
Cooperative Protein Folding by Two Protein Thiol
Disulfide Oxidoreductases and ERO1 in Soybean1[OPEN]

Motonori Matsusaki, Aya Okuda, Taro Masuda, Katsunori Koishihara, Ryuta Mita, Kensuke Iwasaki,
Kumiko Hara, Yurika Naruo, Akiho Hirose, Yuichiro Tsuchi, and Reiko Urade*

Graduate School of Agriculture, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan

ORCID IDs: 0000-0002-7296-033X (M.M.); 0000-0002-9232-6176 (R.U.).

Most proteins produced in the endoplasmic reticulum (ER) of eukaryotic cells fold via disulfide formation (oxidative folding).
Oxidative folding is catalyzed by protein disulfide isomerase (PDI) and PDI-related ER protein thiol disulfide oxidoreductases
(ER oxidoreductases). In yeast and mammals, ER oxidoreductin-1s (Ero1s) supply oxidizing equivalent to the active centers of
PDI. In this study, we expressed recombinant soybean Ero1 (GmERO1a) and found that GmERO1a oxidized multiple soybean
ER oxidoreductases, in contrast to mammalian Ero1s having a high specificity for PDI. One of these ER oxidoreductases,
GmPDIM, associated in vivo and in vitro with GmPDIL-2, was unable to be oxidized by GmERO1a. We therefore pursued
the possible cooperative oxidative folding by GmPDIM, GmERO1a, and GmPDIL-2 in vitro and found that GmPDIL-2
synergistically accelerated oxidative refolding. In this process, GmERO1a preferentially oxidized the active center in the a9
domain among the a, a9, and b domains of GmPDIM. A disulfide bond introduced into the active center of the a9 domain of
GmPDIM was shown to be transferred to the active center of the a domain of GmPDIM and the a domain of GmPDIM directly
oxidized the active centers of both the a or a9 domain of GmPDIL-2. Therefore, we propose that the relay of an oxidizing
equivalent from one ER oxidoreductase to another may play an essential role in cooperative oxidative folding by multiple ER
oxidoreductases in plants.

In eukaryotes, many secretory and membrane pro-
teins fold via disulfide bond formation in the endo-
plasmic reticulum (ER). Seed storage proteins of major
crops, such as wheat, corn, rice, and beans, which are
important protein sources for humans and domestic
animals, are synthesized in the ER of the endosperm or
cotyledon. A number of seed storage proteins fold by
the formation of intramolecular disulfide bonds (oxi-
dative folding) and are transported to and accumulate
in protein bodies (Kermode and Bewley, 1999; Jolliffe
et al., 2005). In contrast to normally folded proteins,

misfolded and unfolded proteins are retained in the
ER and degraded by an ER-associated degradation or
vacuolar system (Smith et al., 2011; Pu and Bassham,
2013). Therefore, quick and efficient oxidative folding
of nascent seed storage proteins is needed for their ac-
cumulation in protein bodies.

During this process, protein disulfide isomerase
(PDI; EC 5.3.4.1) and other ER protein thiol disulfide
oxidoreductases (ER oxidoreductases) are thought to
catalyze the formation and isomerization of disulfide
bonds in nascent proteins (Hatahet and Ruddock, 2009;
Feige and Hendershot, 2011; Lu and Holmgren, 2014).
After phylogenetic analysis of the Arabidopsis genome,
10 classes of ER oxidoreductases (classes I–X) were
identified (Houston et al., 2005). Among them, class I
ER oxidoreductase, a plant PDI ortholog, has been
studied in a wide variety of plants. Class I ER oxido-
reductases have two catalytically active domains a and
a9, containing active centers composed of Cys-Gly-His-
Cys and two catalytically inactive domains b and b9. An
Arabidopsis ortholog of class I ER oxidoreductases is
required for proper seed development and regulates
the timing of programmed cell death by chaperoning
and inhibiting Cys proteases (Andème Ondzighi et al.,
2008). OaPDI, a PDI from Oldenlandia affinis, a coffee
family (Rubiaceae) plant, is involved in the folding of
knotted circular proteins (Gruber et al., 2007). The rice
ortholog (PDIL1-1) was suggested to be involved in the
maturation of the major seed storage protein glutelin
(Takemoto et al., 2002). Furthermore, rice PDIL1-1
plays a role in regulatory activities for various proteins
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that are essential for the synthesis of grain components
as determined by analysis of a T-DNA insertion mutant
(Satoh-Cruz et al., 2010).
The oxidative refolding ability of class I ER oxidoreduc-

tases was confirmed in recombinant soybean (GmPDIL-1)
and wheat proteins produced by an Escherichia coli ex-
pression system established from cDNAs (Kamauchi
et al., 2008; Kimura et al., 2015).
Class II and III ER oxidoreductases have an a–b–b9–a9

domain structure. Class II ER oxidoreductases have an
acidic amino acid-rich sequence in the N-terminal region
ahead of the adomain. Recombinant soybean (GmPDIL-2)
and wheat class II ER oxidoreductases have oxidative
refolding activities similar to that of class I (Kamauchi
et al., 2008; Kimura et al., 2015). Class III ER oxidoreduc-
tases contain the nonclassical redox-center Cys-X-X-Ser/
Cys motifs, as opposed to the more traditional CGHC
sequence, in the a and a9 domains. Recombinant soybean
(GmPDIL-3) and wheat proteins lack oxidative refolding
activity in vitro (Iwasaki et al., 2009; Kimura et al., 2015).
Class IV ER oxidoreductases are unique to plants and
have an a–a9–ERp29 domain structure, which is homol-
ogous to the C-terminal domain of mammalian ERp29
(Demmer et al., 1997).
Recombinant soybean class IV ER oxidoreductases

(GmPDIS-1 and GmPDIS-2) and wheat class IV ER
oxidoreductase possess an oxidative refolding activity
that is weaker than that of classes I and II (Wadahama
et al., 2007; Kimura et al., 2015). Class V ER oxidore-
ductases are plant orthologs of mammalian P5 and have
an a–a9–b domain structure. A rice class V ER oxidore-
ductase, consisting of PDIL2 and PDIL3, plays an im-
portant role in the accumulation of the seed storage
protein Cys-rich 10-kD prolamin (crP10; Onda et al.,
2011). Recombinant soybean class V ER oxidoreductase,
GmPDIM and wheat class V ER oxidoreductase possess
an oxidative refolding activity similar to that of class IV
(Wadahama et al., 2008; Kimura et al., 2015). In the
soybean, GmPDIL-1, GmPDIL-2, GmPDIM, GmPDIS-1,
and GmPDIS-2 were found to associate transiently with
a seed storage precursor protein, proglycinin, in the ER
of the cotyledon by coimmunoprecipitation experiments,
suggesting thatmultiple ER oxidoreductases are involved
in the folding of the nascent proglycinin.
The disulfide bond in the active center of ER oxido-

reductases is reduced as a result of catalyzing disulfide
bond formation in an unfolded protein. The reduced
active center of PDI was discovered to be oxidized
again by ER oxidoreductin-1 (Ero1p) in yeast (Frand
and Kaiser, 1998; Pollard et al., 1998). Ero1p orthologs
are present universally in eukaryotes. Yeast and flies
have a single copy of the ERO1 gene, which is essential
for survival (Frand and Kaiser, 1998; Pollard et al., 1998;
Tien et al., 2008). Mammals have two genes encoding
Ero1-a (Cabibbo et al., 2000) and Ero1-b (Pagani et al.,
2000) that function as major disulfide donors to nascent
proteins in the ER, but are not critical for survival (Zito
et al., 2010). Domain a of yeast PDI is the most favored
substrate of yeast Ero1p (Vitu et al., 2010), whereas a9 of
human PDI is specifically oxidized by human Ero1-a

(Chambers et al., 2010) and Ero1-b (Wang et al., 2011).
Electrons from Cys residues of the active centers of PDI
are transferred to oxygen by Ero1 (Tu and Weissman,
2004; Sevier and Kaiser, 2008). The reaction mecha-
nisms of yeast Ero1p and human Ero1s have been in-
tensively investigated; their regulation by PDI has been
extensively studied as well (Tavender and Bulleid, 2010;
Araki and Inaba, 2012; Benham et al., 2013; Ramming
et al., 2015). Only rice Ero1 (OsERO1) has been identified
as a plant ortholog of Ero1p (Onda et al., 2009). OsERO1
is necessary for disulfide bond formation in rice endo-
sperm. The formation of native disulfide bonds in the
major seed storage protein proglutelin was demonstrated
to depend upon OsERO1 by RNAi knockdown experi-
ments. However, no plant protein thiol disulfide oxido-
reductases that are oxidized by aplant Ero1 ortholog have
been identified to date.

