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REVIEW

Emerging features of ER resident J-proteins
in plants
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J-proteins are co-chaperone components of the HSP70
system. J-proteins stimulate Hsp70ATPase activity, which is
responsible for stabilizing the interaction of Hsp70 with cli-
ent proteins. J-proteins are localized in various intracellular
compartments including the cytoplasm, mitochondria and
endoplasmic reticulum (ER). Five types of ER resident J-pro-
teins (ERdjs) have been found in plants (P58, ERdj2, ERdj2A,
ERdj3B and ERdj7). Rice OsERdj3A is located in the vacuole
and protein storage vacuoles (PSV, PB-Il) under conditions
of ER stress. J-proteins that are localized to the vacuole or
lysosome are not found in mammals and yeast, suggesting
that the presence of OsERdj3A in the vacuole is plant-specific
and one of the features unique to plant ERdjs. In this review,
we summarize the current state of knowledge and recent
research advancements regarding plant ERdjs, and compare
mammalian and yeast ERdjs with plant ERdjs.

Introduction

Protein folding often requires accessory machinery such as
chaperones. The HSP70 molecular chaperone system consists of
Hsp70 (DnaK), the co-chaperone Hsp40 (DnaJ), and a nucleo-
tide exchange factor (NEF). Hsp70, the core chaperone of the
HSP70 system, has a nucleotide-binding domain (NBD) and
substrate-binding domain (SBD) (for a recent review, see'). ATP
hydrolysis by the NBD is implicated in the regulation of sub-
strate binding and dissociation; however, Hsp70 has very low
ATPase activity, and Hsp40/Dna] is required for stimulation
of the ATPase activity of Hsp70. Hsp40/DnaJ, also termed a
J-domain-containing protein (J-protein), contains a conserved
J-domain with a signature length of approximately 70 amino
acids that interacts with the NBD of Hsp70. During a cycle of
ATP-dependent client-binding and release in the HSP70 system,
the J-protein binds to an unfolded client protein, delivers it to
Hsp70, and then stimulates the ATPase activity of Hsp70. After
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ATP hydrolysis on Hsp70, the J-protein dissociates from Hsp70
and NEF exchanges ADP for ATD, dissociating the client protein
from Hsp70. J-proteins are involved in various cellular processes,
including de novo protein folding, translocation of polypeptides
across cellular membranes, and degradation of misfolded pro-
teins.? J-proteins are ubiquitously localized in mitochondria,?
endoplasmic reticulum (ER), and the cytosol. Mammals have
41 J-proteins, while the plant genomes of Arabidopsis and rice
encode approximately 90 and 104 J-proteins, respectively.* Six
of the plant ERdjs are localized in the ER.>® The ER resident
J-proteins are often termed ERj in mammalian systems; in this
plant review, the ER J-proteins are denoted ERdj. The functions
of most ERdjs in plants remain unclear; however, recent stud-
ies have revealed physiological roles for Arabidopsis ERdjs such
as AtERdj2A, AtERdj3A and AtERdj3B.>"* In addition, rice
OsERJj3A is localized in vacuoles under ER stress conditions,
indicating that plant ERdjs display distinct characteristics from
those in mammals.® This mini-review summarizes the current
knowledge surrounding ERdjs in plants, as well as in mammals
and yeast. In addition, plant ERdjs are compared with mam-
malian and yeast ERdjs to allow functional inference for plant
ERdjs that are not yet fully characterized.

Gene Organization of ERdjs in Different Organisms

Gene organization of ERdjs varies between plants, ani-
mals, and yeast. Rice and Arabidopsis have six ERdjs: OsP58A,
OsP58B, OsERdj2, OsERdj3A, OsERdj3B and OsERdj7
(Fig. 1); and ActPS8"%, AtERdj2A, AtERd}2B, AtERdj3A,
AtERdj3B and AtERdj7 (Atlg61770), respectively.”® Humans
have seven ERdjs (ERdj1/Mtj1, ERdj2/Sec63, ERdj3/HED],
ERdj4/MDG-1, ERdj5/JPDI, ERdj6/P58" and ERdj7), and
yeast has four ERdjs (Sec63p, Scjlp, Jemlp and Erj5p) (Fig. 1).
Since Arabidopsis and rice ERdjs were designated according to
their homology to mammalian ERdjs,¢ plants have orthologs
of mammalian ERdjs corresponding to ERdj2, ERdj3, ERdj6/
P58 and ERdj7. While yeast nomenclature for ERdjs is not
consistent with plant ERdj names, relationships are apparent
between ERdjs from the different kingdoms.

