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Thiol-based redox regulation is a post-translational protein
modification for controlling enzyme activity by switching oxida-
tion/reduction states of Cys residues. In plant cells, numerous
proteins involved in a wide range of biological systems have
been suggested as the target of redox regulation; however, our
knowledge on this issue is still incomplete. Here we report that
3-phosphoglycerate dehydrogenase (PGDH) is a novel redox-
regulated protein. PGDH catalyzes the first committed step of
Ser biosynthetic pathway in plastids. Using an affinity chroma-
tography-based method, we found that PGDH physically inter-
acts with thioredoxin (Trx), a key factor of redox regulation.
The in vitro studies using recombinant proteins fromArabidop-
sis thaliana showed that a specific PGDH isoform, PGDH1,
forms the intramolecular disulfide bond under nonreducing
conditions, which lowers PGDH enzyme activity. MS and site-
directed mutagenesis analyses allowed us to identify the redox-
active Cys pair that is mainly involved in disulfide bond forma-
tion in PGDH1; this Cys pair is uniquely found in land plant
PGDH. Furthermore, we revealed that some plastidial Trx sub-
types support the reductive activation of PGDH1. The present
data show previously uncharacterized regulatory mechanisms
of PGDH and expand our understanding of the Trx-mediated
redox-regulatory network in plants.

To tune cellular physiology, a number of proteins in the cell
undergo several post-translational modifications. Thiol-based
redox regulation is one of suchmechanisms; it controls enzyme
activity by switching the oxidation/reduction states of Cys resi-
dues (e.g. formation/cleavage of disulfide bonds). A small ubiq-
uitous protein thioredoxin (Trx) is largely responsible for the
redox regulation. Trx contains the highly conserved amino acid
sequence WCGPC at the active site. By using two Cys residues
in this motif, Trx catalyzes a dithiol-disulfide exchange reaction
with its target proteins, allowing modulation of their enzyme
activities. Trx is thus critical for transmitting reducing power
to redox-regulated proteins and adjusting cellular functions in
response to changes in local redox environments (1, 2).
Trx-mediated redox-regulatory system is ubiquitously found

in all kingdoms of life. Among them, the system in plant chloro-
plasts has attracted much attention due to its unique mode of
action related to photosynthesis. Upon illumination, photo-

chemical reactions are triggered in the thylakoid membrane,
generating the reducing power. Trx receives a part of reducing
power from ferredoxin (Fd) via Fd-Trx reductase (FTR), and in
turn transfers it to several redox-regulated proteins. This redox
cascade ensures light-responsive coordination of chloroplast
functions, which has long been recognized as the molecular ba-
sis of the redox-regulatory system in chloroplasts (3, 4).
Another characteristic of the chloroplast system is the emer-

gence of multiple Trx subtypes, categorized into f-, m-, x-, y-,
and z-types (5, 6). They have different midpoint redox poten-
tials and protein surface charges, conferring functional diver-
sity to each of the Trx subtypes (e.g. distinct target selectivity)
(7–11). In addition, other proteins serving as the mediator of
reducing power have been reported to reside in chloroplasts. A
most well-known example is the NADPH-Trx reductase C
(NTRC); this protein contains both an NADPH-Trx reductase
(NTR) domain and a Trx domain in a single polypeptide, and
thus works in the redox regulation relying on NADPH (12).
Recent studies have proposed specific and important roles of
NTRC in redox regulation (13–15). All these data raise a novel
hypothesis that the redox-regulatory system in chloroplasts
constitutes a complex network, allowing flexible control of
chloroplast functions. Uncovering its whole organization is
currently a major challenge in the field of redox study (16–22).
To achieve this goal, it is also important to grasp what chlor-

