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Abstract

The endoplasmic reticulum (ER) quality control system monitors protein homeostasis and relies on the activity of many
molecular chaperones. Binding immunoglobulin protein (BiP) is a major ER luminal chaperone that is involved in most
functions of the organelle. BiP activity is tightly regulated by nucleotide exchange factors (NEFs). However, information
about NEFs in plants is limited. We obtained a Fes1-like protein (OsFes1C) through isobaric tags for relative and absolute
quantitation-based proteomics analysis of ER-stressed rice (Oryza sativa) seeds. Unlike its homologs in yeast and mammals,
which are located in the cytosol and respond to heat stress, OsFes1C is an ER membrane protein and responds to ER and
salt stresses. OsFes1C interacts directly with OsBiP1 and the interaction is inhibited by ATP but promoted by ADP, suggest-
ing that OsFes1C acts as a potential NEF of OsBiP1 in vivo. Overexpression or suppression of OsFes1C led to hypersensitiv-
ity to ER stress and affected the growth of rice. Furthermore, we established that OsFes1C directly interacts with a putative
salt response protein and is involved in the salt response. Taken together, our study marks an important step toward eluci-
dating the functional mechanisms of an identified ER stress response factor in rice.

Introduction

Secretory and membrane proteins are folded and modi-
fied in the endoplasmic reticulum (ER) under the control
of the ER-mediated protein quality control (ERQC) sys-
tem in eukaryotes. Adverse environmental conditions or
defects in physiological processes usually cause accumu-
lation of unfolded, misfolded, unassembled, or damaged
proteins, which disturb ER homeostasis inducing ER
stress. In response to ER stress, cells invoke unfolded

protein response (UPR) signaling pathway to increase
the expression of ER chaperones to facilitate protein
folding, and ER-associated protein degradation (ERAD)
pathway to stimulate the degradation of misfolded or
unassembled proteins (Strasser, 2018). ERQC is a compli-
cated regulatory pathway requiring cooperation of multi-
ple factors. Until now, many factors involved in ERQC
have been identified, such as binding immunoglobulin
protein (BiP), protein disulfide-isomerase (PDI), 3-hy-
droxy-3-methyl  glutaryl coenzyme A  reductase
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degradation protein 1 (Hrd1), and degradation in ER
protein 1 (Derlin1; Oikonomou and Hendershot, 2020).

The heat shock protein 70 (Hsp70) chaperone system par-
ticipates in protein folding and quality control of unfolded
proteins. The Hsp70 molecular chaperone system consists of
chaperone Hsp70 (DnaK), cochaperone Hsp40 (Dnal-type),
and a nucleotide exchange factor (NEF). Hsp70 chaperones
bind to nonnative proteins as substrates to prevent their ag-
gregation (Schilke et al, 2017; Rosenzweig et al, 2019). The
binding and release of the substrates are regulated by a cycle
of ATP/ADP exchange. Hsp40 and substrate binding acceler-
ate ATP hydrolysis on Hsp70, resulting in tight binding of
substrate. Bound substrate is released after dissociation of
ADP and rebinding of ATP. NEFs promote the dissociation
of ADP from Hsp70, which is the rate-limiting step in the
ATPase cycle (Bukau and Horwich, 1998).

To date, most of the studies on NEF of Hsp70 were in
yeast (Saccharomyces cerevisiae) and mammals. The first nu-
clear Hsp70 NEF Fes1 was identified in yeast. In the fesT mu-
tant, misfolded proteins fail to undergo polyubiquitylation,
aggregate, and induce a strong heat shock response (Gowda
et al, 2016). Fes1 has two functional isoforms, FesiL and
Fes1S, via alternative splicing of the transcript. FesiL is ac-
tively targeted to the nucleus, whereas Fes1S localizes to the
cytosol and is required for the efficient proteasomal degra-
dation of cytosolic misfolded proteins (Gowda et al., 2016).
Three classes of Hsp70 NEFs, including HSPBP1 (Fes1p),
Hsp110 (Ssel, 2p), and BAG domain protein families
(Snl1p), are found in the cytosol involved in ERQC (Bracher
and Verghese, 2015). In mitochondria, two putative NEF
orthologs, GrpE-like 1 (GrpEL1) and GrpEL2 are reported to
form a heterooligomeric subcomplex with mtHSP70 regulat-
ing the functions of mtHsp70. The formation of this sub-
complex is critical for conferring stability to the NEFs,
helping fine-tune mitochondrial protein quality control
(Srivastava et al., 2017).

BiP, an ER ortholog of the Hsp70 family, is one of the ma-
jor chaperones. BiP plays an important role in assisting pro-
tein folding and in the processes of ERAD (McCracken and
Brodsky, 2003; Denic et al., 2006; Maattanen et al., 2010). BiP
also acts as a sensor protein, recognizing the strength of ER
stress in cells. Like all Hsp70 proteins, the binding and re-
lease of the substrate of BiP are regulated by ATP/ADP ex-
change (Kleizen and Braakman, 2004 Winter and Jakob,
2004). To date, two NEFs for BiP have been identified, sup-
pressor of inositol-requiring enzyme 1 and lumenal Hsp 70 1
deletion 1 (SIL1) and glucose-regulated protein 170
(Grp170). Yeast SIL1 interacts with secretory 61 (Sec61) and
binds preferentially to the ADP-bound karyogamy 2 (Kar2p,
yeast BiP; Kabani et al, 2000). SIL1 plays a role in the trans-
location of proteins into the ER lumen (Behnke et al,, 2015).
Lumenal Hsp70 1 (Lhs1p, yeast GRP170) serves as a NEF of
Kar2p, binding of the nucleotide to Lhs1p can stimulate the
interaction with Kar2p and is essential for NEF activity (de
Keyzer et al, 2009). Lhs1p binds directly to a variety of in-
completely folded protein substrates in the ER, but does not
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interact with folded secretory proteins (Behnke and
Hendershot, 2014).