Although neither ArabidopsisAtERAj2A nor AtERAj2B were
able to rescue the temperature-sensitive growth defect of the
yeast sec63—1 mutant,’ the similarities of their domain struc-
tures suggests that plant ERdj2s are nevertheless likely to be
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Figure 1. For figure legend, see page 3.
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orthologs of yeast Sec63p (Fig. 1). Plant ERdj3B shares domains
with mammalian ERd;j3 and yeast Scjlp such as a glycine/phe-
nylalanine-rich (G/F-rich) domain, zinc finger domains, and
a client protein-binding C-terminal domain.’ Furthermore,
Arabidopsis AtERdj3B suppressed the growth defect of the yeast
jeml1/scjl mutant in complementation experiments.’ Thus, plant
ERdj3B is an ortholog of mammalian ERdj3 and yeast Scjlp.
Mammalian and plant P58 have three copies of a tetratrico-
peptide repeat (TPR) domain, while this type of domain is
absent from yeast Jemlp (Fig. 1). However, the growth defect
of the yeast jemnI/scjI mutant was also suppressed by AcP58™X,
which is therefore proposed to be related to yeast Jem1p.” Thus,
ERdj2, ERdj3B and P58 are conserved between plants, yeast
and mammals, respectively.

Both plants and mammals have ERdj7, but no correspond-
ing gene is present in yeast. Alongside Sec63p, Jem1p and Scjlp,
yeast has another ERdj: Erj5."° Yeast Erj5 has a single trans-
membrane domain at the C-terminal region (Fig. 1), and loss
of Erj5 impairs ER protein folding and leads to enhanced sen-
sitivity to agents that cause ER stress in yeast.'” By contrast,
mammalian ERdj7 and plant ERdj7 (AtERdj7 and OsErd;j7)
have two transmembrane domains at their C-terminal regions
(Fig. 1). Expression of the yeast E775 is induced by ER stress,"
whereas expression of mammalian and plant ERdj7 are not
affected by ER stress.>®!" Thus, mammalian and plant ERdj7
and yeast Erj5 may be distinct, and yeast Erj5 is likely to be a
yeast-specific ERdj.

AtERdj3A can also suppress the growth defect of the
yeast jeml/scjl mutant, a proposed ortholog of yeast Scjlp.
It is thus possible that plant ERdj3A is a paralog of ERdj3B,
despite the lack of a zinc finger domain or CTD in ERdj3A
(Fig. 1). However, orthologs of AtERdj3A are found only in
plant genomes.” Rice OsERd]j3A localizes to the vacuole under
ER-stressed conditions,® but no mammalian or yeast ERdjs
localize at the lysosome or vacuole. These observations suggest
that OsERdj3A is a unique, plant-specific ERd,.

Mammals have several ERdjs not found in plants and
yeast, including ERdjl, ERdj4 and ERdj5 (Fig. 1). ERdjl is
a type I transmembrane ERdj that associates with translating
ribosomes through its cytosolic domain and inhibits further
protein synthesis on ribosomes if BiP is not bound to its lumi-
nal J-domain."? Therefore, ERdj1 serves as a checking system
to ensure the presence of available BiP within the ER lumen
for newly synthesized nascent polypeptides. ERdj4, which is
required for degradation of misfolded proteins,” is membrane-
anchored via its uncleaved signal peptide, with the remaining
protein located in the ER lumen."*" ERdj5 plays central roles in
the degradation of misfolded proteins via its four thioredoxin-
like domains (TRX) that contribute to reductase activity.'*'® As

mentioned above, organization of ERdjs is different in mam-
mals, yeast and plants (Fig. 1). Given this organizational differ-
ence, it remains unclear how plant ERdjs can substitute for the
functions of mammalian ERdjl, ERdj4, and ERdj5. Further
studies are thus necessary to understand the roles played by
plant ERdjs in protein folding and in ER-associated degrada-
tion (ERAD) of unfolded and misfolded proteins.