oplast proteins are redox-regulated. Classically, only a limited
number of chloroplast proteins have been known as the target
of redox regulation (e.g. several Calvin-Benson cycle enzymes
and ATP synthase CF1-g subunit) (3, 4, 23, 24). In the 2000s,
several proteomics-based methods for comprehensively identi-
fying Trx-interacting proteins have been developed (25–29),
opening the possibility of unprecedented diversity of redox-
regulated proteins in chloroplasts. Furthermore, these integral
analyses have been applied to other cellular compartments,
including other types of plastids (30), mitochondria (31, 32),
and cytosol (33). It is now speculated that a broad spectrum of
proteins may be under redox regulation in plant cells (34, 35);
however, our consistent understanding of this issue is still
weak. To overcome this limitation, we need to verify the possi-
bility of redox regulation while paying attention to each of
potential target proteins individually. A plastidial enzyme,
3-phosphoglycerate dehydrogenase (PGDH), is one of such
targets that remains to be studied at a biochemical level (27,
30, 36).
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Ser is an indispensable amino acid involved in many physio-
logical events in all organisms. In plant cells, there are three dif-
ferent pathways for Ser biosynthesis, including the photorespir-
atory glycolate pathway (in mitochondria), the glycerate
pathway (in the cytosol and peroxisomes), and the phosphoryl-
ated pathway (in plastids; Fig. 1) (37, 38). The glycolate pathway
has been considered to be of major importance especially under
photorespiratory conditions. However, recent reverse-genetic
studies indicate that the phosphorylated pathway plays a criti-
cal role in supporting plant metabolism and development (39–
41). The first step of this pathway, that is the oxidation of 3-
phosphoglycerate (3-PGA), is catalyzed by PGDH (Fig. 1).
PGDH can be classified into three types based on domain struc-
ture; plant PGDH belongs to the type I enzyme composed of
four domains, the substrate-binding domain, the nucleotide-
binding domain, the allosteric substrate-binding domain, and
the Asp kinase-chorismate mutase-TyrA domain (42). Despite
its postulated importance in ensuring Ser homeostasis in
plants, the regulatory mechanisms of PGDH are largely unclear
especially at a post-translational level.
In this study, we have addressed the possibility of PGDH re-

dox regulation using a biochemical procedure. Our data indi-
cate that (i) a specific isoform of Arabidopsis PGDH, PGDH1,
forms the intramolecular disulfide bond, lowering PGDH
enzyme activity; (ii) its disulfide bond is formed between Cys
residues uniquely conserved in land plant PGDH; and (iii) some
plastid-localized Trx subtypes can reduce and activate PGDH1.

Results

PGDH physically interacts with Trx

We first investigated whether PGDH has a cross-talk with re-
dox-regulatory factors, such as Trx. For this purpose, we
applied the affinity chromatography-based screening method
(25). One ofArabidopsis plastidial Trx isoforms, Trx-f1, orAra-
bidopsis NTRC, each of which was prepared in the form of
monocysteinic variant (13), was used as bait in this experiment.
Chloroplast soluble proteins extracted from spinach leaves
were loaded onto a Trx-f1- or NTRC-immobilized affinity
chromatography column. The proteins associated with Trx-f1

or NTRC via the mixed-disulfide bond were eluted by a reduc-
ing agent DTT. As shown in Fig. 2A (for Trx-f1) and Fig. 2B (for
NTRC), different SDS-PAGE profiles of DTT-eluted proteins
were evident between assays using Trx-f1 and NTRC, because
of their distinct target selectivity (13). Immunoblotting analyses
indicated that PGDH was bound to Trx-f1, but not to NTRC
(Fig. 2, C and D). After eluted by DTT, the molecular weight of
PGDH seems to be slightly varied (Fig. 2C), which may reflect
the change in PGDH redox state. These results suggest that
PGDHmay be redox-regulated in a Trx-dependent manner.