In contrast to the diverse biological functions of NEF in
yeast or mammalian systems, relatively little is known about
NEF in plants. To date, only one Fes1 ortholog AtFes1 has
been reported in Arabidopsis thaliana. AtFes1A is cytosolic
and interacts with cytosolic Hsp70, preventing Hsp70 degra-
dation. The loss of AtFes1A increased heat-sensitivity of
Arabidopsis plants (Zhang et al, 2010). Although AtFes1A
interacts with Hsp70, it showed no NEF activity in vitro. The
rice (Oryza sativa) genome contains at least five OsBiP genes,
and OsBiP1 plays major roles. Overexpression (OE) or sup-
pression (Ri) of OsBiP1 in rice seeds induces a severe ER
stress response, resulting in a deterioration of grain proper-
ties (Yasuda et al, 2009; Wakasa et al,, 2011). Until recently,
several ER-resident ] proteins, such as OsP58A, OsP58B, and
OsERdj3B, have been identified as cochaperons interacting
with OsBiP1 (Ohta et al, 2013). However, the NEF for
OsBiP1 remains unknown.

In this study, we identified an ER-stress response protein
OsFes1C via proteomic strategies in rice (Qian et al, 2015).
Unlike yeast Feslp and AtFes1A that located in cytosol,
OsFes1C is an ER membrane protein. The expression of
OsFes1C is induced by ER and salt stress. Either increase or
decrease of the expression level of OsFes1C has exactly the
same effect on the growth and development of rice, and
both can lead to hypersensitivity to ER stress, even causing
the same changes of transcript profiles between OsFes1C
transgenic plants and the wild plants. OsFes1C directly inter-
acts with OsBiP1, and the interaction is strengthened by
ADP but weakened by ATP. We suggest that OsFes1C acts
as a potential NEF of OsBiP1 in vivo.

Results

Identification of OsFes1C protein

Previously, we analyzed the low salt-soluble proteins from
developing rice seeds by the isobaric tags for relative and ab-
solute quantitation method (Qian et al, 2015). The wild-
type (WT) and transgenic rice plants with seed-specific ER-
stress samples were used to investigate the ER-stress regula-
tion of the proteome. We identified a Fes1-like protein
whose expression level in the ER-stressed seed was more
than 25-fold higher than that in WT. The Fes1-like protein,
containing 410 amino acids, is deduced as a putative NEF.
SMART (http://smartembl-heidelberg.de/) analysis showed
that the Fesl-like protein contains a Fes1 domain, and two
low complexity domains (Figure 1A). Phylogenetic analysis
showed that the Fesl-like protein was closely related to
Arabidopsis AtFes1c (Figure 1B); therefore, the Fesl-like was
designated OsFes1C (LOC_Os09g33780). A survey of the rice
genome revealed two other Fes1 homologs. According to
the amino acid similarity to Fes1 in Arabidopsis (Zhang et
al, 2010), these two proteins were named as OsFes1A
(LOC_0Os03g60780) and OsFes1B  (LOC_Os03g16460).
OsFes1C shares a relatively low degree of sequence identity
with OsFes1A and OsFes1B.
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Figure 1 Treatment of OsFes1 by different stress conditions. A, A schematic illustration of domain organization of OsFes1C. It contains a Fes1 do-
main. B, Phylogenetic tree of OsFes1C with homologs in other species. HPBP1 is the homolog of Fes1 in human. The neighbor-joining method was
used for constructing the phylogenetic tree. The bootstrap probability values were shown on the nodes of the phylogenic tree. C, Expression of
OsFes1A under different stress conditions. OsFesTA is significantly increased under heat stress. D, Expression of OsFes1B under different stress con-
ditions. OsFes1B is significantly increased under heat stress. E, Expression of OsFes1C under different stress conditions. OsFes1C is significantly in-
creased under ER and salt stresses. The expression of the OsFes1 isoforms in (C-E) has been normalized to ACTIN, then the mRNA level under
different stress conditions was relative to the control as 1.0. All data are averages of three independent experiments, and error bars represent sem.

*P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test).

Expression of OsFes1C is upregulated by ER stress
and salt stress

It has been reported that the expression of AtFes1A is
strongly induced by heat stress (Zhang et al, 2010). To test
whether Fes1 proteins in rice respond to the heat stress, we
analyzed the expression of three OsFesls under the heat
stress. The results showed that the expression levels of
OsFes1A and OsFes1B increased significantly under heat
stress conditions, but that of the OsFes1C showed no obvi-
ous difference (Figure 1, C-E). In addition, the expression
levels of three OsFes1s were not changed under cold stress
condition (Figure 1, C—E).

Our proteomic data showed that OsFes1C was upregu-
lated by ER stress (Qian et al, 2015). To confirm this result,
the expression level of OsFes1C in plants treated with dithio-
threitol (DTT) or tunicamycin (Tm) was examined by

reverse-transcription quantitative PCR (RT-gPCR). The
results showed that expression level of OsFes1C was in-
creased by 188- and ~27.5-fold in plants treated with DTT
and Tm for 4 h, respectively (Figure 1E). In contrast, the ex-
pression levels of OsFes1A and OsFes1B remained constant
under DTT and Tm treatments (Figure 1, C and D). In addi-
tion, we found that the expression of OsFes1A, OsFes1B, and
OsFes1C can be induced by salt stress, particularly at 6 and
12 h after treatment (Figure 1, C-E).