ERdjgenesare presentindifferentcopy numbersin Arabidopsis
and rice. Arabidopsis has two copies of ERdj2 (AtERdj2A and
AtERJj2B),’ while rice has only one copy, OsERdj2.° Rice has
two P58 gene copies (OsP58A and OsP58B),° while Arabidopsis
has only one copy.’ Expression of AtERdj2B is induced by ER
stress, but AtERd]j2A is constitutively expressed,’ rice OsP58A
and OsP58B are also differentially impacted by ER stress;
OsP58A is constitutively expressed while OsP58B is induced by
ER stress.® Thus, the duplicated genes encoding ERdjs might
play distinct roles in different plants.

Possible Roles of ER Resident J-Proteins in Plants

In this section, we review the current state of knowledge
regarding plant ERdjs. As there is minimal experimental evi-
dence to support their functions, we speculate upon the possible
roles of plant ERdjs based on the discoveries from their yeast
and mammalian ERdj counterparts.

P58

Mammalian ERdj6/P58"% was originally found as a cyto-
solic protein that is negatively regulated by phosphorylation of
an ER stress sensor, PERK."” P58 was later discovered to also
be an ER resident protein that binds to unfolded proteins and
acts as a co-chaperone for BiP.2*?! Although P58 binds to sev-
eral unfolded proteins, modulation of P58 level did not affect
degradation of the unfolded proteins.?> Binding of P58 to
unfolded proteins is BiP-independent, and BiP enhances release
of P58"¥ from the unfolded proteins, implicating that P58'¥
may reduce the burden of unfolded proteins by upregulating
protein folding in the ER lumen.?!

In plants, P58™X was first identified as an interactor with a
virus-encoded ligand, TMV-P50.% P58 silencing in tobacco
and knockout of AtP58" in Arabidopsis led to cell death upon
infection with plant viruses, suggesting that plant P58™ has
similar cytoplasmic functions to mammalian P58%.2 However,
Arabidopsis and rice P58s have been found localized in the ER,
indicating that they are ER resident J-proteins.”® In addition,
AtP58 and OsP58A&B, as well as OsBiP1, are detected under
normal, non-stress conditions.”® OsP58A and OsP58B bind
preferentially to OsBiP1 rather than other OsBiPs in rice proto-
plasts.® Thus, together with OsBiP1, OsP58A and OsP58B may
be involved in folding nascent polypeptides in the ER lumen.

N-CoR-TFIIB (SANT; light blue) domains are indicated.

Figure 1 (See previous page). Schematic representation of ER resident J-proteins in (A) yeast, (B) human and (C) rice. Domain structures of ER
resident J-proteins from yeast, human and rice are shown. Arabidopsis ERdjs (AtP58'"X, AtERdj2A, AtERdj2B, AtERdj3A, AtERdj3B and AtERdj7) have
the same domain organization of rice ERdjs, so rice ERdjs are shown as representatives of plant ERdjs. Human ERdjs (ERdj1/Mtj1, ERdj2/Sec63, ERdj3/
HEDJ, ERdj4/MDG-1, ERdj5/JPDI, ERdj6/P58"" and ERdj7) represent mammalian ERdjs. Gray, purple and red boxes indicate transmembrane regions,
signal peptide sequences and J-domains, respectively. Auxiliary domains such as Sec63/Brl(light green), glycine and phenylalanine-rich (G/F-rich;
light purple), zinc finger (ZF; blue), C-terminal domain (CTD; pink), tetratricopeptide repeat (TPR; orange), thioredoxin (TRX; yellow) and Swi3-Ada2-
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ERdj2

Yeast Sec63p is involved in protein translocation across the
ER by recruiting Kar2 (BiP), and thus providing a driving force
for translocation.”** Sec63p, a transmembrane protein with a
luminal J-domain and a cytosolic Sec63/Brl domain, is required
for assembly of functional ER translocons.?® The J-domain of
Sec63p, and not the Sec63/Brl domain, was recently shown to
be required for ERAD of soluble proteins in yeast.”’ Domain
structures are similar between human Erdj2 and yeast Sec63p
(Fig. 1); however, there is little evidence to support a role for
protein translocation into the ER for mammalian ERdj2.
Mutations in mammalian ERdj2 are linked to polycystic liver
disease, an autosomal-dominant disorder characterized by the
presence of multiple fluid filled cysts in the liver. This suggests
that ERdj2 may contribute to cotranslational processing of pro-
teins involved in biliary cell growth.?®