In this study, we show that multiple soybean ER
oxidoreductases can be activated by a soybean Ero1
ortholog (GmERO1a). In addition, we propose a syn-
ergistic mechanism by which GmPDIM and GmPDIL-2
cooperatively fold unfolded proteins using oxidizing
equivalents provided by GmERO1 in vitro.

RESULTS

Identification and Characterization of Soybean Ero1

The GmERO1a cDNA and GmERO1b cDNA en-
coding the soybean Ero1 orthologs were cloned.
GmERO1a and GmERO1b encoded proteins com-
posed of 465 amino acids containing 19 Cys residues
(Fig. 1A and Supplemental Fig. S1). GmERO1 proteins
were expressed as a single 53-kD band in soybean root,
stem, leaf, and cotyledon (Fig. 1B). The band shifted to
46 kD under nonreducing sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), suggesting
that GmERO1 proteins have intramolecular disulfide
bonds. We confirmed that GmERO1 proteins, which
have a putative transmembrane region (Trp-16–Ser-34)
near the N termini and two putative N-glycosylatedAsn
residues, are type I membrane-bound glycoproteins tar-
geted to the ER.When the extract from the cotyledonwas
treatedwith endoglycosidaseHor F, the size ofGmERO1
proteins decreased from 53 kD to 50 kD (Fig. 1C), sug-
gesting that one ormore high-Man typeN-glycan(s)were
attached to GmERO1 proteins. GmERO1 proteins were
recovered in the precipitate of the cell homogenate, but
not the supernatant, after ultra-centrifugation at 100,000g,
and pretreatment with Triton X-100 caused solubiliza-
tion of GmERO1 proteins in the supernatant along with
soybean calnexin (Fig. 1D). In confocal microscopic im-
ages, GmERO1 was observed upon immunostaining to
colocalize with GmPDIS-1, which is localized in the ER
(Wadahama et al., 2007; Fig. 1E).

The expression levels of GmERO1 proteins and
their mRNAs were high when seed storage proteins
b-conglycinin and glycininwere synthesized (70–100mg
and 150–200 mg cotyledon weight, respectively; Fig. 1,
F and G). GmERO1a and GmERO1b mRNAs were
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Figure 1. Identification of soybean Ero1. A, Schematic representation of Ero1 orthologs. Numbered circles represent the positions
of the Cys residues. Lines indicate disulfide bonds. B, GmERO1 is ubiquitously expressed in tissues. The proteins extracted from
root (4.5 mg protein; lanes 1 and 5), stem (10 mg protein; lanes 2 and 6), leaf (30 mg protein; lanes 3 and 7), and immature
cotyledon (100 mg, 30 mg protein; lanes 4 and 8) were separated under reducing (lanes 1–4) and nonreducing SDS-PAGE (lanes
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up-regulated following ER stress induced by tunicamy-
cin (Fig. 1H). The ER stress response elements (Oh et al.,
2003; Iwata andKoizumi, 2005; Iwata et al., 2008;Hayashi
et al., 2013; Sun et al., 2013) were not found within the
2500-bp upstream and downstream sequences of the
transcriptional region of either GmERO1a or GmERO1b.

Recombinant GmERO1a Oxidizes Various
ER Oxidoreductases

The soluble and folded 48-kD recombinant GmERO1a,
which is missing 69 N-terminal residues including the
putative transmembrane region and the C-terminal 23
residues (Fig. 2A), was expressed in E. coli. Its mobility as
visualized by SDS-PAGE shifted to 38 kD under non-
reducing conditions, suggesting that the recombinant
protein has intramolecular disulfide bonds (Fig. 2B). The
recombinant protein had circular dichroism spectra
typical of a well-folded protein (Fig. 2C). The UV-visible
absorption spectrum of the recombinant GmERO1a
showed a typical unresolved flavin envelope with a
maximum A454 and a shoulder at 485 nm (Fig. 2D). The
spectrum, identical to that of authentic flavin adenine
dinucleotide (FAD), was obtained after denaturation
with guanidine hydrochloride, indicating that FAD is
noncovalently bound to recombinant GmERO1a. The
molar ratio of GmERO1a to bound FAD was calculated
to be 1:1 with a molecular extinction coefficient of
12.9 mM

21 cm21. The FAD moiety bound to GmERO1a
was reduced by dithiothreitol (DTT; Fig. 2E), suggesting
that FAD bound to GmERO1a acts as a cofactor to
transfer electrons from a substrate.
We next determined the ability of recombinant

GmERO1a to oxidize five soybean ER oxidoreduc-
tases (Fig. 3A). Oxidation of ER oxidoreductases by
GmERO1a was monitored by oxygen consumption (Fig.
3B). The reaction was performed in the presence of glu-
tathione (GSH), as a substrate for oxidation by ER oxido-
reductases oxidized by GmERO1a. In contrast to human
Ero1a and Ero1b, which predominantly oxidize PDI,
GmEro1a oxidized GmPDIL-1, GmPDIS-1, GmPDIS-2,
and GmPDIM to comparable levels (Fig. 3C and

Supplemental Fig. S2). GmPDIL-2 was negligibly oxi-
dized by GmERO1a.

Oxidative refolding by these ER oxidoreductases was
determined in the presence of GmERO1a. ER oxidore-
ductases other than GmPDIL-2 were able to refold re-
duced and denatured RNase A (Fig. 4A). Lag times
prior to the initiation of refolding (Fig. 4B, white bars)
and refolding rates (black bars) differed between the ER
oxidoreductases. The highest refolding rate was ob-
served in thepresence ofGmPDIL-1. The rate of refolding
by GmPDIL-1 increased with increasing concentrations
of GmERO1a. The rates of refolding by GmPDIM,
GmPDIS-1, and GmPDIS-2 were slower than that by
GmPDIL-1, and underwent very little change at different
concentrations of GmERO1a. In contrast to the refolding
rates, the lag times decreased with increasing concen-
trations of GmERO1a. These results suggest that dithiol
oxidation is rate limiting in the reaction by GmPDIL-1,
whereas disulfide isomerization was rate limiting in the
reactions by GmPDIM, GmPDIS-1, and GmPDIS-2.

This observation was confirmed by analysis of in-
termediates during refolding. RNase A molecules dur-
ing refoldingwere separated by nonreducing SDS-PAGE
after modification of the free thiol groups with 4-
acetamido-49-maleimidylstilbene-2,29-disulfonic acid
(Fig. 4C). GmPDIL-1 converted most of the reduced and
denatured RNase A molecules (Dred) into an intermedi-
ate with nonnative disulfide bonds (Dox) within the first
5 min. During the next 15 min, Dox was converted into a
native form with four disulfide bonds (N; Fig. 4D, left).
GmPDIM, GmPDIS-1, or GmPDIS-2 converted most of
the Dred into Dox within the first 5 min, and conversion of
Dox into N was slower than by GmPDIL-1 (Fig. 4, C and
D, right). Neither Dox nor Nwas generated by GmPDIL-2
(Fig. 4C).