OsFes1C is an ER membrane protein

To determine their subcellular localization, we fused green
fluorescent protein (GFP) to the C-terminus of OsFes1 pro-
teins and transiently expressed the constructs in rice proto-
plasts. Confocal laser scanning microscopy revealed that
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OsFes1A-GFP and OsFes1B-GFP are located in both cyto-
plasm and nucleus, whereas OsFes1C-GFP showed typical ER
localization (Figure 2A). Coexpression of OsFes1C-GFP with
the ER marker mCherry-HDEL showed that the green fluo-
rescence of OsFes1C-GFP merged well with the red fluores-
cence of mCherry-HDEL (Figure 2A), confirming that
OsFes1C was located in the ER.

OsFes1C was predicted to be a membrane protein with a
single transmembrane helix (Supplemental Figure S1). To de-
termine the intracellular partition of OsFes1C, we generated
transgenic rice expressing OsFes1C-3 X FLAG under the con-
trol of ubiquitin promoter, and extracted membrane pro-
teins from the transgenic seedling for immunoblot analysis.
Western blot with antibody against FLAG showed that
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OsFes1C was detected predominantly in the membrane frac-
tion (Figure 2B, upper part). Western blot analysis with the
membrane protein extracted from the transgenic seedlings
under DTT treatment also showed a similar result (Figure
2B, upper part). The membrane fraction was further sus-
pended in control buffer, high-salt buffer (1 M NaCl), alka-
line buffer (100 MM Na,CO;, pH 11.5), Sodium dodecyl
sulfate (SDS) buffer, and Triton X-100 buffer, ultracentri-
fuged and subjected to immunoblot analysis with antibody
against FLAG. The results showed that OsFes1C could be
solubilized by SDS or Triton X-100 buffer, but could not be
extracted with high-salt or alkaline buffer (Figure 2B, lower
part). Furthermore, the intracellular localizations of OsFes1C
in the root cell of OsFes1C-3 X FLAG transgenic plants were
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Figure 2 OsFes1C is an ER membrane protein and tissue-specific expression of OsFes1C. A, Subcellular localization of the three OsFes1 isoforms
analyzed by confocal microscopy. OsFes1A-GFP and OsFes1B-GFP are located in both cytoplasm and nucleus, whereas OsFes1C is located in the
ER. B, Upper part: OsFes1C-FLAG protein was detected predominantly in the membrane fraction. S, soluble fraction; M, membrane fractions. H ™ -
ATPase is a membrane protein and cFBPase is a soluble protein, which acts as a control. Lower part: The solubilization assays of OsFes1C protein.
The OsFes1C protein can be solubilized by ionic and nonionic detergents like SDS and Triton X100, respectively, but not high salt (1 M NaCl) and
high pH (100 mM Na,CO;, pH 11.5) conditions. The membrane protein H'-ATPase acts as a control. S, supernatants; P, pellets. C,
Immunolocalization of OsFes1C in the ER of root cell. The OsFes1C antibody was labeled with 10-nm immunogold particles. Arrow indicates
OsFes1C accumulated in the ER. CW, cell wall. D, Tissue-specific expression of OsFes1C. OsFes1C is mainly expressed in leaf. Seedling, 12 d seedling;
other individual tissues came from the filling stage rice. The expression of OsFes1C was normalized to that of ACTIN. Data are averages of three in-

dependent experiments, and error bars represent sem.
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examined by immunoelectron microscopy. As shown in
Figure 2C, the OsFes1C labeled with 10-nm immunogold
particles were mainly distributed in ER. These results indi-
cate that OsFes1C is an integral ER membrane protein.

To investigate the expression patterns of OsFes1C, we per-
formed RT-qPCR analysis. Although OsFes1C was universally
expressed in all tissues including root, leaf, leaf sheath, stem,
panicle, and seed, it was predominantly expressed in leaf
and leaf sheath with the lowest expression level in panicle
and root (Figure 2D).

To date, all Fes1 proteins reported were located at cytosol
or nucleus responding to heat stress (Zhang et al, 2010;
Gowda et al, 2016). The features of being an ER membrane
protein and its response to ER and salt stresses make
OsFes1C a unique protein. Thus, we focused on the study of
OsFes1C.

OE or Ri of OsFes1C leads to hypersensitivity to ER
stress

To further elucidate the function of OsFes1C, we generated
OsFes1C OE and Ri transgenic plants under the control of
the maize (Zea mays) ubiquitin promoter. Positive trans-
genic plants were identified by PCR, and the expression level
of OsFes1C was measured by RT-qPCR. The transcription lev-
els of OsFes1C were lower in Ri leaves and higher in OE
leaves than in the leaves of the WT (Supplemental Figure
S2), indicating that the OsFes1C was successfully overex-
pressed or suppressed, respectively. The plant height, panicle
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length, grain weight per plant, and 1,000-grain weight of the
transgenic plants, both OE and Ri, were reduced significantly
compared to the WT (Figure 3). However, no obvious differ-
ences were found on these traits between OE and Ri plants.

To verify whether OE or Ri of OsFes1C induced UPR, the
levels of ER-resident chaperones in leaves were investigated
by western blotting analysis. The results showed that the
levels of BiP1, PDI2-3, and CNX in the OsFes1C OE and
OsFes1C Ri lines were comparable with those in the WT
(Supplemental Figure S3). These results suggested that OE
or Ri of OsFes1C did not trigger the UPR.

