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In addition to linear electron transport, photosystem | cyclic electron transport (PSI-CET) contributes to photosynthesis and
photoprotection. In Arabidopsis (Arabidopsis thaliana), PSI-CET consists of two partially redundant pathways, one of which is
the PROTON GRADIENT REGULATIONS (PGR5)/PGR5-LIKE PHOTOSYNTHETIC PHENOTYPE1 (PGRL1)-dependent pathway.
Although the physiological significance of PSI-CET is widely recognized, the regulatory mechanism behind these pathways
remains largely unknown. Here, we report on the regulation of the PGR5/PGRL1-dependent pathway by the m-type
thioredoxins (Trx m). Genetic and phenotypic characterizations of multiple mutants indicated the physiological interaction
between Trx m and the PGR5/PGRL1-dependent pathway in vivo. Using purified Trx proteins and ruptured chloroplasts,
in vitro, we showed that the reduced form of Trx m specifically decreased the PGR5/PGRL1-dependent plastoquinone
reduction. In planta, Trx m4 directly interacted with PGRL1 via disulfide complex formation. Analysis of the transgenic plants
expressing PGRL1 Cys variants demonstrated that Cys-123 of PGRL1 is required for Trx m4-PGRL1 complex formation.
Furthermore, the Trx m4-PGRL1 complex was transiently dissociated during the induction of photosynthesis. We propose

that Trx m directly regulates the PGR5/PGRL1-dependent pathway by complex formation with PGRL1.

INTRODUCTION

In the light reactions of photosynthesis, light energy is utilized by
photosystem I (PSll) to oxidize water, generating protons, oxygen,
and electrons. These electrons are transferred to photosystem |
(PSI) via the cytochrome bgf complex and ultimately used for the
reduction of NADP* to NADPH in the stroma. Electron transport
through the cytochrome bgf complex is coupled to proton transfer
from the stroma into the lumen, and the resulting ApH is used for
ATP synthesis. Linear electron transport from water to NADP*
requires both photosystems and produces both NADPH and ATP.
By contrast, cyclic electron transport around PSI (PSI-CET) is
driven solely by PSI. In PSI-CET, electrons are recycled from
ferredoxin (Fd) to plastoquinone (PQ) and pass through the cy-
tochrome bgf complex, generating ApH without net production of
NADPH.

PSI-CET was discovered by Arnon and co-workers more than
60 years ago, before the concept of linear electron transport was
even established (Arnon et al., 1954). In angiosperms, PSI-CET
consists of two pathways: the first pathway, known as the
PROTON GRADIENT REGULATIONS (PGR5) and the PGR5-LIKE
PHOTOSYNTHETIC PHENOTYPE1 (PGRL1)-dependent path-
way, is sensitive to antimycin A (Tagawa et al., 1963; Munekage
et al., 2002; DalCorso et al., 2008), whereas the second pathway,
the NADH dehydrogenase like (NDH) complex—dependent
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pathway, is antimycin A insensitive (Joét et al., 2001; Yamamoto
et al., 2011). In Arabidopsis (Arabidopsis thaliana), the PGR5/
PGRL1-dependent pathway is the main route of PSI-CET and
contributes more significantly to ApH generation than the NDH-
dependent pathway (Munekage et al.,2002; DalCorso et al., 2008).
The Arabidopsis pgr5 mutant, for example, cannot induce the
energization-dependent quenching (gQE) component of non-
photochemical quenching (NPQ) and the downregulation of the
cytochrome bgf complex termed photosynthetic control, due to
impaired acidification of the thylakoid lumen (Munekage et al.,
2002; Joliot and Johnson, 2011; Yamamoto and Shikanai, 2019).
The gE reflects the size of thermal dissipation of the excess light
energy from PSII (Krause and Weis, 1991). Since pgr5 cannot fully
activate these photoprotective mechanisms, it is sensitive to high
light and cannot survive under fluctuating light conditions
(Munekage et al., 2002; Suorsa et al., 2012; Yamamoto and
Shikanai, 2019). By contrast, Arabidopsis mutants defective in the
chloroplast NDH complex such as chlororespiratory reduction 2-2
(crr2-2) do not exhibit any growth phenotypes (Hashimoto et al.,
2003). The NDH-dependent pathway appears to play a compen-
satory function in the pgr5 mutant background. The crr2-2 pgr5
double mutant shows severely impaired photosynthesis and growth
even under constant low light conditions (Munekage et al., 2004).
Despite the widespread recognition of the physiological significance
of PSI-CET, its regulatory mechanism remains unknown.