Arabidopsis PGDH1, but not PGDH2 and PGDH3, is activated
by cleavage of intramolecular disulfide bond

In Arabidopsis thaliana, three nuclear genes encoding
PGDH (PGDH1, At4g34200; PGDH2, At1g17745; and PGDH3,
At3g19480) are identified (38). All PGDH isoforms were con-
firmed to be targeted to plastids (39, 41). To test whether each
PGDH isoform can bind to Trx, affinity chromatography
experiments were conducted on Escherichia coli that expressed
PGDH1–3 individually (Fig. 3, A–C). In all cases, PGDH was
detected in DTT-eluted fractions. These results give an impli-
cation that all of PGDH isoforms in Arabidopsis are redox-
regulated as the target of Trx. However, we cannot conclude
the possibility for PGDH redox regulation at this stage, because
it is known that affinity chromatography-based methods often
traps pseudo-target proteins of Trx during the incubation pro-
cess (43). To verify this issue, it is necessary to clarify (i) Trx-de-
pendent reduction, (ii) redox-dependent change in the activity,
and (iii) Cys residues responsible for the redox regulation. Fol-
lowing studies were designed to address these points.
We prepared PGDH1–3 from Arabidopsis as the purified

recombinant proteins (Fig. S1). We examined whether the
redox state of PGDH is variable or not (Fig. 3D). Redox shift
assays using a thiol-modifying reagent indicated that PGDH1
mainly existed as two different redox states under control
(DTT-free) conditions. PGDH1 was converted to a fully
reduced state in the presence of DTT. It was thus suggested
that PGDH1 can form at least one disulfide bond in the mol-
ecule. By contrast, the redox states of PGDH2 and PGDH3
were unaltered by DTT. We then examined the effects of
DTT on PGDH enzyme activity (Fig. 3E). PGDH1 was
largely activated by DTT, whereas PGDH2 and PGDH3
were not. Taken together, these results suggest that PGDH1
is a redox-sensitive protein whose activity is enhanced upon
reduction, whereas PGDH2 and PGDH3 are not.

Cys86 and Cys102 are mainly involved in disulfide bond
formation in PGDH1

There are four Cys residues in Arabidopsis PGDH1 (Cys86,
Cys102, Cys148, and Cys534; Fig. 4A, Fig. S2). Among these, only
Cys102 is not found at the corresponding position of redox-
insensitive PGDH2. A three-dimensional structure model of
PGDH1 showed that Cys102 may be localized in spatial proxim-
ity to Cys86 and Cys148 (Fig. 4B, Fig. S3). We thus anticipated
that Cys102 forms a disulfide bond with either Cys86 or Cys148.
To directly evaluate this expectation, we performed peptide

mapping analysis based on the MS. PGDH1 protein was in-gel

Figure 1. Plastidial Ser biosynthesis mediated by the phosphorylated
pathway. The following abbreviations were used: 2-OG, 2-oxoglutarate; 3-
PHP, 3-phosphohydroxypyruvate; 3-PS, 3-phosphoserine; PSAT, 3-phospho-
serine aminotransferase; PSP, 3-phosphoserine phosphatase.
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digested using trypsin, and mass spectra of the resulting pep-
tides were compared between control and DTT treatments. As
expected, the overall mass spectra were apparently similar
between the control and DTT-treated samples (Fig. S4), but a
few differences were observed. Mass peaks of 1159.7 and
2567.2 were more dominant in the DTT-treated sample (Fig.
5A). Data query using the Mascot search engine indicated that
these peaks corresponded to a tryptic peptide of Ile99–Arg108

(containing carbamidomethyl Cys102) and Leu77–Lys98 (con-
taining carbamidomethyl Cys86) with a peptide tolerance of
,50 ppm. By contrast, a mass peak of 3609.9 is specifically
found in the control sample (Fig. 5B). It corresponded to a con-
jugated peptide of Leu77–Lys98 and Ile99–Arg108 linking with a
disulfide bond. These results indicate that Cys86 and Cys102 are
involved in disulfide bond formation in PGDH1.
To gain further insight into the regulatory Cys residues in