To further investigate the effect of overexpressed or sup-
pressed OsFes1C on the ER-stress responses, the seedlings of
OsFes1C OE, OsFes1C Ri, and WT were treated with Tm for
5 d. Under normal condition, the lengths of the shoot and
root were slightly different between the seedlings of the WT
and OsFes1C transgenic seedlings (Figure 4, A, C, and D).
Under ER stress condition, the lengths of the shoot and
root of OE and Ri seedlings were significantly shorter than
those of the WT (Figure 4, B, C, and D). The OE and Ri
plants showed similar phenotype in terms of root and shoot
length. Under ER stress condition, the expression levels of
BiP1, PDI2-3, and CNX in OE and Ri plants increased sub-
stantially compared to the WT (Figure 4E), indicating that
alteration of the expression of OsFes1C enhanced the UPR
signaling in response to ER stress. These results indicated
that alteration of the expression level of OsFes1C led to hy-
persensitivity to ER stress and affected the growth of rice.
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Figure 3 Effects of OE and repression of OsFes1C on rice growth. Compared to the WT rice, the plants of the OsFes1C transgenic lines had obvious
dwarf phenotype at the seedling stage (A) and at the ripening stage (B). OE indicates OsFes1C-overexpressing rice; Ri represents OsFes1C-repressed
rice. C-F, Significant genotypic differences in plant height (C), panicle length (D), grain weight per plant (E), and 1,000-grain weight (F) between
the OsFes1C transgenic rice and WT. All data are averages of three independent experiments, and error bars represent sem. *P < 0.05, **P < 0.01,

and ***P < 0.001 (Student’s t test).
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Figure 4 Phenotype of the WT and transgenic rice under the Tm treatment conditions. The growth of OE and Ri in liquid MS medium without
(A) and with (B) Tm was observed over a period of 5 d. WT served as a control. A, Under normal condition, the lengths of the shoot and root
were slightly different among the WT and OsFes1C transgenic seedlings. B, After treatment with Tm, the lengths of the shoot and root of OsFes1C
transgenic seedlings were significantly shorter than those of the WT. C and D, Quantitative measurements of the lengths of shoots and roots of
WT, OE, and Ri seedlings that treated with Tm in three trials. Error bars represent so. *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test). E,
Under ER stress, the UPR-activation indicators, such as BiP1, PDI2-3, and CNX, strongly accumulated in OsFes1C transgenic plants compared to
the WT. Transgenic calli treated with Tm were used for the immunoblot. Anti-BiP1, anti-CNX, anti-PDI2-3, and anti-tubulin antibodies were used
to detect the expression. The numbers below the strip represent the proteins expression level relative to WT as 1.0.

OsFes1C interacts with OsBiP1 in vitro and in vivo

To search for factors interacting with OsFes1C in rice, we
performed coimmunoprecipitation (ColP) experiments, us-
ing OsFes1C-3 X FLAG-overexpressing rice calli treated with
or without DTT. The callus cell extract was incubated with
anti-FLAG antibody linked beads, and the WT extract was
used as a control. After SDS-Polyacrylamide gel electro-
phoresis (PAGE) and staining, an intense band and a faint
band were detected, with no band observed at the equiva-
lent positions in the control lane (Figure 5A). The different
bands were identified by mass  spectrometry

(Supplemental Table S1). The results showed that the
tryptic peptides of the intense band aligned well with the

primary sequences deduced from OsBiP1
(LOC_0s02g02410), while that from the faint band aligned
with a putative salt response protein (OsSalt,

LOC_0Os01g24710; Figure 5A). ColP assays using OsFes1C-
3 X FLAG seedlings treated with or without DTT also iden-
tified the two proteins (Supplemental Figure S4).

To confirm OsFes1C directly binds to OsBiP1, we per-
formed pull-down experiment. His-tagged OsFes1C and
glutathione-S-transferase (GST)-OsBiP1 were expressed in
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Figure 5 OsFes1C directly interacts with OsBiP1. A, ColP assay of transgenic OsFes1C-FLAG and endogenous interacting proteins using transgenic
calli. All the bands were identified by mass spectrometric analyses, respectively. Two proteins, OsBiP1 and OsSalt, were immunoprecipitated with
OsFes1C. The asterisk indicates the degraded bands of OsFes1C-FLAG. B, The GST pull-down assay shows that the OsFes1C-His was pulled down
only with GST-OsBiP1, but not with the GST control. C, The interaction between OsFes1C and OsBiP1 in plant cells was confirmed by BiFC. The
scale bar (50 pm) for the top left image apply to all images. D, Firefly LCl assay for interaction between cLUC-OsFes1C and OsBiP1-nLUC in N. ben-
thamiana. E, ADP strengthens the interaction between OsFes1C and OsBiP1, and ATP weakens the interaction. The ratios of OsFes1C-His to GST-
OsBiP1 in each condition were shown. The asterisks indicate the degraded bands of GST-OsBiP1.

Escherichia coli. The purified His-tagged OsFes1C protein was
incubated with GST alone or purified GST-OsBiP1, and the
coprecipitated complex was analyzed by western blot using
anti-OsFes1C antibody. As shown in Figure 5B, the OsFes1C-
His was pulled down only with the GST-OsBiP1, but not
with the GST alone. These results indicated that OsFes1C di-
rectly interacted with OsBiP1. The interaction between
OsFes1C and OsBiP1 was further confirmed by bimolecular
fluorescence complementation (BiFC) in plant cells. Full-
length OsFes1C cDNA was fused to the N-terminal half of
Yellow fluorescent protein (YFP), OsBiP1 was fused to the C-
terminal half of YFP, and the two constructs were infiltrated
into Nicotiana benthamiana leaf epidermal cells. As shown
in Figure 5C, YFP fluorescence was only detected in the cells
cotransformed with nYFP-OsFes1C and OsBiP1-cYFP. YFP
fluorescence was not detected in the nYFP-OsFes1C and
cYFP or OsBiP1-cYFP and nYFP coexpression cells of pair-
wise expression (Figure 5C). The interaction between
OsFes1C and OsBiP1 was further confirmed by firefly lucifer-
ase complementation imaging (LCl) assay (Figure 5D). These

results indicated that OsFes1C binds to OsBiP1 both in vitro
and in vivo.