GmPDIL-2 and GmPDIM Cooperatively Refold Denatured
RNase A

It was previously found that GmPDIS-1, GmPDIM,
GmPDIL-1, and GmPDIL-2 associate with nascent
proglycinin in the ER, suggesting that these ER

Figure 1. (Continued.)
5–8) and subjected to western-blot analysis with an antiserum prepared against recombinant GmERO1a. C, GmERO1 is
N-glycosylated. GmERO1 in the immature cotyledon (30 mg) was detected by western-blot analysis with the anti-GmERO1
serum after treatment with (+) or without (2) endoglycosidase H (Endo H) or endoglycosidase F (Endo F). The 53-kD band of
GmERO1 was shifted to 50 kD after Endo H and Endo F treatment. D, GmERO1 is a membrane-bound protein. An immature
cotyledon (100 mg) was homogenized by sonication. The homogenate was centrifuged at 100,000g for 2 h at 4˚C in the absence
(2; lanes 1 and 2) or presence (+) of 1% Triton X-100 (lanes 3 and 4). GmERO1 protein in the supernatant (S; lanes 1 and 3) and
pellet (P; lanes 2 and 4) was detected by western-blot analysis with anti-GmERO1 serum, GmCNX serum, or anti-GmPDIL-
1 serum. E, GmERO1 localizes in the ER. The immature cotyledon (195 mg) was fixed and embedded in resin. The sections were
cut with a microtome and immunostained with anti-GmERO1 guinea pig serum and anti-GmPDIS-1 rabbit serum, and observed
under a confocal microscope. Bars = 20 mm. F, Expression of GmERO1 in cotyledons during development. The proteins (25 mg)
extracted from cotyledons were analyzed by western blot with anti-GmERO1a serum. G, Relative amounts of GmERO1a (black
bars) and GmERO1b (white bars) mRNA in cotyledons during development were quantified by real-time PCR. Data are repre-
sented as mean6 SE of n = 3. H, Expression levels of GmERO1a and GmERO1bmRNA are up-regulated under ER stress. Young
soybean leaves were treated with (+, black bars) or without (2, white bars) 5 mg/mL TM for 2 or 5 h. After treatment, GmERO1a
and GmERO1b mRNAwere quantified by real-time PCR. Data are represented as mean 6 SE of n = 3. TM, tunicamycin.
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oxidoreductases cooperatively fold glycinin in vivo
(Wadahama et al., 2007, 2008; Kamauchi et al., 2008).
Associations between these ER oxidoreductases in the
ER were detected by coimmunoprecipitation. GmPDIM
and GmPDIS-1, GmPDIM and GmPDIS-2, GmPDIS-1
and GmPDIS-2, and GmPDIM and GmPDIL-2 were
coimmunoprecipitated (Fig. 5A). Therefore, we examined

the refolding of RNase A when these ER oxidoreduc-
tases were present simultaneously. No combination of
GmPDIM, GmPDIS-1, and GmPDIS-2 showed an addi-
tive effect on the refolding rate (Supplemental Fig. S3). In
contrast, the refolding rate of denatured RNase A when
GmPDIM and GmPDIL-2 were present simultaneously
was almost five times greater than that for GmPDIM

Figure 2. Expression of recombinant GmERO1a. A, Cleavage of recombinant GST-fused GmERO1a by PreScission protease.
The gray box indicates GST, and the black line denotes the PreScission cleavage sequence. The N-terminal GST was cleaved
from the fusion protein after protease treatment. B, Expression and purification of recombinant GmERO1a. Recombinant GST-
fused GmERO1a expressed in E. coli (lane 1) was purified by a glutathione Sepharose 4B affinity column chromatography.
GmERO1a was cleaved by PreScission protease and eluted from the column (lane 2), followed by gel filtration chromatography
(lanes 3 and 4). Proteins in each eluate were separated by reducing SDS-PAGE (lanes 1–3) and nonreducing SDS-PAGE (lane 4),
and stainedwith Coomassie Brilliant Blue. C, Far-UV circular dichroism spectrum of recombinant GmERO1a in 20mM Tris-HCl
buffer (pH 7.4) containing 150 mM NaCl and 10% glycerol was obtained using a J-720 spectropolarimeter in a 1-mm path-
length cell with a scan speed of 20 nm/min at 14˚C. D, Absorbance spectrum of recombinant GmERO1a was measured in the
absence (black line) or presence (gray line) of 6 M guanidine hydrochloride. Free FAD spectrum (dashed line) was alsomeasured.
Black and white arrows show the maximum A454 and the shoulder at 485 nm of GmERO1a, respectively. E, GmERO1a-bound
FAD is reduced by DTT. Absorbance changes at 454 nm of 10 mM GmERO1a (circles) and 10 mM free FAD (triangles) were
monitored in the presence of 2 mM DTT. DTT was added at zero time. GmERO1a in the absence of DTT was also measured
(rectangles).
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alone, although GmPDIL-2 alone had no refolding ac-
tivity (Fig. 5B). The refolding rate drastically increased
until a 1:1 M ratio of GmPDIL-2 to GmPDIM was
obtained (Fig. 5C). The association of GmPDIL-2 and
GmPDIM was confirmed by far-western-blot analysis
(Fig. 5, D and E).
To identify the relevant domains for the binding of

GmPDIM and GmPDIL-2, various domain fragments
of GmPDIL-2 (Supplemental Fig. S4) and GmPDIM
(Supplemental Fig. S5) were subjected to far-western-
blot analysis. Only the b9–a9 fragment of GmPDIL-2
bound to GmPDIM with affinity comparable to full
GmPDIL-2 (Fig. 5D). The a–a9 fragment of GmPDIM
bound with high affinity to GmPDIL-2 (Fig. 5E). Taken
together, the binding sites of GmPDIL-2 and GmPDIM
are composed of the b9 and a9 domains of GmPDIL-2
and the a and a9 domains of GmPDIM.

The Active Centers of GmPDIL-2 Are Important to Their
Cooperative Activity with GmPDIM

The acceleration of oxidative refolding of RNase A by
the cooperation of GmPDIL-2 and GmPDIM depends on

the catalytic Cys residues in the a and a9 domains of
GmPDIL-2. When four catalytic Cys residues were
replaced with Ala [GmPDIL-2(C101/104/440/443A)], the
accelerationof oxidative refoldingwas eliminated (Fig. 6,A
and B). Replacing two catalytic Cys residues in either the
a or a9 domain with Ala [GmPDIL-2(C440/443A) or
GmPDIL-2(C101/104A)] caused a decrease in oxidative
refolding activity to 55% or 69% of wild-type levels, re-
spectively. In mutants in which the C-terminal catalytic
Cys residue in the a9 and/or a domain was replaced by
Ala [GmPDIL-2(C104/443A), GmPDIL-2(C443A), and
GmPDIL-2(C104A)], oxidative refolding was slower
than that of GmPDIL-2(C440/443A) or GmPDIL-2
(C101/104A). The effects of a, a9, a–b, a–b–b9, b–b9–a9,
and b9–a9 fragments on the acceleration of oxidative
refolding were all very low (Fig. 6B). One reason for the
small effects of the domain fragments on the acceleration
of oxidative refolding, other than the a–b–b9 fragment,
may be their low oxidative refolding activities and disul-
fide reductase activities seen in the presence of glutathione
redox buffer without GmERO1a (Supplemental Fig. S4E).