PGDH1, a site-directed mutagenesis analysis was conducted.
We generated PGDH1 mutant proteins whose only Cys102

(C102S) or both Cys86 and Cys102 (C86S/C102S) were substi-
tuted to Ser (Fig. S1). The C102S mutant still showed DTT-de-
pendent conversion of the redox state, although its conversion
range became smaller (Fig. 5C). It is likely that, upon Cys102

mutation, another Cys (possibly Cys148 that lies close to Cys102;
Fig. 4B, Fig. S3) forms a disulfide bond with Cys86. Such flexibil-
ity in disulfide bond formation is also reported in the fructose-
1,6-bisphosphatase (44). By contrast, the C86S/C102S mutant
completely lacked the ability of DTT-dependent redox shift.
All these data suggest that Cys86 and Cys102 are mainly respon-
sible for PGDH1 redox regulation. Alignment of PGDH from
several photosynthetic organisms shows that this Cys pair is
largely conserved in land plants, but not in algae or cyanobacte-
ria (Fig. 4A, Fig. S2).

Some Trx subtypes in plastids support PGDH1 reductive
activation

We finally studied the involvement of Trx and NTRC in
PGDH1 redox regulation (Fig. 6, A–D). Four Trx isoforms
(Trx-f1, Trx-m1, Trx-x, and Trx-y2) and NTRC from Arabi-
dopsis were prepared. All Trx isoforms used here were previ-
ously shown to be capable of mediating redox regulation with
different target selectivity (10, 11). Low concentrations of DTT
(0.1 mM) had little impact on the PGDH1 redox state (Fig. 6A)
and activity (Fig. 6B). When Trx-f1, Trx-m1, or Trx-y2 was
added at 0.1 mM, PGDH1 reduction was promoted (Fig. 6A).
Accordingly, the activity of PGDH1 was also enhanced (Fig.
6B). The effects of these Trx isoforms on PGDH1 were more
pronounced when each Trx was added at 0.5 mM. By contrast,
Trx-x hardly affected the PGDH1 redox state and enzyme ac-
tivity. In the absence of DTT, all Trx isoforms failed to activate
PGDH1 (Fig. S5). Experiments with PGDH1 C102S and C86S/
C102S mutants confirmed the principal role of Cys86 and
Cys102 for Trx-dependent redox regulation of PGDH1 (Fig. 6, C
and D). NTRC was previously shown to efficiently transmit
NADPH-derived reducing power to some proteins (13). How-
ever, it was not the case with PGDH1; NTRCwas unable to pro-
mote PGDH1 reduction largely (Fig. 6A). These results suggest
that selected types of plastidial Trx are effective in the reductive
activation of PGDH1. By contrast, any Trx isoforms affected
neither the redox state nor the activity of PGDH2 (Fig. 6E) and
PGDH3 (Fig. 6F).

Discussion

Information on the redox-based regulatory network in plant
cells has been increasingly expanding (16–22). Until now, sev-
eral hundreds of proteins have been proposed to be redox-regu-
lated in plants, based on large-scale proteomic approaches (34,
35). It should be noticed, however, that most of these are still
potential, due to the lack of further studies for confirming the
validity of redox regulation in detail; this fact largely hampers a
consistent understanding of the redox-regulatory system.
Using a biochemical procedure, we report here that PGDH is a
previously uncharacterized redox-regulated protein.
PGDH has been found as one of the putative Trx-linked pro-

teins by early proteomic studies (27, 30, 36). In accord with this,
our sensitive analysis using an antibody indicated that PGDH