It has been reported that the AtFes1A was associated
with HSP70, and the interaction was inhibited in the pres-
ence of ATP (Zhang et al, 2010). Similarly, the interaction
between the yeast ortholog Fes1p and Ssalp was also inhib-
ited by ATP (Kabani et al., 2002). To investigate whether the
adenosine nucleotides affect the binding of OsBiP1 to
OsFes1C, we performed pull-down experiments as described
above incubated with ATP or ADP. The results showed that
the interaction between OsFes1C and OsBiP1 was strength-
ened by ADP but weakened by ATP (Figure 5E). These
results indicated that ATP affects the interaction between
OsBiP1 and OsFes1C in rice.

OsFes1C interacts with OsSalt and is involved in the
salt stress response

To investigate if OsSalt responds to salt stress, we treated
10-d-old rice seedlings with 200 mM NaCl, and measured
the expression level of OsSalt. The result showed that the
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expression level of OsSalt increased dramatically 12 h after
treatment. This result suggested that OsSalt was involved in
salt stress response (Supplemental Figure S5).

To confirm the interaction between OsFes1C and OsSalt,
we performed BiFC experiments. Full-length OsSalt cDNA
was fused to the N-terminal half of YFP, while OsFes1C was
fused to the C-terminal half of YFP, and the two constructs
were infiltrated into N. benthamiana leaf epidermal cells. As
a control, the empty vector in combination with each fusion
construct was also coinfiltrated into N. benthamiana leaf
epidermal cells. YFP fluorescence was only observed in N.
benthamiana cells coexpressing OsFes1C-cYFP and nYFP-
OsSalt, but not in those coexpressing OsFes1C-cYFP and
nYFP or cYFP and nYFP-OsSalt. These results indicated that
OsFes1C interacts with OsSalt (Figure 6A). The interaction
between OsFes1C and OsSalt was further confirmed by pull-
down assay in E. coli, using GST-OsSalt as the bait and
OsFes1C-His as the prey. OsFes1C-His was only pulled down
with GST-OsSalt, but not with the GST alone (Figure 6B).
The interaction between OsFes1C and OsSalt was also con-
firmed by LCl assay (Figure 6C). In addition, OsSalt was lo-
calized in cytoplasm, nucleus, and ER (Supplemental Figure
S6). These results confirmed that OsFes1C interacts directly
with OsSalt.

We tested whole-plant salt sensitivity of OsFes1C OE and
Ri plants by treating 10-d-old seedlings with 200 mM NacCl
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for 3-5 d. For the salt treatment for 5 d, we observed that
almost all leaves of WT rolled, whereas the leaves of
OsFes1C OE and Ri seedlings just started rolling (Figure 6D).
After recovery for 7 d, almost all the WT wilted, whereas
20% of the OsFes1C OE and Ri seedlings survived (Figure 6E).
These results showed that OE or Ri of OsFes1C increased the
salt stress tolerance of the plants.

Transcriptome sequencing and proteomics analysis
of the OsFes1C OE and Ri transgenic plants
Compared to the WT, transcriptomes of both OsFes1C OE
and Ri transgenic lines displayed significant changes
(P < 005). In total, 2,368 and 846 genes were up- and
downregulated with a threshold of two-fold change in the
OE plants, whereas in the Ri plants, 1,633 and 1,737 genes
were up and downregulated, respectively (Figure 7, A and B;
Supplemental Data Sets S1, S2). Venn diagram shows that
1,240 genes were changed both in OE and Ri lines (Figure
7G Supplemental Data Set S3). Among the 1,240 genes,
1,202 genes showed a similar expression pattern in both OE
and Ri lines, with 797 genes upregulated and 405 genes
downregulated. Only 38 genes showed opposite expression
patterns between the OE and Ri lines (Figure 7D). These
results indicated that either increase or decrease of the ex-
pression level of OsFes1C leads to a similar response in tran-
script profiles in rice. In addition, 42 genes were identified as
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Figure 6 OsFes1C is involved in salt response. A, The interaction between OsFes1C and OsSalt in plant cells was confirmed by BiFC. The scale bar
(50 pum) for the top left image apply to all images. B, The GST pull-down assay shows that the OsFes1C-His was pulled down only with GST-
OsSalt, but not with the GST control. C, LCI assay for interaction between OsFes1C-nLUC and cLUC-OsSalt in N. benthamiana. D, More transgenic
seedlings survived than WT under the NaCl treatment condition. E, Quantitative measurements of the survived WT and transgenic seedlings after
treatment with NaCl for 3-5 d. All data are averages of three independent experiments, and error bars represent sem. *P < 0.05, **P < 0.01

(Student’s t test).
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transcription factors among the 1,240 differentially expressed
genes (DEGs), which belong to different transcriptional regu-
lator families, including bHLH, WRKY, NAC, and MYB tran-
scription factors (Supplemental Figure S7; Supplemental
Data Set S4). To validate these transcriptome sequencing
data, 12 genes were randomly selected and analyzed by RT-
gPCR. The expression patterns of these genes reflected by
RT-gPCR were consistent with the observation by RNA-seq
(Supplemental Figure S7).