Oxidative refolding by ER oxidoreductases is
achieved through the formation of nonnative disulfide
bonds in substrate proteins and their subsequent rear-
rangement to native bonds as seen in Fig. 4C. Therefore,
it was predicted that GmPDIL-2 would stimulate the
formation and/or rearrangement of substrate disulfide
bonds. The addition of GmPDIL-2 to GmPDIM induced
more rapid conversion of Dred into Dox and N than did
GmPDIM alone (Fig. 6C). Mutations in the active cen-
ters of GmPDIL-2 caused retardation in the conversion
into bothDox andN. The rate of disulfide bond formation
during the first 10 min of the addition of GmPDIL-2 to
GmPDIM was twice that of GmPDIM alone (Fig. 6D),
suggesting that GmPDIL-2 stimulates the oxidation of
GmPDIM by GmERO1. Mutant GmPDIL-2(C101/104/
440/443A) was devoid of the acceleration effect on
refolding. Since GmPDIL-2(C440/443A) and GmPDIL-2
(C101/104A) showed about one-half the acceleration
effect of the wild type, the active centers of the a and a9
domain appeared to act independently. The amount of
native disulfide bonds formed during the reaction was
calculated from the amount of refolded RNase A. The
formation rate of native disulfide bonds during the co-
operation of GmPDIL-2 and GmPDIM (Fig. 6D, red
curve) was 4-fold higher than GmPDIM alone (Fig. 6D,
blue curve), suggesting that GmPDIL-2 accelerates both
disulfide bond formation and the rearrangement ac-
companied with folding.

GmPDIL-2 Accelerates the Oxidation of GmPDIM
by GmERO1a

From the results shown in Fig. 6, it was suggested that
GmPDIL-2 accelerates the oxidation of GmPDIM by
GmERO1a. To confirm this possibility, oxidation of
GmPDIM by GmERO1a was measured in the presence
of GmPDIL-2. In this experiment, GSH was used as a
substrate. Addition of GmPDIL-2 caused an increase in
O2 consumption rate to 130% of that without GmPDIL-2

Figure 3. GmERO1a shows broad specificity for ER oxidoreductases. A,
Schematic representation of soybean ER oxidoreductases. Boxes rep-
resent domains. B, Schematic representation of the continuous oxida-
tion of PDI family members by Ero1 in the presence of GSH and the
reduction of O2. C, Oxygen consumption rate of GmERO1a (1 mM) in
the presence of 3 mM each ER oxidoreductase and 10 mM GSH at 25˚C.
Data are represented as mean 6 SE of n = 3.
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Figure 4. Reconstitution of oxidative protein folding with ER oxidoreductases and GmERO1a in vitro. A, GmERO1a (1 mM)
without (GmERO1a alone), or with 3 mM of each ER oxidoreductase, was incubated with reduced and denatured RNase A
(8 mM), and the recovered RNase A activity was assayed. “None” shows refolding of RNase A alone. B, Lag time (white bars)
and maximum refolding rate (black bars) of reduced and denatured RNase A (8 mM) by 3 mM each ER oxidoreductase in the
presence of GmERO1a. Data are represented as mean6 SE of n = 3. C, Refolding of reduced and denatured RNase A in the
absence (2) or presence (+) of GmERO1a and each ER oxidoreductase, quenched with 4-acetamido-49-maleimidylstilbene-2,29-
disulfonic acid, andwas analyzed by nonreducing SDS-PAGE. Dred, reduced and denatured RNase A; Dox, denatured RNase
Awith nonnative disulfides; N, native RNase A. D, Model of refolding of RNase A by ER oxidoreductases in the presence of
GmERO1a. Left, GmPDIL-1 transfers nonnative disulfide bonds to Dred. Dox is promptly folded into the native form ac-
companied by the isomerization of disulfide bonds. Right, GmPDIM, GmPDIS-1, or GmPDIS-2 transfers nonnative
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(Fig. 7A). The acceleration effect was lost uponmutation
of the active center of the a9; GmPDIL-2(C440/443A) and
GmPDIL-2(C101/104/440/443A) showed no accelera-
tion effects. The acceleration effect of GmPDIL-2(C101/
104A) was lower than that of wild-type GmPDIL-2.
Similar effects by GmPDIL-2 and its active-center mu-
tations were observed in experiments coupled with
glutathione disulfide reductase and NADPH (Fig. 7, B–
D). Fragments a and a9 showed an acceleration effect of
one-half that of the wild type. Fragment b–b9 showed no
effect. The attachment of the b, b9, or b–b9 domain to the
a or a9 domain had no positive effect.

GmERO1a Preferentially Oxidizes the Active Center in the
a9 Domain of GmPDIM; GmPDIM Oxidizes Both Active
Centers in GmPDIL-2

From the results shown in Fig. 7, B–D, we envisioned
a pathway by which GmPDIM, oxidized by GmERO1,

transfers disulfide bonds to the active centers of
GmPDIL-2. To test this hypothesis, we determined
which active center ofGmPDIM is oxidized byGmERO1a
using active-center mutants of GmPDIM (Fig. 7, E and F,
black bars). Both GmPDIM(C192/195A) and GmPDIM
(C195A) were negligibly oxidized by GmERO1a. There-
fore, no disulfide bond formation in reduced and dena-
turedRNaseA byGmPDIM(C192/195A) andGmPDIL-2
was detected (Fig. 6, C and D). In contrast to GmPDIM
(C192/195A) and GmPDIM(C195A), GmPDIM(C64/
67A) and GmPDIM(C67A) were oxidized by GmERO1a,
although at a slower rate than wild-type GmPDIM.
These findings suggest that GmERO1a specifically oxi-
dizes the active center in the a9 domain ofGmPDIM. This
finding was corroborated by the fact that the a9 frag-
ment, but not the a fragment, was oxidized at 74% of the
oxidation rate of wild-type GmPDIMbyGmERO1a. The
oxidation rate of the a9–b fragment was slightly slower
than that of the a9 fragment, and the a–a9 fragment was

Figure 4. (Continued.)
disulfide bonds to Dred. Dox accumulates due to rate-limiting isomerization activities of GmPDIM, GmPDIS-1, and
GmPDIS-2.

Figure 5. GmPDIL-2 and GmPDIM form a complex, and synergistically refold RNase A using disulfide bonds produced by
GmERO1a. A, Detection of ER oxidoreductase complexes. IP from the cotyledon extract was carried out with each anti-ER
oxidoreductase serum or PI. Immunoprecipitates and the cotyledon extract (lane 1) were analyzed by western blot with each
anti-ER oxidoreductase serum. B, Effects of the addition of GmPDIL-2 to GmPDIM on the refolding of RNase A. Reduced and
denatured RNase A (8 mM) was incubated with 3 mM ER oxidoreductases in the presence of 1 mM GmERO1a. C, GmPDIL-2
concentration dependence of the refolding activity in the presence of 1 mM GmERO1a and 1 mM GmPDIM. Data are represented
as mean6 SE of n = 3. D, Far-western blot analysis of the association of the GmPDIL-2 (WT) or GmPDIL-2 domain fragment with
GmPDIM. Indicated amounts of GmPDIL-2, each GmPDIL-2 domain fragment, or BSA (prey) were dot-blotted and incubated
with GmPDIM. Bound GmPDIMwas immunostained. E, For GmPDIM (WT), each GmPDIM domain fragment or BSA (prey) was
dot-blotted and incubated with GmPDIL-2. Bound GmPDIL-2 was immunostained. BSA, bovine serum albumin; IP, immuno-
precipitation; PI, preimmune serum; WT, wild type.
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Figure 6. Active centers of GmPDIL-2 play vital roles in the acceleration of both refolding and disulfide bond formation. A,
Schematic representation of wild-type GmPDIL-2 (WT) and its mutants. “CGHC”, “AGHA”, and “CGHA” represent the amino
acid sequences of the active sites of the a and a9 domains. Numbers in the name of the mutants represent Cys residues mutated to
Ala. B, Acceleration of refolding by GmPDIL-2 mutants and GmPDIL-2 domain fragments in the GmERO1a/GmPDIM system.
Reduced and denatured RNase A (8 mM) was incubated with 1 mM GmPDIM and 4 mM wild-type GmPDIL-2 (WT), its mutants, or
domain fragments in the presence of 1 mMGmERO1a. Data are represented as mean6 SE of n = 3–5. Bars with the same letters are
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oxidized at almost same rate as wild-type GmPDIM,
suggesting that the b domain does not contribute to
oxidation by GmERO1a. Oxidation of every GmPDIM
mutant by GmERO1was accelerated by GmPDIL-2 (Fig.
7F, white bar). Association of GmPDIM and GmERO1a
was detected by far-western-blot analysis (Fig. 7G).
The a, a9, or b fragment of GmPDIM hardly associ-
ated with GmERO1a. However, either the a–a9 or a9–b
fragment associated with GmERO1a at an affinity
comparable to wild-type GmPDIM.
To confirm that the disulfide bond in the active center