Figure 2. Identification of PGDH as a Trx-interacting protein. A and B, af-
finity chromatography-based screening of Arabidopsis Trx-f1 (A) or NTRC (B)
target candidate proteins in chloroplasts. Protein elution profiles were ana-
lyzed by SDS-PAGE, followed by silver staining. C and D, validation of PGDH
binding to Trx-f1 (C) or NTRC (D). PGDH was detected by immunoblotting
analysis using a PGDH antibody.
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can interact with Trx-f1 via the mixed disulfide bond (Fig. 2),
firmly supporting a possibility for PGDH redox regulation.
Indeed, one isoform of Arabidopsis PGDH, PGDH1, showed a
clear shift in the redox state, coupled with changes in enzyme
activity (Fig. 3, D and E). The Cys residues mainly responsible
for the disulfide bond formation in PGDH1 were then deter-
mined (Cys86 and Cys102; Fig. 5). Land plants (from liverwort
to vascular plants) widely share at least one PGDH isoform
containing this Cys pair, whereas algae and cyanobacteria
do not (Fig. 4A, Fig. S2). PGDH orthologs in nonphotosyn-

thetic organisms also lack this Cys pair (45). PGDH redox
regulation is thus considered as a unique strategy acquired
during adaptation to terrestrial environments in photosyn-
thetic organisms. Notably, another enzyme using 3-PGA as
a substrate, 3-PGA kinase, is reported to be redox-regulated
in algae (46, 47) and cyanobacteria (48). Cys residues essen-
tial for 3-PGA kinase redox regulation are not conserved in
land plants (47). These findings highlight the changing regu-
latory modes of 3-PGA metabolism across photosynthetic
organisms.

Figure 3. Redox sensitivity of Arabidopsis PGDH. A-C, affinity chromatography-based test for binding of PGDH1 (A), PGDH2 (B), or PGDH3 (C) to Arabidopsis
Trx-f1. Proteins extracted from each PGDH-transformed E. coli cells were loaded as input. Protein elution profiles were analyzed by SDS-PAGE, followed by sil-
ver staining. PGDH was detected by immunoblotting analysis using a PGDH antibody. D, redox shift assay of PGDH using the thiol-modifying reagent. Each
PGDH (1.2 mM) was incubated with or without 10 mM DTT for 15 min. PGDH was then labeled with maleimide-PEG11-biotin and loaded on nonreducing SDS-
PAGE. Ox, oxidized form; Red, reduced form. E, enzyme activity measurement of PGDH. Each PGDH (1.2 mM) was incubated with or without 1 mM DTT for 15
min. PGDH activity was then monitored. Data are shown as the mean 6 S.D. (n = 4). Statistical analyses were performed using the Student’s t test. N.S., not
significant.
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Although our results suggest that Cys86 and Cys102 are key to
redox regulation of PGDH1, other factors are likely to affect its
regulatory property. Despite having this Cys pair, PGDH3 was
found to be redox-insensitive (Fig. 3, D and E, Fig. 6F). It seems
possible that some amino acids specific to PGDH3 have an in-
hibitory effect on disulfide bond formation, but future studies
are warranted to elucidate the underlyingmechanisms in detail.

Determining the PGDH1 structures in the oxidized and
reduced forms, followed by the comparison of spatial arrange-
ment of amino acids, will be largely helpful for its elucidation.
We demonstrated that Trx-f, Trx-m, and Trx-y assist the

reductive activation of PGDH1 (Fig. 6, A and B). There is little
consistent molecular property among these three Trx subtypes.
For example, the midpoint redox potential is substantially dif-
ferent (Trx-f1, 2321 mV; Trx-m1, 2335 mV; and Trx-y2,
2295 mV (at pH 7.5)) (10, 11). Recently, we identified the de-
terminant amino acid residues for Trx-f–specific functions (49),
but they appear to have little impact on PDGH1 redox regula-
tion. Further studies are needed to gain deeper mechanistic
insight into divergent or redundant Trx functions. Nevertheless,
it is reasonable to consider that, in contrast to other proteins (e.
g. fructose-1,6-bisphosphatase specifically reduced by Trx-f (7,
10)), PGDH1 is redox-regulated with less Trx selectivity.
Our in vitro data raise a new question: how is PGDH redox-