Western blot analysis clearly displayed that OsFes1C was
highly expressed in the OE plants and substantially sup-
pressed in the Ri plants compared to the WT
(Supplemental Figure S8A). We then performed SWATH-
based quantitative proteomic analysis to investigate the
changes in protein level of the OE and Ri transgenic plants.
Compared to the WT, 83 proteins were changed with a
threshold of two-fold both in OE and Ri plants

(Supplemental Figure S8B; Supplemental Data Set S5), with
52 proteins upregulated and 31 proteins downregulated
both in OE and Ri plants (Supplemental Figure S8C). The
similar changes in both the transcriptome and proteome of
OE and Ri plants may underlie their similar phenotypes.

Discussion

NEFs are cofactors of HSP70 chaperones, which regulate the
functions of chaperones by stimulating release of ADP and
allowing ATP to rebind, thereby determining how fast sub-
strates are released from the chaperones. In contrast to the
diverse biological functions of NEFs in yeast or mammalian
systems, relatively little is known about NEFs in plants.
Currently, the only report about plant NEFs is Arabidopsis
ACFES1. AtFes1A is located in cytosol, and is involved in
heat stress responses (Zhang et al, 2010). Its homolog in
yeast, Fes1, is also a cytosolic NEF that is essential for
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ubiquitin-dependent degradation of misfolded cytosolic pro-
teins (Gowda et al, 2013). OsBiP1 is a major ER luminal
chaperon intricately involved in most functions of the or-
ganelle through its interactions with a variety of substrates
and regulatory proteins. To date, multiple DnaJ-like cofac-
tors, such as OsP58A, OsP58B, OsERdj2, and OsERd]j3B, have
been identified as cochaperons interacting with OsBiP1
(Ohta et al, 2013). Only SILT and GRP170 have been
reported to be ER luminal NEFs of BiP (Behnke et al, 2015).
The expression of SIL1 is induced dramatically by ER stress
in yeast, slightly in Yarrowia lipolytica, but decreased in hu-
man cells (Behnke et al, 2015). In this study, we obtained a
Fes1-like protein (OsFes1C) from proteomic analysis of ER-
stress response proteins (Qian et al,, 2015). Our data showed
that OsFes1C is an ER membrane protein (Figures 2, A-C).
The expression of OsFes1C is induced by ER and salt stresses
(Figure 1E). In addition, OsFes1C directly interacts with
OsBiP1, and the interaction is strengthened by ADP but
weakened by ATP (Figure 5), like that of previously reported
NEFs. The interaction of OsFes1C with OsBiP1 is much simi-
lar to those of SIL1 to Kar2p/BiP and GRP170 to BiP (Kabani
et al, 2000). These features of OsFes1C make it a potential
NEF of OsBiP1 in vivo.

We tried to produce an OsFes1C knockout mutant via ge-
nomic editing strategy; however, we failed to regenerate
plants. These results suggested that OsFes1C is essential for
plant growth and development, lacking the protein might
be lethal like that of Grp170 in mice (Mus musculus; Kitao
et al, 2001). It is noteworthy that OsFes1C OE and OsFes1C
Ri lines exhibited similar phenotypes with stunted growth
(Figures 4, 6). The profiles of gene expression in OsFes1C OE
and OsFes1C Ri lines were also similar, with only 38 among
the 1,240 DEGs, compared to WT, showing opposite expres-
sion patterns between the transgenic lines (Figure 7).
Nevertheless, the functions of the 38 genes were almost
unclear. These results indicated that the fine tuning of
OsFes1C is crucial for its function. Similar phenomena have
been reported for OsBiP1 and OsDERT1 in rice, in which ei-
ther underexpression or OE of OsBiP1 or OsDERT activates
an ER stress response (Wakasa et al., 2017; Qian et al,, 2018).
It seems likely that the expression level of these ER stress re-
sponse genes should be precisely controlled in rice, as ER
adopts an elaborate surveillance system, known as ERQC, to
maintain the protein homeostasis in ER.

It has been reported that Fes1 plays important Hsp70-
independent roles in the cell by binding proteins other than
Hsp70 (Kumar and Masison, 2019). The growth retardation
of OsFes1C OE and OsFes1C Ri plants may be caused by loss
of these functions rather than loss of OsBiP1 regulation. In
addition, we also identified an OsFes1C-interacting protein
other than OsBiP1. Although the protein was annotated as
OsSalt, its functions were unknown. The expression of
OsSalt is induced by salt stress (Supplemental Figure S5).
The OsFes1C OE and Ri transgenic plants are more resistant
to salt stress, suggesting that OsFec1C is a functionally di-
verse gene. However, no known salt response gene could be
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detected in the 1,240 DEGs (Figure 7). The mechanisms of
how OsFes1C contributes to the various biological processes
remain to be investigated.

Materials and methods

The binary vector construction and rice
transformation
To construct the gene OE vector, the OsFes1C-3 X FLAG
fragment was inserted in the binary vector pCAMBIA1301
containing maize ubiquitin-1 promoter. To construct the
RNAI vector, the specific sequence of OsFes1C was amplified
and ligated to the Ubi-pTCK303 vector (Wang et al., 2004).
The binary vectors were introduced into rice (O. sativa cv
Kitaake) by Agrobacterium tumefaciens-mediated transfor-
mation as described (Qu et al., 2005).

All primer sequences are listed in Supplemental Table S2.