of the a9 domain of GmPDIM formed by GmERO1a is
transferred to the active center of GmPDIL-2 via the
active center of the a domain of GmPDIM, we analyzed
mixed disulfide complexes of the active-center mutants
of GmPDIM and GmPDIL-2. When GmPDIM(C67A)
and GmERO1a were incubated with GmPDIL-2(C104/
443A), two types of mixed disulfide complexes (L2-M1

and L2-M2) of GmPDIM(C67A) and GmPDIL-2(C104/
443A), and the GmPDIM(C67A) dimer were detected
(Fig. 8A). When GmPDIM(C67A) and GmERO1a were
incubatedwithGmPDIL-2(C104A) orGmPDIL-2(C443A),
only one mixed disulfide complex, L2-M2 (Fig. 8B) or
L2-M1, (Fig. 8C)was formed.Neither themixed disulfide
complex nor the GmPDIM(C67A) dimer was generated
in the absence of GmERO1a (Fig. 8D). When wild-type
GmPDIMandGmERO1awere incubatedwithGmPDIL-
2(C104/443A), only a few mixed disulfide complexes
were detected (Fig. 8E). In addition, no mixed disulfide
complexes were formed from GmPDIM(C195A) (Fig.
8F). From these results, L2-M1 and L2-M2 were deduced
to be mixed disulfide complexes, which were linked by
disulfide bonds between Cys-67 of GmPDIM and either
Cys-443 or Cys-104 of GmPDIL-2.
The results shown in Fig. 7F suggest that a disulfide

bond introduced into the active center of the a9 domain
of GmPDIM is transferred to the active center of the a
domain of GmPDIM. Then the oxidized GmPDIM can
oxidize the active center of either the a or a9 domain of
GmPDIL-2 (Fig. 8,A–F). The direction of a redox reaction
between functional groups depends on their redox po-
tentials, i.e. a functional group with higher redox po-
tential oxidizes a functional group with lower redox
potential. To obtain the redox potentials of GmPDIM
and GmPDIL-2, their redox equilibrium constants were
determined. Redox equilibrium constants of GmPDIM
and GmPDIL-2 were 2.0 mM and 3.4 mM, respectively
(Fig. 8, G and J). Since these are the mean values of two

active sites, redox equilibrium constants of the redox-
inactive mutants of GmPDIM and GmPDIL-2 were de-
termined (Fig. 8, H, I, K, and L). GmPDIM(C192/195A)
showed the lowest redox equilibrium constant (Keq = 0.7)
among the mutant proteins. The reduction potential
E09 values calculated from each redox equilibrium con-
stant of GmPDIM(C192/195A), GmPDIM(C64/67A),
GmPDIL-2(C440/443A), and GmPDIL-2(C101/104A)
were 2147 mV, 2166 mV, 2169 mV, and 2163 mV, re-
spectively. These values suggest that the a domain of
GmPDIM has a tendency to oxidize both the active cen-
ters of the a and a9 domains of GmPDIL-2.

DISCUSSION

In this study, we found that the plant Ero1 ortholog
has a broad substrate specificity. GmERO1a oxidizes,
not only the conserved typical ER oxidoreductase
GmPDIL-1, but alsoGmPDIM,GmPDIS-1, andGmPDIS-2.
Human Ero1a and Ero1b preferentially oxidize PDI.
Therefore, another pathway that oxidizes other ER oxi-
doreductases likely exists in human. Peroxiredoxin-4
primarily oxidizes two PDI family members, ERp46
and P5, using H2O2 generated during the oxidation of
PDI by human Ero1a (Sato et al., 2013). Conversely, in
the plant ER, a peroxiredoxin-4 ortholog has not been
found. In rice, a lack of OsEro1 causes the aggregation of
glutelin because of deficient disulfide bond formation
(Onda et al., 2009), suggesting that disulfide bond for-
mation depends on the Ero1 system for protein folding
in the plant ER. Therefore, plant Ero1 may induce effi-
cient oxidative folding in the ER by supplying disulfide
bonds to multiple ER oxidoreductases.

Among the soybean ER oxidoreductases examined in
this study, only GmPDIL-2 was hardly oxidized by
GmERO1a. The Keq values of the active centers in the a
and a9 domains of GmPDIL-2 were 4.33 and 2.66, re-
spectively. Since these values are similar to that of the a9
domain of GmPDIM (Keq = 3.53), which was preferen-
tially oxidized by GmERO1a, the lack of oxidation by
GmERO1 is not due to the reduction potential of the
active centers of GmPDIL-2. One reasonmay be the low
affinity between GmERO1a and GmPDIL-2 (data not
shown).

We found GmPDIL-2 associate with GmPDIM in
vivo. GmPDIL-2 can associate with GmPDIM to coop-
eratively fold denatured RNase A in vitro. Oxidative

Figure 6. (Continued.)
not significantly different at P, 0.05 by Tukey-Kramer test. C, Disulfide bond formation in reduced and denatured RNase A (8mM)
during cooperative refolding by GmPDIM or GmPDIM(C192/195A) (1 mM) and GmPDIL-2 or GmPDIL-2 mutants (3 mM) in the
presence of GmERO1a (1 mM) was analyzed by nonreducing SDS-PAGE. Dred, reduced and denatured RNase A; Dox, denatured
RNase A with nonnative disulfides; N, native RNase A. D, Disulfide bond formation in RNase A over time. Reduced and de-
natured RNase Awas incubated with indicated combinations of proteins as in C. The amounts of free thiol groups in the reaction
mixtures were measured and net disulfide bonds were calculated by subtracting the free disulfide bonds from total Cys residues.
Red and blue dotted lines show the amounts of native disulfide bonds formed in RNase A, which were calculated from the
amounts of refolded RNase A. Data are represented as mean 6 SE of n = 3. WT, wild type.
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folding proceeds via two steps: (Step 1) introduction of
transient, nonnative disulfide bonds and (Step 2) their
isomerization into native disulfide bonds. The oxidative
folding activity of GmPDIM was lower than that of

GmPDIL-2 in the presence of glutathione buffer without
GmERO1a (Supplemental Fig. S4E and Supplemental
Fig. S5D). Therefore, there may be a pathway in which
GmPDIM forms nonnative disulfide bonds in the

Figure 7. GmPDIL-2 accelerates the oxidation of
GmPDIM by GmERO1a. A, Oxygen consumption
was monitored during incubation of 2 mM GmERO1a
and 3 mM GmPDIM without or with 3 mM GmPDIL-2
or its mutants in the presence of 10 mM GSH. Data are
represented as mean6 SE of n = 6. *, P, 0.05; **, P,
0.01 compared with the reaction without GmPDIL-2
(Welch’s t test). B, Schematic representation of the
coupling reaction of oxidation by ERO1 and the re-
duction of GSSG by GR in the presence of GSH and
NADPH. C, NADPH consumption over time in the
presence of 1mMGmERO1a and 3mMGmPDIM, 3mM

