol to maintain ER homeostasis. In addition, the calcium pump SERCA2b promotes pump
activity by cleavage of the disulfide bond in the lumen of the ER by ERdj5. The reduction reaction is highly
involved in calcium homeostasis.
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spatiotemporally and strictly controlled in the
lumen of the ER. These results suggest that the
reducing environment is transient and local
within the oxidative environment of the ER, al-
though the luminal environment of the ER has
been thought to be uniformly oxidative.

If the reducing environment is not strictly
controlled, it may prevent oxidative folding,
and ER homeostasis may be easily disturbed. In
the periplasm of Escherichia coli, a typical cyto-
solic reductase, thioredoxin, transfers electrons
to DsbD on the periplasmic membrane. Next,
electrons pass across the membrane and are de-
livered to the periplasmic soluble protein DsbC
(Joly and Swartz 1997; Rietsch et al. 1997). Re-
ducedDsbC catalyzes the reduction and isomer-
ization of the substrates folded in the periplasm
(Rietsch et al. 1997; Kadokura et al. 2003; Hi-
niker and Bardwell 2004; Berkmen et al. 2005).
However, the DsbC-DsbD system of the ER in
eukaryotes has not been elucidated. Recently,
reducing molecules, such as GSH, were reported
to be transported to provide reductive power in
the ER via translocons in the ERmembrane (De-
launay-Moisan et al. 2017). Additionally, the
Neil Bulleid group showed that inhibition of thi-
oredoxin reductase oxidizes secreted proteins in
the ER beyond the ER membranes in mammali-
an cells (Poet et al. 2017). This result suggests
that cytosolic electrons may be transferred into
the ER lumen across the ERmembrane. Howev-
er, it remains unknown whether a carrier on the
ER membrane brings electrons into the ER. It
will be interesting to examine how the localized
reduction environment is constructed and will
be important for identifying the reductiondonor
of ERdj5 to clarify its reduction mechanism.
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