Plant ERdj2s also have similar domain structures to the yeast
and mammalian counterparts (Fig. 1). However, expression of
Arabidopsis AtERdj2A and AtERdj2B did not suppress temper-
ature-sensitive growth defects of the yeast sec63—! mutant.’ It
remains to be elucidated whether plant ERdj2 is a functional
ortholog of yeast Sec63p. Insertional mutations of AtERd)j2A,
but not AtERdj2B, were lethal in Arabidopsis, and such ater-
dj2A mutants showed defects in pollen germination, implicat-
ing AtERdj2A involvement in protein secretion.’

Rice seed storage proteins are deposited into two different
compartments. Protein body I (PB-I) contains several kinds of
prolamins and is derived from ER, and protein body II (PB-II)
is a storage vacuole that contains globulin and gluteilins.?%
OsERdj2 accumulates gradually during endosperm develop-
ment and is localized to the periphery of PB-1.° OsBiP1 accu-
mulates in a similar manner and is highly enriched at the
periphery of PB-I through association with nascent prolamin
polypeptide chains formed during translation; this indicates
colocalization of OsERdj2 and OsBiP1.%%"%2 OsERdj2 may
be involved in translocation of prolamin polypeptides during
PB-Iformation. This may be similar to the role of Sec63p in
yeast, which, together with Kar2 (BiP), plays crucial roles in
protein import into the ER.

ERdj3B

Mammalian ERdj3/HED] and plant ERdj3B have a
N-terminal domain, J-domain, G/F-rich domain, and an
N-terminal zinc finger domain and C-terminal domain, indi-
cating similar domain organization to yeast Scjlp (Fig. 1).
Although the zinc finger domain is present in all these pro-
teins, the types of zinc finger motifs differ: yeast Scjlp has four
copies of the CXXCXGXG motif, whereas mammalian ERdj3
and plant ERdj3B have the CXC-X,-CXXC motif that is also
found in yeast Ptr3p. Another difference is that yeast Scjlp uses
a C-terminal KDEL sequence as the ER retention signal but this
is absent in mammalian ERdj3 and plant ERdj3B. Mammalian
ERdj3 forms a complex with unfolded proteins and multiple
chaperones including BiP, PDI and GPR94.% Complex forma-
tion is disrupted by treatment with a protein synthesis inhibi-
tor, cycloheximide.”® ERdj3 associates directly with nascent
unfolded proteins in an Hsp70-independent manner, then
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recruits Hsp70/BiP, and finally dissociates from the nascent
unfolded proteins.'*** These results indicate that ERdj3 serves
to inhibit protein aggregation until BiP joins the complex."
Recently, it was reported that ERdj3 is associated with the
Sec61 translocon.*?* Binding of ERdj3 to the Sec61 translocon
may provide an elegant mechanism by which ERdj3 efficiently
encounters newly synthesized peptides as they move through
the Sec61 translocon. ERdj3 is fairly abundant in mammalian
cell culture, at levels almost comparable to those of the Sec61
translocon.”’” This would allow ERdj3 to survey aggregation-
prone regions of newly synthesized peptides and bind to them
to prevent their aggregation.

In plants, AtERdj3B forms a complex with BiP as well as
stromal-derived factor 2 (SDF2).” SDF2 is found in the ER
and is required for the function of EFR, a pattern-recognition
receptor involved in plant immunity.” Aterdj3b mutants are
susceptible to bacterial pathogens.” The loss of SDF2 results in
retention of the EFR receptor in the ER and then EFR deg-
radation. These observations suggest that the AtERdj3B-BiP-
SDF2 complex mediates proper accumulation of EFR at the
plasma membrane and that complex-associated AtERdj3B and
BiP serve to chaperone Hsp70.” AtERdj3B is detected in seed-
lings during normal development,’ indicating an ongoing role
for AtERdj3B. In rice, OsERdj3B binds preferentially to con-
stitutive OsBiP1 rather than to ER stress inducible OsBiPs such
as OsBiP4 and OsBiP5.These suggest that, like mammalian
ERdj3, plant ERdj3B may assist folding of nascent proteins
under normal, non-stress, conditions. Yeast Scjlp is the most
abundant of the five yeast ERdjs.*® While yeast s¢j/ mutants
are viable, they grow slowly and exhibit constitutive ER stress.”
Furthermore, yeast Scjl and BiP/Kar2p have been found in
association with ERAD substrates.”” Because AtERdj3B and
OsERdj3B are also induced by ER stress,”® it is possible that
AtERdj3B and OsERJ)j3B also participate in protein degrada-
tion alongside their protein folding roles.