GmPDIL-2, or 3 mM GmPDIM and 3 mM GmPDIL-2 in
the presence of 3mMGSH, 120mMNADPH, and1U/mL
GR. D, Decrease in NADPH in the presence of indicated
combinations of proteins as in C. Data are represented as
mean6 SE of n = 10 (without GmPDIL-2); n = 3–4 (with
wild-type GmPDIL-2 and its mutants). *, P , 0.05; **,
P , 0.01; ***, P , 0.001 compared with the reaction
without GmPDIL-2 (2; Welch’s t test). E, Schematic
representation of wild-type GmPDIM (WT) and its
mutants. Numbers in the name of mutants represent
Cys residuesmutated to Ala. F, Oxidation of GmPDIM
(WT), its mutants, or its domain fragments by
GmERO1awithout or with GmPDIL-2wasmeasured as
in C. Data are represented as mean6 SE of n = 3–6. **,
P , 0.01; ***, P , 0.001 (Welch’s t test). G, Far-
western-blot analysis of the association of GmPDIM or
its domain fragment with GmERO1a. Indicated
amounts of GmPDIM (WT), each domain fragment or
BSA (prey) was dot-blotted and incubated with
GmERO1a. Bound GmERO1a was immunostained.
BSA, bovine serum albumin; GR, glutathione-disulfide
reductase; WT, wild type.
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substrate and then GmPDIL-2 folds and rearranges
these disulfide bonds into native bonds (Fig. 9A).
In addition to synergistic effects on folding, the ad-

dition of GmPDIL-2 to GmPDIM accelerated the for-
mation of disulfide bonds in RNase A. GmPDIL-2 may
increase the net substrates for GmPDIM by reducing

nonnative disulfide bonds and stimulating folding.
However, even when GSH was used as a substrate,
GmPDIL-2 increased the rate of oxidation of GmPDIM
by GmERO1, suggesting that increasing the rate of
oxidation does not depend on substrate folding only.
We found that the active center of the a domain of

Figure 8. GmPDIM oxidizes the active centers of GmPDIL-2. A, The mixed disulfide of the GmPDIM and GmPDIL-2 mutants.
GmPDIM(C67A) (6 mM), 3 mM GmPDIL-2(C104/443A), and 1 mM GmERO1awere incubated at 25˚C for 60 min and separated by
two-dimensional electrophoresis. M1, GmPDIM monomer; L21 GmPDIL-2 monomer; M2, GmPDIM dimer; L2M1 and L2M2,
mixed disulfide complex of GmPDIL-2 mutants and GmPDIM(C64A). B, C, D, E, F, Indicated combinations of proteins were
incubated and analyzed as described in A. G,H, I , J, K, L, Assay of redox equilibrium constants of GmPDIM,GmPDIL-2, and their
mutants. Coomassie Brilliant Blue stainings of the SDS-polyacrylamide gels are shown above the redox graphs. Data are rep-
resented as mean 6 SE of n = 3.
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GmPDIM oxidized the active center of either the a or a9
domain of GmPDIL-2 (Fig. 8, A–F). The increase in the
oxidation rate of GmPDIM by GmERO1a may be
explained by the transfer of disulfide bonds from
GmPDIM to the associated GmPDIL-2, in addition to
substrate proteins. The absolute concentration of gluta-
thione in the ER is unknown; however, a consensus ex-
ists that the total glutathione concentration in the ER is
around 9 to 10 mM and that the ratio of [GSH]2/[GSSG]
in the ER is around 3:1 (Hatahet and Ruddock, 2009).
From these values, the reduction potential for ER glu-
tathione is estimated as 2191 mV. Under these redox
conditions in the ER, the active centers of GmPDIM and
GmPDIL-2 would be largely reduced. This means that
GmPDIM, once oxidized by GmERO1a, would oxidize
GmPDIL-2.

Using the active-center mutants, a model of the
pathway of disulfide bond transfer from GmPDIM to
GmPDIL-2 can be constructed (Fig. 9B). First, GmERO1a
entirely oxidizes the a9 domain of GmPDIM (1). The
preference of GmERO1a for the a9 domain of GmPDIM
is probably due to the reduction potential and the
affinity between GmERO1a and the a9 domain of
GmPDIM. Since the reduction potential of the a9 domain
was lower than that of the a domain, the a9 domain will
be more easily oxidized by GmERO1a. Then, the oxi-
dized GmPDIM transfers a disulfide bond to GSH or
GmPDIL-2 mainly from the a domain (2), because the
oxidation of GmPDIM(C64/67A) and GmPDIM(C67A)
was significantly lower than that of wild-type GmPDIM
(Fig. 7F). This finding suggests that the disulfide bond

transferred to the a9 domain ofGmPDIM fromGmERO1a
is intramolecularly transferred to the a domain. The
oxidation of the a domain by the a9 domain is ther-
modynamically contradictory, as the apparent redox
equilibrium constant of the a domain of GmPDIM
(C192/195A) (0.73) was lower than that of the a9 do-
main of GmPDIM(C64/67A) (3.53). If the a9 domain of
GmPDIM is oxidized, the redox equilibrium constant
of the a and/or a9 domain may be altered by confor-
mational changes such that the a domain becomes
susceptible to oxidation by the a9 domain. In humanPDI,
the a9 domain was first oxidized by Ero1-a, which then
oxidizes the a domain, and the reduced a9 domain is
oxidized by Ero1-a. During the sequential transfer of
disulfide bonds, PDI dynamically changes its structure
from a closed form to an open form (Nakasako et al.,
2010; Serve et al., 2010; Wang et al., 2013). Subsequently,
disulfide bonds are transferred from the GmPDIM to
either the a or a9 domain of GmPDIL-2 (3) and from the
oxidized GmPDIL-2 to a protein substrate (4).

Human PDI has been shown to oxidize other ER
oxidoreductases, such as ERp47, ERp57, and P5 (Araki
et al., 2013, Oka et al., 2015). Therefore, Ero1-a and PDI
are thought to constitute a regulatory hub for the reg-
ulation of the redox states of ER oxidoreductases. In
contrast, multiple soybean ER oxidoreductases are able
to be oxidized by GmERO1a. Therefore, in plants, it is
thought that Ero1 and ER oxidoreductases constitute a
robust network for disulfide bond transfer and the
regulation of redox homeostasis in the ER. The relay of
oxidizing equivalents from one ER oxidoreductase to

Figure 9. Models of cooperation of GmPDIM
and GmPDIL-2. A, Role-sharing model of
GmPDIM and GmPDIL-2. GmPDIM oxi-
dized by GmERO1a introduces transient
disulfide bonds in an unfolded substrate
protein (i). Transient disulfide bonds in the
substrate protein are reduced by the reduced
form of GmPDIL-2 (ii). Reduced thiols are
rearranged into native disulfide bonds,
mainly by GmPDIL-2 (iii), but partially by
GmPDIM (iv). B, model of oxidative relays
from GmERO1a to GmPDIM, GmPDIL-2,
and substrate. GmERO1a oxidizes the active
center in the a9 domain of GmPDIM (i). The
formed disulfide bond is transferred se-
quentially from the a9 domain of GmPDIM
to the a domain of GmPDIM (ii), either the a
or a9 domain of GmPDIL-2 (iii), and sub-
strate (iv). Transferring of a disulfide bond
between the a and a9 domains of GmPDIL-2
is unclear. Both a and a9 domains ofGmPDIM
and both b9 and a9 domains of GmPDIL-2 are
essential for the association of GmPDIM and
GmPDIL-2.
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another may play an essential role for cooperative oxi-
dative folding by multiple ER oxidoreductases.