Several factors have been suggested to regulate the activity of
PSI-CET. ATP concentration in the stroma is one of the possible
factors. During the induction of photosynthesis, PSI-CET oper-
ates efficiently to supply ATP to the Calvin—-Benson cycle (Joliot
and Joliot, 2006). The stromal redox state has also been proposed
as a regulator of PSI-CET. A higher stromal reduction state en-
hances PSI-CET (Breyton et al., 2006; Okegawa et al., 2008).
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Background: Photosynthetic electron transport converts light energy of the sun into chemical energy that is usable
by living things. Cyclic electron transport around photosystem | is essential for photosynthesis and photoprotection. In
Arabidopsis, two partially redundant pathways exist, of which the PROTON GRADIENT REGULATION 5
(PGR5)/PGR5-LIKE PHOTOSYNTHETIC PHENOTYPE 1 (PGRL1)-dependent pathway is the major one. The
physiological significance of cyclic electron transport around photosystem | is widely recognized, but the underlying
regulatory mechanism is not fully understood. Recently, a small redox protein, thioredoxin, has been proposed to be
a key regulatory factor of cyclic electron transport around photosystem |. Arabidopsis chloroplasts contain ten
different thioredoxin isoforms grouped into five types. Thioredoxin reduces the disulfide bonds of target proteins and
thereby regulates their activity.

Question: We wanted to know how thioredoxin regulates cyclic electron transport around photosystem I. In
particular, we wanted to identify which protein is regulated by thioredoxin in this process. We sought to answer these
questions using wild-type, mutant, and transgenic Arabidopsis plants.

Findings: Arabidopsis plants lacking m-type thioredoxin shows growth defects. Multiple mutant analysis indicated
that a lack of the pathways of cyclic electron transport around photosystem | suppressed these growth defects. These
results suggested that cyclic electron transport around photosystem | is not regulated in the m-type-deficient mutant.
We characterized the effect of m-type thioredoxin on the pathways of cyclic electron transport around photosystem |
in ruptured chloroplasts. We found that m-type thioredoxin downregulated the PGR5/PGRL1-dependent pathway. In
addition, m-type thioredoxin directly interacted with PGRL1 by forming a disulfide-linked complex in plants. We also
found that the m-type thioredoxin-PGRL1 complex was transiently dissociated during the induction of photosynthesis.
Surprisingly, this complex stably accumulated in darkness or under steady-state photosynthesis.

Next steps: Many questions remain about how m-type thioredoxin controls complex formation with PGRL1. Future
studies will focus on further unravelling the molecular mechanisms of this process. This knowledge may contribute to
the understanding of photosynthesis and photoprotection.
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More recently, several papers reported the chloroplastic thio-
redoxin (Trx) systems to be the most promising candidates for the
regulation of PSI-CET (Courteille et al., 2013; Hertle et al., 2013;
Nikkanen et al., 2018). Chloroplasts have two Trx systems
(Buchanan, 2016; Yoshida and Hisabori, 2016; Cejudo et al.,
2019). In the classical Trx system, Trxs are reduced by photo-
reduced Fd, via Fd-Trx reductase (FTR), and regulate many
stromal enzymes, including the Calvin-Benson cycle enzymes
(Geigenberger and Fernie, 2014; Buchanan, 2016). Another sys-
tem, the NADPH-Trx reductase C (NTRC) pathway, was newly
found to be aunique systemin the chloroplast (Serrato et al., 2004;
Pérez-Ruiz et al., 2006). Since NTRC utilizes NADPH as an
electron donor, it can function even in the dark. In Arabidopsis,
typical Trxs in the stroma are classified into five types: two f-type
(Trxs f1 and f2), four m-type (Trxs m1, m2, m3, and m4), one x-type
(Trx x), two y-type (Trxs y1 and y2), and one z-type (Trx z; Bu-
chanan, 2016). Trx m was the most abundant type, accounting for
69.1% of the total stromal Trx content, where Trxs m1 (24.8%), m2
(21.8%), m3 (0.9%), and m4 (21.6%) made up the balance
(Okegawa and Motohashi, 2015). On the basis of the mutant
phenotype, Courteille et al. (2013) reported that Trx m4 regulated
both PSI-CET pathways, although targets of Trx m4 have not yet
beenidentified. In our previous report, we also suggested PSI-CET
to have been enhanced in a mutant defective in three Trx m
isoforms (Trxs m1, m2, and m4; Okegawa and Motohashi, 2015).
Based on in vitro experiments, Hertle et al. (2013) proposed
a schematic model for the PGR5/PGRL1-dependent pathway in
Arabidopsis. The dimeric, inactive form of PGRL1 was demon-
strated to be reduced to a monomer and activated by Trx m (Hertle
et al., 2013). However, a regulatory mechanism in vivo remains
unknown. NTRC has also been proposed to be involved in the

regulation of PSI-CET, since its overexpression stimulated the
NDH-dependent pathway (Nikkanen et al., 2018). Thus, two Trx
systems are suggested to regulate PSI-CET, but their targets and
the physiological significance of their regulation in vivo are largely
unclear.