ERdj7

Mammalian ERdj7/DNAJC25 is a recently identified ERdj
that has not yet been characterized in detail. ERdj7 is an abun-
dant membrane protein that was observed as a subunit of a
translocon, Sec6la, in canine pancreas microsomes."! Canine
ERd;j7 has been shown to stimulate the ATPase activity of BiP
in vitro, demonstrating a capacity to serve as a co-chaperone for
BiP. Overexpression of human ERdj7 suppresses tumor growth;
however, the molecular mechanisms of this suppression remain
to be determined.”” The role of ERd;j7 in plants is unclear, and
further studies are necessary for functional elucidation.

Is ERdj3A a Plant-Specific ER Resident Protein?

It was recently demonstrated that rice OsERdj3A is induced
by ER stress and is localized in protoplast vacuoles and vacuole-
derived PB-II in seeds.® No mammalian or yeast J-proteins have
been identified that localize to the lysosome (mammals) or vacuole
(yeast). Thus, plant ERdj3A is a unique ER resident J-protein and
may have plant-specific functions. In this section, we describe the
current state of knowledge for plant ERdj3A and its possible roles.
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Plant ERdj3A structure is similar to ERdj3B, but ERdj3A
lacks zinc finger and CTD domains (Fig. 1). Instead, plant
ERdj3A has a domain at its C-terminal region that resembles
a TRX domain (Fig. 1). Arabidopsis AtERdj3A has a second
TRX domain that is similar to the C-terminal redox inactive
domain in mammalian P5 PDIL?® but this region is not required
for function and is not conserved between Arabidopsis and rice
ERdj3A.%% Since mammalian ERdj5 has four TRX domains
at the C terminus, it is possible that plant ERdj3As could be
orthologous to mammalian ERdj5.""” Mammalian ERdj5 is
involved in the reduction of BiP substrates and enhancement
of their ability to be unfolded for retrotranslocation into cyto-
plasm. The reductase activity is dependent on cysteine residues
in CXXC motifs found within the mammalian ERdj5 TRX
domains.” The TRX CXXC sequence motif is not present in
either the Arabidopsis or the rice ERdj3A proteins, but not all
PDI have CXXC sequences in their active sites.”’ For example,
PDILT (protein disulphide isomerase-like protein of the testis)
has an incomplete active site that lacks the N-terminal cysteine
residue, yet is able to form mixed disulfides with partners and
substrates in vivo.** Despite lacking the CXXC sequence motif,
Arabidopsis AtERdj3A protein expressed in Escherichia coli cells
retains reductase activity in vitro.® AtERdj3A and OsERdj3A
have other cysteines in their TRX domains, and it thus remains
possible that plant ERdj3As may perform similar functions to
mammalian ERd)5.