Stress treatment

To check the expression level of OsFes1C under various abi-
otic stresses, the seedlings of Kitaake were grown in liquid
Murashige and Skoog (MS) medium for 3 weeks under nor-
mal conditions. For salt stress assays, the seedlings were
treated with 200-mM NaCl solution for 3, 6, and 12 h. For
heat stress assay, the plants were exposed to 42°C for 3, 6,
and 12 h. For cold stress assay, the plants were transferred
to a growth chamber at 4°C for 3, 6, and 12 h. For ER stress
assay, the 8-d-old plants were treated with 2 mM DTT for 4
h or 5 ug mL™' Tm for 4 h. The treated materials were har-
vested immediately for total RNA extraction using TRIpure
Reagent (Bioteke). RT-qPCR was performed on a LightCycler
system (Roche Diagnostics) as described previously (Qian et
al, 2015). The primers were designed by Beacon Designer
8.0 (Supplemental Table S2).

For testing the growth of transgenic plants under Tm treat-
ment, positive transgenic and WT plants were grown in one-
half-strength MS solid medium with or without Tm for 5 d,
and the concentration of Tm was 200 or 500 ng mL™". The
phenotype was photographed, the root length and shoot
length were investigated for growth measurements.

To test the salt stress tolerance of transgenic plants at the
seedling stage, 10-d-old positive transgenic lines and the WT
were treated with 200-mM NaCl solution for 3, 4, or 5 d
and allowed to recover for 1 week. Seedlings that could not
grow were considered as dead (Xiong and Yang, 2003). All
of these salt tolerance experiments were repeated at least
three times. The phenotype was photographed, the root
length and shoot length were investigated. The values are
presented as the mean =+ sp. Statistical analysis of the data
was performed using Student’s t test to evaluate the statisti-
cal significance of differences.

Cellular fractionation and immunoblotting analysis

To isolate the soluble cytoplasm and insoluble membrane,
the transgenic seedlings containing the OsFes1C-3 x FLAG
tag under the control of the ubiquitin promoter were gener-
ated. The fusion proteins were extracted as previously
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described (Duan et al, 2017). Protein concentration was
measured using the Coomassie (Bradford) protein assay kit.
The soluble fractions and insoluble membrane fraction were
brought up to equal concentrations, and the fractions were
analyzed by SDS-PAGE with 10% (w/v) polyacrylamide gels
and then immunoblotted using FLAG monoclonal antibody
(Sigma). Next, a 1:5000 dilution of H*-ATPase (Agrisera)
and a 1:5,000 dilution of cFBPase (Agrisera) were used as
plasma membrane and cytosolic markers, respectively.

The insoluble membrane fraction was further resuspended
in control buffer, high-salt buffer (1 M NaCl), alkaline buffer
(100 mM Na,COs;, pH 11.5), 1% (w/v) SDS, and 1% (v/v)
Triton X-100 as reported (Ren et al, 2020). After incubation
for 20 min on ice, these resuspension solutions were centri-
fuged at 100,000g for 1 h at 4°C to obtain the pellet (P) and
supernatant (S) fractions for immunoblot analysis. Antibodies
against o-tubulin, His, GFP, and FLAG were generated by
Sigma. Antibodies against BiP1, PDI2-3, and CNX were kindly
provided by Dr Fumio Takaiwa (Wakasa et al, 2011).

Subcellular localization

To examine subcellular localization, GFP was fused to the C-
terminus of OsFes1A, OsFes1B, and OsFes1C and inserted
into the vector pBI221. mCherry-HDEL served as a marker for
ER localization. All the fusion constructs were placed under
the control of the 35S promoter and NOS terminator. Then,
the chimeric plasmid was cotransformed into rice protoplasts
as described (Chen et al, 2006). Fluorescence signals were ob-
served on a confocal microscope (Olympus FV1000 MPE).
The GFP fluorophore was excitation with a 488-nm laser, and
emitted fluorescence was recorded at 505-525 nm. The
mCherry fluorophore was excitation with a 543-nm laser, and
emitted fluorescence was recorded at 560-660 nm.

Immunoelectron microscopy

Transverse sections of rice root tip 4 d after germination
were fixed in PBS buffer (pH 7.2). Samples were embedded
in Spurr’s low-viscosity resin and cut into ultrathin sections.
For immunogold localization, ultrathin sections were
blocked with 1% (w/v) bovine serum albumin in Tris-
buffered saline, and incubated with diluted antibodies.
Following removal of nonspecifically bound antibodies, sec-
tions were incubated with gold-conjugated secondary anti-
bodies, stained with uranyl acetate, and observed by
transmission electron microscope (JEM-1230, Hitachi, Tokyo,
Japan). Polyclonal antibody against the OsFes1C was pro-
duced in mouse.

Bimolecular fluorescence complementation

The vectors used to produce constructs for the BiFC assays
were pXY104 and pXY106, which carry fragments encoding
the C- and N-terminal halves of YFP (cYFP and nYFP), re-
spectively (Luo et al, 2014; Lu et al, 2015; Lian et al, 2018).
PCR-amplified coding regions of OsFes1C, OsBiP1, and Salt
gene were introduced into the vector. The resulting plasmid
nYFP-OsFes1C and nYFP-Salt contained the N-terminal part
of yellow fluorescent protein, while OsFes1C-cYFP and
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OsBiP1-cYFP contained the C-terminal region of yellow fluo-
rescent protein. The vectors were transformed into A. tume-
faciens strain GV3101. Equal volumes of A. tumefaciens
cultures harboring each of the nYFP-OsFes1C and OsBiP1-
CYFP constructs, or nYFP-Salt and OsFes1C-cYFP constructs
were mixed to a final optical density (OD) at 600 nm of
ODgoo = 0.3 in infiltration buffer (10 mM MES, pH 5.6, 10
mM MgCl,, and 200 mM acetosyringone). The cultures were
infiltrated into fully expanded N. benthamiana leaves using a
1-mL needleless syringe. The agroinfiltrated N. benthamiana
plants were grown at 16-h light/8-h dark cycle for 48-72 h
at 23°C. The fluorescence was detected by confocal micros-
copy (Leica). The GFP fluorophore was excitation with a
488-nm laser, and emitted fluorescence was recorded at
500-575 nm. The mCherry fluorophore was excitation with
a 543-nm laser, and emitted fluorescence was recorded at
575-630 nm.