Knowledge of the regulation mechanism of PSI-CET is essential
for understanding photosynthesis and photoprotection. In this
study, using both genetic and biochemical approaches, we show
that Trx m4 directly downregulates the PGR5/PGRL1-dependent
pathway via disulfide complex formation with PGRL1 in Arabi-
dopsis. Herein, we discuss the physiological significance of Trx
m4-dependent regulation of PSI-CET.

RESULTS

Growth Defects of trx m124-2 Were Alleviated by Defects in
PSI-CET Pathways

We previously reported that the Arabidopsis trx m124-2 mutant
exhibited growth defects (Okegawa and Motohashi, 2015),
characterized by decreased fresh weight and chlorophyll content
(Figures 1A to 1C). The trx m124-2 mutant is a triple mutant, which
was obtained by crossing the T-DNA knockdown mutant lines trx
m1 and trx m2-2 and the T-DNA knockout mutant line trx m4. In trx
m124-2, Trx m4 did not accumulate at all, but the protein levels of
Trxs m1 and m2 were 52 and 13% of the wild-type level, re-
spectively (Okegawa and Motohashi, 2015). Therefore, the
amount of Trx m isoform protein in trx m124-2 was 23% of that in
the wild type (Figure 1D; Okegawa and Motohashi, 2015). To
investigate the physiological link between Trx m and PSI-CET, we
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Figure 1. Phenotypes of the Wild Type, trx m124-2, crr2-2 trx m124-2, and pgr5 trx m124-2 Mutants.

Seedlings were grown on MS medium in growth chambers (50 umol photons m=2 s='; continuous light; 23°C) for 3 to 4 weeks.

(A) Photographs of the plants. WT, wild type. Bar = 10 mm.

(B) Fresh weight of seedlings. Each value is shown as the mean = sb (n = 10 to 15 independent plants). Columns with the same letters are not significantly
different between genotypes according to one-way ANOVA with Tukey—Kramer multiple comparison test, P < 0.05 (Supplemental Table 5). WT, wild type.


http://www.plantcell.org/cgi/content/full/tpc.20.00304/DC1

tested the genetic interaction between the mutants, by generating
the quadruple mutants crr2-2 trx m124-2 and pgr5 trx m124-2
(Figures 1A, 1D, and 1E). Seedlings were grown under continuous
light conditions at a light intensity of 50 pmol photons m= s~ In
crr2-2trx m124-2, the leaves were still pale green, and the petioles
were white as in trx m124-2, but the growth defects were partially
alleviated in terms of the seedling size and fresh weight (Figures 1A
and 1B). In the pgr5 mutant background, the growth phenotype of
trx m124-2 was suppressed more significantly. The pgr5 trx m124-
2 mutant grew similarly to the wild type (Figures 1A and 1B), and its
chlorophyll content also recovered to similar levels as in pgr5
(Figure 1C), although the pgr5 single mutant had a slightly lower
chlorophyll content than the wild type (Figure 1C; Munekage et al.,
2002). These results indicated that a lack of PSI-CET pathway
recovered the growth defect of trx m124-2 and the pgr5 defect
suppressed their phenotype more effectively than the crr2-2
defect. The recovery of growth defects in trx m124-2 was also
observed under short-day and higher light (200 umol photons m=2
s~") conditions (Supplemental Table 1). Furthermore, the growth of
the trx m124-1 mutant, which is a weak allele mutant of trx m124-2
(Okegawa and Motohashi, 2015), was also recovered by defects in
PSI-CET (Supplemental Table 2). To further interrogate the genetic
interaction between Trx m and PSI-CET, the growth phenotype of
trx m124-2 was analyzed also in the pgri1ab mutant background,
which is another mutant lacking the PGR5/PGRL1-dependent
pathway (DalCorso et al., 2008). Similar to pgr5 trx m124-2, the
pgriiab trx m124-2 quintuple mutant grew like the wild type
(Supplemental Figure 1), suggesting that the growth defects of trx
m124-2 are recovered in the absence of the PGR5/PGRL1-de-
pendent pathway. In trx m124-2, PSI-CET pathways may have not
been regulated, leading to the growth defects.