MATERIALS AND METHODS

Plants

Soybean (Glycine max L. Merrill cv Jack) seeds were planted in 5-L pots and
grown in a controlled environmental chamber at 25°C under 16-h day/8-h
night cycles. All samples taken were immediately frozen and stored in liquid
nitrogen until use.

cDNA Cloning of GmERO1a and GmERO1b

The cDNAs transcribed from GmERO1a and GmERO1b were amplified from
total RNA extracted from 100 mg immature soybean cotyledon by real-time PCR
using forward primer 59-CCTCAGTGTTCTTCAGCGATCTTCTTCTGGGTCTG-39
and reverse primer 59-CCAAACCACGACAGTGGTTTTCCTATGTCTAGTC-39, and
forward primer 59-ATGGTGAAAGCGGAGATTGAGAAAAAGGGTTGCAGC-39
and reverse primer 59-CCACGACGGTGGTTTTCCTATGTCTAGTCTCTCTAG-39,
respectively. The amplified DNA fragments were subcloned into the pUC19
vector. The inserts in the plasmid vectors were sequenced.

Preparation of Recombinant GmERO1a

An expression plasmid encoding glutathione-S-transferase (GST-fused
GmERO1aE70-G422was constructed as follows. TheDNA fragmentwas amplified
from GmERO1a cDNA by PCR using primers 59-GCGATGGATCCTAT-
GAAACTGTGGATCGTCTTAATG-39 and 59-GCGATGTCGACTATCCTCC-
TTCCATGATTCTTTCAGC-39. The amplified DNA fragment was subcloned
into the pGEX6p-2 vector (GE Healthcare, Little Chalfont, Buckinghamshire,
UK). The recombinant protein has GST linked to the amino terminus. Rosseta-
gami cells (Takara Bio, Kusatsu, Shiga, Japan) were transformed with the GST-
fusion vector described above. Expression of recombinant GST-GmERO1a
was induced in LB containing 0.5 mM isopropyl thiogalactoside, 20 mM FAD,
100 mg/mL ampicillin, 15 mg/mL kanamycin, and 12.5 mg/mL tetracycline at
15°C for 120 h. The cells were collected by centrifugation and disrupted by
sonication in phosphate-buffered saline. Recombinant GST-GmERO1a was
adsorbed to a glutathione Sepharose 4B column and digested by PreScission
protease (GE Healthcare). The eluted recombinant GmERO1a was purified by
gel filtration chromatography on a TSK gel G3000SW column (Tosoh, Tokyo,
Japan) equilibrated with 20 mM Tris-HCl buffer (pH 7.4) containing 150 mM

NaCl and 10% glycerol as described previously (Wadahama et al., 2007). The
concentration of purified recombinant GmERO1a was determined by amino
acid analysis with nor-Leu as an internal standard.

Western-Blot Analysis

Roots, leaves, and stemswere collected from10-d-old seedlings. Seedswere
collected from plants, and cotyledons were isolated. Tissues were frozen in
liquid nitrogen and then ground into a fine powder with a micropestle SK-100
(Tokken, Chiba, Japan). Proteins were extracted by boiling for 5 min in SDS-
PAGE buffer (Laemmli, 1970) containing a 1% cocktail of protease inhibitors
(Sigma-Aldrich, St. Louis, MO). To cleave N-glycans, proteins were extracted
from the cotyledons in 0.1% SDS/50 mM phosphate buffer (pH 5.5). Protein
concentration in the sample was measured with a RC DC protein assay kit
(Bio-Rad Laboratories, Hercules, CA). Proteins (0.4 mg) were treated with 10 mU

endoglycosidase F or endoglycosidase H (Sigma-Aldrich) at 37°C for 16 h.
To separate the supernatant and membrane fractions, the frozen cotyledons
from three 100-mg seeds in liquid nitrogen were crushed with a micropestle
SK-100 and sonicated with a Sonifier II (Branson Ultrasonics, Danbury, CT)
in 200 mM Tris-HCl, pH 7.8, five times for 30 s on ice. The homogenate was
placed into a cell strainer (BD Biosciences, San Jose, CA) and centrifuged at
824g for 40 min at 4°C. The filtrated suspension was divided two fractions,
diluted with 200 mM Tris-HCl, pH 7.8, with or without 1% Triton X-100, and
centrifuged at 100,000g for 1 h at 4°C. Proteins were subjected to SDS-PAGE
(Laemmli, 1970) and blotted onto a polyvinylidene difluoride membrane.
Blots were immunostained first with antiserum and then with horseradish
peroxidase-conjugated IgG antiserum (Promega, Fitchburg, WI) as the
secondary antibody. Anti-GmERO1 serum and anti-soybean calnexin

(GmCNX) serum were prepared using recombinant GmERO1a and recombi-
nant C-terminal-truncated GmCNX (Supplemental Fig. S6), respectively, by
Anti-GmPDIL-1 serum (Operon Biotechnologies, Tokyo, Japan) that was pre-
pared previously (Kamauchi et al., 2008). Blots were developed with the
Western Lightning Chemiluminescence Reagent (Perkin Elmer Life Sciences,
Waltham, MA).

Confocal Microscopy

Cotyledons from developing soybean seeds (195 mg) were cut into 3 3 3 3
1 mm cubes. The pieces of tissue were fixed with 4% formaldehyde for 2 h at
room temperature. The fixed cotyledon pieces were dehydrated with a series of
ethanol dilutions, embedded in Historesin (Leica Microsystems, Wetzlar, Ger-
many), and sliced into sections. The sections were stained with anti-GmPDIS-1
rabbit serum (Wadahama et al., 2007) and then biotin-anti-rabbit IgG goat
serum (Cortex Biochem, San Leandro, CA), followed by incubation with Cy5-
streptavidin (GE Healthcare). For detection of GmERO1, specimens were
stainedwith guinea pig antiserum against recombinant GmERO1a, followed by
staining with Cy3-conjugated anti-guinea pig IgG goat serum (Chemicon In-
ternational, Temecula, CA). The specimens were examined on a FV1000-D laser
scanning confocal imaging system (Olympus, Tokyo, Japan).

Measurement of mRNA

Total RNAwas isolated from young leaves treatedwith orwithout 5mg/mL
tunicamycin at 25°C for 2 or 5 h using an RNeasy Plant Mini kit (Qiagen,
Venlo, The Netherlands). Quantification of mRNAwas performed by real-time
PCR with a Thermal Cycler Dice Real Time System with SYBR Premix Ex Taq
(Takara Bio). Forward primers 59-CATGCTCTCTTCTGAGTATTTGTCA-39
and 59-TCATCCAAGAAATGGGACCT-39 and reverse primers 59-CAGTG-
GTTTTGGTATGTCTAGTCTCTC-39 and 59-CGACGGTGGTTTTCCTATGT-39
were used for detection of GmERO1amRNA and GmERO1b, respectively.

Far-UV Circular Dichroism Analysis

Circular dichroism spectra of recombinant proteins in 20mMTris-HCl buffer
(pH 7.4) containing 150 mM NaCl and 10% glycerol were obtained using a J-720
spectropolarimeter (JASCO, Tokyo, Japan) in a 1-mm path-length cell with a
scan speed of 20 nm/min at 14°C.

Endoplasmic Reticulum Oxidoreductase Oxidation Assays

Oxygen consumption was measured using a Clark-type oxygen electrode
system (OXYT-1; Hansatech Instruments, King’s Lynn, Norfolk, UK). All
experiments were performed at 25°C in 100 mM [4-(2-hydroxyethyl)-1-
piperazinyl]ethanesulfonic acid (HEPES; pH 7.5), 2 mM CaCl2, and 150 mM

NaCl. Catalytic oxygen consumption was initiated by the addition of GmERO1a
in a reaction mixture containing recombinant ER oxidoreductases or its variants,
and 10 mM GSH.