ColP assays

Transgenic calli containing the OsFes1C-3 X FLAG tag under
the control of the ubiquitin promoter were generated.
Successful transgenic calli were screened by anti-FLAG anti-
bodies. In the ColP assay, the WT served as a negative con-
trol; the transgenic calli and WT calli were ground and
extracted by lysis buffer (25 mM Tris—HCl, pH 8, 150 mM
NaCl, 2.0% [w/v] n-dodecyl-B-pb-maltopyranoside, and a pro-
tease inhibitor cocktail [Roche]). Briefly, after centrifugation,
the supernatant was incubated with anti-FLAG resin for 2 h
at 4°C, the immunoprecipitation complexes were washed
three times using wash buffer (25 mM Tris—HCI, pH 8, 150
mM Nadl, and 0.02% [w/v] n-dodecyl-B-o-maltopyranoside),
and the protein complexes were eluted by 2 x SDS-PAGE
loading buffer and subjected to immunoblot analysis. The
procedure of ColP assay with the transgenic seedlings was
the same as that mentioned above.

GST pull down

The recombinant proteins (GST-OsBiP1, GST-Salt, and
OsFes1C-His) were expressed in E. coli. Briefly, all the plasmid
constructs were transformed into E. coli BL21 (DE3), respec-
tively. The transformed cells were cultured in LB broth at
37°C till ODgy =0.8 and then induced with 05mM
Isopropyl B-D-Thiogalactoside (IPTG). The expression of pro-
tein was carried out at 16°C for 20 h. The induced cells were
harvested by centrifugation at 4,000 g and resuspended in
phosphate buffer saline (PBS), then lysed by sonication. The
lysate was centrifuged at 14,000g and 4 °C for 20 min to re-
move precipitate.

The supernatant of OsFes1C-His recombinant protein was
loaded on a Ni-IDA column (TransGen Biotech). The col-
umn was balanced with PBS containing 10mM imidazole,
washed with PBS containing 40, 60, 80, and 100 mM imidaz-
ole, eluted with PBS containing 300 mM imidazole. The frac-
tions containing the recombinant protein were collected.

The supernatant of GST-OsBiP1 and GST-Salt was incu-
bated with prepared glutathione Sepharose beads (TransGen
Biotech), respectively, on the rotating incubator at 4°C for
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2 h, and then washed four times. After removing the super-
natant, 1-mL purified OsFes1C-His recombinant protein was
incubated with the beads for 2 h. The beads were washed
four times with PBS buffer. The target proteins were eluted
with reduced glutathione. These elutes were then analyzed
and detected by SDS-PAGE and western blotting.

For in vitro protein binding assay, OsFes1C-His and GST-
OsBiP1 fusion proteins were purified according to the
method mentioned above. A 5 mM ATP or 5 mM ADP was
subjected to the process of binding.

RNA-Seq analysis

Sample preparation: the 8-d-old OsFes1C transgenic
(OsFes1C OE and OsFes1C Ri) and WT plants were treated
with or without 2 mM DTT for 4 h.

Total RNA was extracted from those samples using TRIzol
reagent (Invitrogen), and each group was prepared with
three parallel replicates. Later, all the samples were sent to
BGI Corporation (Shenzhen, China) for further RNA-Seq de-
tection and analysis via lllumina HiSeq sequencer. The Venn
analysis and Cluster analysis for DEGs was performed on the
Dr Tom network platform of BGI (http://reportbgicom).
The results were then confirmed by RT-qPCR.

LCI assay

For the interaction assay between OsFes1C and OsBiP1, the
coding sequence of OsBiP1 was fused upstream of the N-
terminus of LUC (nLUC) in the pCAMBIA-nLUC vector,
while the coding sequences of OsFes1C were fused down-
stream of the C-terminus of LUC (cLUC) in the pCAMBIA-
cLUC vector. For the interaction assay between OsFes1C
and OsSalt, the coding sequence of OsSalt was fused down-
stream of cLUC in the pCAMBIA-cLUC vector, while the
coding sequences of OsFes1C were fused upstream of the
nLUC in the pCAMBIA-nLUC vector. Different construct
combinations were infiltrated into different positions in the
same N. benthamiana leaf. After 2 d at 23°C, the relative
LUC activity was measured as previously described (Zhou et
al, 2018).

Proteomics analysis

Proteomics analysis was performed as described previously
(Qian et al, 2015). The plant total protein extraction kit
(SIGMA) was used according to the manufacturer’s instruc-
tions, protein samples were extracted from the 12-d-old
OsFes1C transgenic (OsFes1C OE and OsFes1C Ri) and WT
plants. All operations were performed on ice, and the total
protein was quantified using the 2D Quant Kit (GE
Healthcare). SWATH analysis was performed on a TripleTOF
5600 system (AB SCIEX; Gillet et al, 2012). A total of three
technical replicates and two biological replicates were
performed.

Accession numbers

Sequence data from this article can be found in the Rice
Genome Annotation Project Database under the follow-
ing accession numbers: OsFes1A, LOC_Os03g60780;
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OsFes1B, LOC_0Os03g16460; OsFes1C, LOC_0Os09g33780;
OsBiP1, LOC_0s02g02410; OsSalt, LOC_0Os01g24710;
PDI2-3, LOC_0s09g27830; and CNX, LOC_Os04g32950.
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