regulated in vivo? In Arabidopsis, both PGDH1 and several Trx
isoforms were shown to be widely expressed in multiple tissues
(39, 41, 50), supporting the idea of their cross-talk in vivo. In
photosynthetic tissues, redox-sensitive PGDH is thought to be
reductively activated in response to light via the Fd/FTR/Trx
pathway. The in vitro PGDH activity is enhanced under alkaline
conditions (45, 51), which may be advantageous for PGDH up-
regulation in the light (via an increase in stromal pH). On the
other hand, physiological studies have proposed that the
PGDH-mediated phosphorylated pathway has only a minor
role in Ser biosynthesis when Ser is produced via the photores-
piratory glycolate pathway (37, 38). Therefore, the extent to
which reductive activation of PGDH is physiologically impor-
tant in illuminated chloroplasts is unclear. Instead, the phos-
phorylated pathway becomesmore important under conditions
where the photorespiratory cycle does not function (e.g. under
high CO2 conditions or in nonphotosynthetic tissues). The
Trx-based redox-regulatory system is assumed to work also in
nonphotosynthetic plastids (30), but its mode of action remains
elusive. Further studies should be directed to clarify this point
and the linkage to PGDH regulation. In this regard, it is worth
noting that PGDH was identified as being Trx-linked in germi-
natingMedicago truncatula seeds (36).
In this study, we provide a biochemical insight into PGDH

redox regulation. Besides this regulatory way, PGDH activity is
allosterically affected by several amino acids (e.g. inhibited by
Ser in a feedback manner) (39, 45, 51). Furthermore, PGDH is
controlled at a transcriptional level. Namely, gene expression of
each PGDH isoform is differentially induced or suppressed by
light/dark transitions, high CO2, and salinity stress (39, 41, 52,
53). Taken together, it is likely that PGDH functions are
dynamically and sophisticatedly regulated at several levels,
determining the rates of the phosphorylated pathway and the
resulting Ser biosynthesis. Elucidating its overall regulatory
mechanisms and their interplay is of importance as a next step.

Experimental procedures

Preparation of expression plasmids

Total RNA was isolated from A. thaliana as described previ-
ously (54) and used as a template for RT-PCR. The gene

Figure 4. Prediction of redox-active Cys residues in Arabidopsis PGDH1.
A, simplified representation of Cys localization of PGDH1 and their conserva-
tion in photosynthetic organisms. There are four Cys residues in the A. thali-
ana PGDH1 mature protein region. The presence or absence of these Cys
residues was compared with other PGDH. Other isoforms of A. thaliana
PGDH (PGDH2 and PGDH3) and PGDH from other photosynthetic organisms,
includingOryza sativa, Nicotiana tabacum, Spinacia oleracea, Populus thricho-
carpa, Physcomitrella patens, Marchantia polymorpha, Volvox carteri, Chlamy-
domonas reinhardtii, Anabaena sp. PCC 7108, Synechococcus elongatus sp.
PCC 7942, and Synechocystis sp. PCC 6803, were used for the comparison.
The full alignment of PGDH amino acid sequences is shown in Fig. S2. TP,
transit peptide. B, three-dimensional structure model of Arabidopsis PGDH1.
The model was obtained as a homotetrameric form, but one chain is shown.
Four Cys residues are shown by the orange spheres.
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fragment encoding the predicted mature protein region of
PGDH1 (Lys61–Leu603), PGDH2 (Lys82–Leu624), or PGDH3
(Lys46–Leu588) was amplified. The oligonucleotide primers
were designed to express objective protein as the His-tagged

form at the N-terminal end. The amplified DNA was incorpo-
rated into the pET-23d expression vector (Novagen) using the
Hot Fusion method (55). The sequences of PGDH expression
plasmids were confirmed to be correct by DNA sequencing