A dissociation (Ds) insertion mutant, Arabidopsis thermosensi-
tive male I (tmsl), has a male-sterile phenotype at higher tem-
perature (30 °C), in which pollen growth is specifically reduced
at higher temperature. Molecular cloning of the 7MSI gene
revealed that it encodes AtERdj3A.% Although aterdj2a mutants
also have defective pollen growth,” phenotypic differences are
apparent between tsml/aterdj3a and aterdj2a mutants. Pollen
growth is severely reduced, even at normal temperature, in the
aterdj2a mutant, which is therefore homozygous lethal’ By
contrast, pollen growth in the tsmi/aterdj3a plant is unaffected
at normal temperatures.® Since protein secretion defects often
lead to inhibition of pollen germination and tube elongation,
these results suggest that AtERdj2A and AtERdj3A are involved
in protein secretion during pollen germination. The relative
mutant severities suggest that AtERdj2A may have housekeep-
ing roles in protein secretion in pollen, but that AtERdj3A may
have a conditional role, becoming involved only when pro-
tein folding is severely damaged by higher temperatures. This
temperature-sensitive role for AtERdj3A suggests the possibil-
ity that it is involved in refolding or degradation of misfolded
proteins caused by higher temperatures. Consistent with this
notion, expression of AtERdj3A and rice OsERdj3A is induced
by ER stress conditions caused by heat, tunicamycin and DTT
treatments.>®® Furthermore, co-immunoprecipitation assays
revealed that OsERdj3A preferentially binds to OsBiP5, which
is specifically induced by ER-stressed conditions.® Thus, plant
ERdj3A is likely to have roles in the response to ER stress.
OsERJj3A is localized in vacuoles under ER-stressed condi-
tions,® suggesting that plant ERdj3A may form a link between
the ER and vacuoles, facilitating delivery of waste unfolded
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proteins. It was recently shown that ER stress induces ERAD
by autophagy and that soluble ER marker proteins accumulate
in the vacuole via autophagy in response to ER stress,* suggest-
ing that there is a disposal route for unfolded proteins produced
under ER-stressed conditions. In mammalian cytoplasm, selec-
tive autophagy is mediated by several chaperones, including
Hsc70 and BAG3, and is termed Chaperone-Assisted Selective
autophagy (CASA).* In a similar manner to this cytoplas-
mic CASA, OsERdj3A may mediate the selection of unfolded
proteins prior to the formation of autophagosomes in the ER.
However, the molecular mechanisms guiding elimination of
aggregated ER proteins by autophagy are unclear, even in mam-
mals. Further characterization of OsERdj3A may shed light on
the ER protein quality control system, including the mecha-
nisms leading to autophagy and vacuole disposal.

Perspectives

In contrast to mammalian systems, there is a paucity of
information on the function of ERdjs in plants. Only a few pro-
teins such as Arabidopsis AtERdj2A, AtERdj3A and AtERdj3B
have been characterized, revealing their roles in protein secre-
tion.>”8 Further studies are needed to fully understand plant
ERdj functions. Of key importance is the identification of pro-
teins targeted by the ER resident J-proteins. One useful strat-
egy is proteomic analysis of mutant or RNAi-suppressed strains
with diminished or altered ER resident J-proteins. Seed endo-
sperm-specific RNAI suppression of ERdjs in rice is particularly
promising for proteomic analysis because seed-specific RNAi
suppression does not affect plant-wide physiological processes,
avoiding lethality. In addition, rice seeds are relatively large in
size and contain fewer protein types than other tissues, facili-
tating proteomic analysis. Rice endosperm produces a large
amount of seed storage proteins as secretory proteins, allowing
the effect of OsERdjs on protein secretion to be tested through
endosperm-specific suppression.

Mammalian ERdj5, which has four thioredoxin-like
domains and acts as a reductase to cleave disulphide bonds in
unfolded proteins, has no ortholog in plants or yeast.”'® Thus,
it is unclear how plant cells handle unfolded proteins with disul-
phide bonds, as it is necessary to reduce these before the protein
is dislocated back to the cytoplasm. In yeast, protein disul-
phide isomerase 1 (Pdil) is necessary for the export of a mutant
form of vacuolar carboxypeptidase Y (CPY*), which contains
disulphide bonds and is a typically soluble ERAD substrate in
yeast. This suggests that Pdil mediates reduction of disulphide
in yeast in the absence of a mammalian ERdj5 ortholog.” In
plants, PDI may perform the disulphide bond reduction role
for ERAD substrates. Alternatively, plant ERdj3A, which has
a TRX domain, may act as a reductase in a similar manner to
ERdj5. Further studies are required to understand how plant
ERdj3A and/or other factors are involved in disulphide bond
reduction of ERAD substrates.

The ER is a large factory that produces a range of secre-
tory proteins, some of which are involved in plant immunity.
Recent studies showed that components of the ER resident
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Hsp70 system such as AtBiP2 and AtERdj3B have important
roles in plant immunity.”*® Furthermore, the ER can be utilized

for the production of foreign recombinant proteins with thera-

peutic or vaccine activities, particularly in rice seeds.”* Thus,

further understanding of plant ER resident J-proteins will allow
improvement of plant traits such as resistance against pathogens
and efficient production of foreign recombinant proteins.
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