The activity was measured using a coupled assay following the decrease in
A340 due to the consumptionofNADPHbyglutathione reductase (Sigma-Aldrich)
with the reaction being started by the addition of GmERO1a to initiate the re-
action (Nguyen et al., 2011; Sato et al., 2013). A molar extinction coefficient of
6200 M

21 cm21 for NADPH was used for calculations. All experiments were
performed in 100mMHEPES (pH 7.5) containing 150mMNaCl and 2mMCaCl2.

RNase A Refolding Assays

Thiol oxidative refolding activity was assayed as previously described by
measuring RNase activity following regeneration of the active form of the en-
zyme from its reduced and denatured form in the presence of the recombinant
proteins (Creighton, 1977; Lyles and Gilbert, 1991). Reduced and denatured
RNase Awas prepared as described previously (Creighton, 1977). Each reaction
mixture contained 100 mM HEPES buffer (pH 7.5), 150 mM NaCl, 2 mM CaCl2,
0.5 mM glutathione disulfide (GSSG), 2 mM GSH, reduced RNase A, and re-
combinant oxidoreductases and their variants, andwere incubated at 25°C. The
formation of active RNase A was measured spectrophotometrically by moni-
toring the hydrolysis of the RNase A substrate cCMP at 284 nm. The isomerase
activities of oxidoreductases were calculated as described previously (Kulp
et al., 2006). Briefly, isomerase activity was determined from the linear increase
in the amount of enzymatically active RNase A with time after a lag. Oxidation
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of free thiol residues to disulfides on reduced RNase A were also determined
by measuring the amounts of free thiol groups in the reaction mixtures
(Ellman, 1959).

Gel-Based RNase A Refolding Experiments

RNase A oxidation analyses were performed by the addition of 1 mM

GmERO1a in 100 mM HEPES buffer (pH 7.5), 150 mM NaCl, 2 mM CaCl2, and
3 mM recombinant ER oxidoreductases and their variants containing 8 mM de-
natured and reduced RNase A. At the indicated time points, free thiols were
blocked by the addition of SDS buffer containing 8 mM 4-acetamido-4-
maleimidylstilbene-2,2 disulfonic acid and separated on a 15% polyacrylamide
gel by SDS-PAGE without reducing reagent. Proteins were detected by
Coomassie Brilliant Blue staining after electrophoresis.

Immunoprecipitation Experiments

Cotyledons (each 100 mg) were homogenized with a Dounce homogenizer
at 4°C in 20 mM HEPES buffer (pH 7.2) containing 150 mM NaCl, 1% digitonin,
and 1% cocktail of protease inhibitors (Sigma-Aldrich). The homogenate was
placed on ice for 1 h and centrifuged for 30 min at 10,000g at 4°C. Immuno-
precipitation was performed at 4°C for 1 h with preimmune serum or anti-
GmPDIL-1, anti-GmPDIL-2, anti-GmPDIM, anti-GmPDIS-1, or anti-GmPDIS-2
serum. The immunoprecipitate was collected with protein A-conjugated
Sepharose beads (Sigma-Aldrich), washed with 20 mM HEPES buffer (pH
7.2) containing 150 mM NaCl, and subjected to western-blot analysis using a
specific antiserum against PDI family proteins as primary antibodies and
peroxidase-conjugated ImmunoPure Recombinant Protein A (Pierce Biotech-
nology, Rockford, IL).

Dot Far-Western-Blot Analysis

Purified recombinant ER oxidoreductases and their variants as prey proteins
were spotted onto a nitrocellulose membrane (GenScript, Piscataway, NJ) in a
volume of 4 mL. The membrane was dried, rinsed twice, and blocked with
20 mM Tris-HCl (pH 8) containing 150 mM NaCl, 0.05% Tween 20, and 5%
nonfat dry milk (blocking solution) at 4°C for 16 h. After blocking, the mem-
brane was incubated in 0.2 mM bait protein in blocking solution without nonfat
dry milk (TBS plus Tween 20) for 3 h at 4°C. The membrane was incubatedwith
antibait antiserum and further with horseradish peroxidase-conjugated IgG
antiserum (Promega) as the secondary antibody dilutedwith blocking solution.
Blots were washed four times for 20 min with TBS plus Tween 20 and devel-
oped using the Western Lightning Chemiluminescence Reagent (Perkin Elmer
Life Sciences).

Assay of Mixed Disulfide Complexes

A 4-mL aliquot of purified GmPDIL-2 or GmPDIL-2 variants, and GmPDIM
or GmPDIM variants, was incubated at 25°C for 60 min and quenched with
N-ethyl maleimide. Proteins were subjected to 7.5% SDS-PAGE under nonre-
ducing conditions. Lanes cut from the first SDS-polyacrylamide gel were in-
cubated in SDS-sample buffer with 5% 2-mercaptoethanol for 120 min at 37°C.
The gel slices were then subjected to 12.5% SDS-PAGE under reducing condi-
tions. The separated proteins were stained with a Silver Stain II kit (Wako Pure
Chemical Industries, Madrid, Spain).

Measurement of Redox Equilibrium Constants of
GmPDIM and GmPDIL-2

GmPDIM, GmPDIL-2, and their variants (1 mM) were incubatedwith 0.1 mM

GSSG and 0.015–28 mM GSH at 25°C for 1 h in 0.1 M sodium phosphate buffer,
pH 7.0, containing 1 mM EDTA and 150 mM NaCl. After incubation under N2 at
25°C for 1 h, further thiol-disulfide exchange was prevented by the addition of
10% trichloroacetic acid. The aggregated proteins were precipitated by cen-
trifugation and washed with 100% acetone. The protein pellet was solubilized
and incubated in 0.1 M sodium phosphate buffer, pH 7.0, containing 2% SDS
and 3 mM methoxypolyethylene glycol-maleimide (mPEG5000-mal; Fluka/
Sigma-Aldrich) at 25°C for 30 min. Proteins were separated by SDS-PAGE
and stained with Coomassie Brilliant Blue. Values for the reduced fraction,
oxidized fraction, and intermediate fraction (in the case of wild-type GmPDIM
and GmPDIL-2, which have two active sites) were quantified using ImageJ

software (National Institutes of Health, Bethesda, MD). The values for the
completely oxidized or reduced states were regarded as 0 or 100, respectively,
and all intermediate states were recalibrated. In the case of wild-type GmPDIM
and GmPDIL-2, the intensity of the band in which one of the two active centers
was oxidized was calibrated as one-half of the reduced form. The sum of the
completely reduced form and one-half of the half-reduced form was plotted.
The Keq was calculated by fitting the recalibrated fraction of the apparent re-
duced form to the following equation: R = ([GSH]2/[GSSG])/{Keq + ([GSH]2/
[GSSG])}, in which R is the relative ratio of the reduced forms. The equilib-
rium redox potential of proteins was calculated using the Nernst equation
[E90 = E90(GSH/GSSG) – (RT/nF) * ln Keq] using the glutathione standard po-
tential E90(GSH/GSSG) of 20.240 V at pH 7.0 and 25°C.

Statistical Analysis

All data are shown as the mean 6 SE from at least three replicates. Welch’s
t tests (two tailed, unpaired) or a Tukey-Kramer test were used for comparisons
among more than three experiments.

Accession Numbers

Sequence data from this article can be found in the DDBJ/EMBL/GenBank
databasesunder accessionnumbersGmERO1a (AB622257),GmERO1b (AB622258),
and GmCNX (AB196933).
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