Figure 5. Identification of redox-active Cys residues in Arabidopsis PGDH1. A and B, peptide mapping analysis based on MS. Before the Cys alkylation
and following in-gel digestion with trypsin, the protein sample was incubated in the absence (control) or presence of 10 mM DTT. Overall mass spectra are
shown in Fig. S4. C, redox shift assay of PGDH1WT and Cys-substituted mutants (C102S and C86S/C102S) using the thiol-modifying reagent. Each PGDH1 was
incubated with or without 10mMDTT for 15min. PGDHwas then labeled with themethyl-PEG24-maleimide and loaded on nonreducing SDS-PAGE.
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(3730xl DNAAnalyzer; Applied Biosystems). The other expres-
sion plasmids (for Trx isoforms and NTRC) were prepared pre-
viously (10, 11, 13).

Site-directed mutagenesis

Point mutations in PGDH1 (Cys86 to Ser; Cys102 to Ser) were
introduced using the PrimeSTAR Mutagenesis Basal Kit
(Takara) according to the manufacturer’s instructions. The fol-
lowing oligonucleotide primers were used for site-directed mu-
tagenesis: for Cys86 to Ser, 59-GTCGACTCTTCGTATAA-
CATGACTCCT-39 (forward) and 59-ATACGAAGAGTCG-
ACATTCGCGACATC-39 (reverse); for Cys102 to Ser, 59-
TCGCTCTCTGACGCCTTGATCGTGAGG-39 (forward) and
59-GGCGTCAGAGAGCGAGATCTTAATGTT-39
(reverse). The mutated codons are underlined.

Protein expression and purification

Each PGDH expression plasmid was transformed into the E.
coli Rosetta (DE3) pLysS competent cells. The transformed
cells were cultured at 37 °C until A600 reached 0.2–0.3. For
PGDH1 and PGDH2, the expression was induced by the addi-
tion of 0.5 mM isopropyl 1-thio-b-D-galactopyranoside, fol-
lowed by overnight culture at 20 °C. For PGDH3, the expression
was slowly induced without adding isopropyl 1-thio-b-D-galac-
topyranoside, because it rendered most of PGDH3 proteins in-
soluble. The cells were disrupted by sonication. After centrifu-
gation (125,000 3 g for 40 min), the resulting supernatant was
used to purify the protein. The His-tagged PGDH protein was
purified using a nickel-nitrilotriacetic acid affinity column as
described previously (56). Other recombinant proteins (Trx
isoforms and NTRC) were prepared as described previously
(10, 11, 13). The protein concentration of PGDH was deter-
mined by Bradford assay with BSA as standard.

Screening for Trx-f1- or NTRC-interacting proteins

Themethod of Trx affinity chromatography (25) was applied
for screening Trx-f1- or NTRC-interacting proteins from spin-
ach chloroplasts and PGDH-transformed E. coli cells. Arabi-
dopsis Trx-f1 and NTRC were prepared in the form of mono-
cysteinic variants. NTRC has two redox-active Cys pairs (in
NTR domain and Trx domain). Here, the pair in Trx domain
was mutated into a single Cys. The detailed procedures are
available in Refs. 13 and 32. Binding of the PGDH protein was
tested using an antibody raised against Arabidopsis PGDH2.
This antibody reacted to all of recombinant PGDH1, PGDH2,
and PGDH3 proteins, but with different affinities (Fig. S6).

PGDH redox shift assay

For the reducing reaction, PGDH was reacted at 25 °C in a
solution containing 50 mM Tris-HCl (pH 7.5) and 50 mM NaCl.
Information on protein concentrations, DTT concentrations,
or reaction periods are described in each figure.
PGDH redox states were determined by discriminating the

thiol status with the use of thiol-modifying reagents described
in each figure. These reagents change protein mobility on the
SDS-PAGE, allowing the determination of protein redox states
with an observable band shift. Following the reducing reaction,
proteins were precipitated with 10% (w/v) TCA and then
washed with ice-cold acetone. The precipitated proteins were
labeled with the thiol-modifying reagents described in each fig-
ure for 1 h at room temperature. Proteins were subjected to
nonreducing SDS-PAGE and stained with Coomassie Brilliant
Blue R-250.

Measurement of PGDH activity

PGDH activity was measured at 25 °C in solution containing
50 mM Tris-HCl (pH 8.8), 600 mM NaCl, 5 mM 3-PGA, 1 mM

NAD1, and 60 nM PGDH. Activity was monitored as an
increase in absorbance at 340 nm due to NAD1 reduction. A
molar extinction coefficient for NADH of 6.2 mM

21 cm21 was
used for calculating the amounts of catalyzedNAD1.

Peptide mapping analysis using MS

After nonreducing SDS-PAGE, a Coomassie Brilliant Blue-
stained protein band of PGDH1 was excised from the gel and
fully destained with 50 mM NH4HCO3 and 50% (v/v) acetoni-
trile. For DTT treatment, the gel slice was incubated with 100
mMNH4HCO3 and 10 mM DTT at 56 °C for 1 h. The free thiols
were then alkylated using iodoacetamide. After being dried
completely, the gel slice was incubated with 50 mM NH4HCO3

containing 20 ng/ml of trypsin (Promega) at 37 °C overnight.
The resulting peptides were then extracted from the gel with
0.1% (v/v) TFA and 50–75% (v/v) acetonitrile. The peptide
sample was mixed with the matrix solution (a-cyano-4-
hydroxycinnamic acid) on a MALDI plate (MTP 384 target
plate ground steel BC, Bruker Daltonics). Mass spectra were
obtained using MALDI-TOF MS (UltrafleXtreme; Bruker
Daltonics).

Modeling of PGDH1 three-dimensional structure

The three-dimensional structure model of PGDH was con-
structed using the Swiss-Model software (57). The crystal
structure of Mycobacterium tuberculosis PGDH (PDB code
3DDN) was used as a template (58).

Figure 6. Involvement of Trx in PGDH redox regulation. A, redox shift assay of PGDH1 using the thiol-modifying reagent. PGDH1 (1.2 mM) was incubated in
the absence (control) or presence of 0.1 mM DTT or 0.5 mM NADPH for 30 min. Trx-f1, Trx-m1, Trx-x, Trx-y2, or NTRC were added at 0.1 or 0.5 mM. PGDH1 was
then labeled with the maleimide-PEG11-biotin and loaded on nonreducing SDS-PAGE. Ox, oxidized form; Red, reduced form. B, enzyme activity measurement
of PGDH1. PGDH1 was reacted as in A and its activity was then monitored. C, redox shift assay of PGDH1 WT and Cys-substituted mutants (C102S and C86S/
C102S) using the thiol-modifying reagent. Each PGDH1 (1.2mM) was incubated with or without 0.5mM Trx in the presence of 0.1mM DTT for 30min. PGDHwas
then labeled with the methyl-PEG24-maleimide and loaded on nonreducing SDS-PAGE. D, enzyme activity measurement of PGDH1 WT and Cys-substituted
mutants. PGDH1WT andmutants were reacted in C and their activities were thenmonitored. Each activity is expressed as the relative value. E and F, redox shift
assay and enzyme activity measurement of PGDH2 (E) and PGDH3 (F). Reaction conditions were same as A. Trx or NTRC was added at 0.5 mM. An asterisk in F
indicates a band of NTRC. Data are shown as the mean6 S.D. (n = 3–4). B, E, and F, statistical analyses were performed using the Tukey-Kramer multiple com-
parison test.Different letters denote significant differences at p, 0.01.D, statistical analyses were performed using the Student’s t test.N.S., not significant.
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Statistical analysis

Statistical analyses were performed with Microsoft Excel
software for the Student’s t test, and SPSS 12.0J software (SPSS
Inc.) for the Tukey-Kramermultiple comparison test.

Data availability

All data are contained within the article.
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