The ultrastructure of the chloroplast was characterized using
transmission electron microscopy (TEM). Wild-type chloroplasts
contained well-developed thylakoid membranes with normally
stacked granal thylakoids and starch granules (Figures 1F and
1G). In some parts of trx m124-2 leaves, chloroplasts swelled to
different extents (Figure 1H). Their thylakoid membranes were
severely distorted and detected as fragments, although granal
stacks were partially observed (Figures 1H and 11). Some plastids
of trx m124-2 |lacked developed thylakoid membranes and granal
stacks and contained vacuolated membrane structures (Figures
1H and 1J). Conversely, a number of well-developed chloroplasts
were observed in the green parts of trx m124-2 leaves, although
aberrant plastids were still present (Figure 1K). By contrast,
chloroplasts of pgr5 trx m124-2 contained normally developed
thylakoid membrane structure (Figures 1L and 1M) and starch
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granules, just like the wild type. This observation may explain the
recovery of plant growth in pgr5 trx m124-2 (Figures 1A and 1B).

The trx m124-2 mutantinduced higher NPQ than the wild type at
light intensities of less than 200 pmol photons m=2 s~ (Figure 2A;
Okegawa and Motohashi, 2015). The gE component of NPQ is
induced by the acidification of the thylakoid lumen (Krause and
Weis, 1991). The PGR5/PGRL1-dependent PSI-CET contributes
to luminal acidification (Munekage et al., 2002; DalCorso et al.,
2008). The pgr5 mutant showed decreased NPQ compared to the
wild type (Figures 2A and 2B). To investigate whether the high NPQ
phenotype observed in trx m124-2 was dependent on the PGR5/
PGRL1-dependent pathway, the light-intensity dependence of
NPQ was analyzed (Figure 2A; Supplemental Figure 2). In the wild
type, NPQ was induced at light intensities of more than 50 pmol
photons m=2 s~ (Figure 2A). Similar to trx m124-2, crr2 trx m124-2
induced higher NPQ than the wild type at light intensities of less
than 200 pmol photons m=2 s~! (Supplemental Figure 2). By
contrast, NPQ was not induced in pgr5 trx m124-2 as in pgr5
(Figure 2A).

The gE component is characterized by its relatively fast in-
duction and relaxation kinetics on a physiological time scale of
seconds to several minutes (Horton et al., 1996). For a detailed
characterization of the gE component, the time course of NPQ
induction and relaxation was analyzed at a light intensity of
62 pmol photons m—2 s~! and subsequently in the dark (Figure 2B).
During the induction of photosynthesis, a relatively high NPQ was
induced even in the wild type, which relaxed to a steady state level
within several minutes (Figure 2B). In trx m124-2, however, high
NPQ was retained for a longer time, without fully relaxing—to the
wild-type level—even during the steady state photosynthesis
(Figure 2B). By contrast, in pgr5 trx m124-2, the NPQ level was
almost identical to that in pgr5 (Figure 2B). These results indicate
that the high NPQ induced in trx m124-2 was dependent on the
PGR5/PGRL1-dependent pathway.

Impaired Light-Dependent Reduction of Thiol Enzymes in trx
m124-2 Was Partially Recovered by the pgr5 Mutation

Most thiol enzymes, including the Calvin-Benson cycle enzymes,
are activated by the reduction of the disulfide bonds by Trxs
(Geigenberger and Fernie, 2014). The growth retardation in trx
m124-2 was suggested to be caused by the insufficient activation
of the Calvin—-Benson cycle and the resulting decrease in carbon
assimilation (Okegawa and Motohashi, 2015). In pgr5 trx m124-2,
the growth defects of trx m124-2 were significantly recovered
(Figures 1A and 1B). Therefore, we examined the reduction level of

Figure 1. (continued).

(C) Chlorophyll content of seedlings, per unit fresh weight. Each value is the mean = sp (n = 4 to 6 independent plants). Columns with the same letters are not
significantly different between genotypes according to one-way ANOVA with Tukey—Kramer multiple comparison test, P < 0.05 (Supplemental Table 6). WT,

wild type.

(D) and (E) Immunoblot analysis in the wild type (WT), crr2-2, pgr5, trx m124-2, crr2-2 trx m124-2, pgr5 trx m124-2, and 35S

oro:PGRS. Chloroplasts were

fractionated into the stromal fractions and thylakoid membranes. Trxs m1, m2, and m4, Trx f1, SBPase, FBPase, NADP-MDH, and RbcS were im-
munodetected using specific antibodies in the stromal fractions (D). PGR5, PGRL1, NDF1, PsbO, PetC, PsaD, and ATPC1 were immunodetected using
specific antibodies in the thylakoid membranes (E). Protein samples corresponding to 1.0 pg chlorophyll were loaded in each lane.

(F) to (M) Chloroplasts in the wild type (WT), trx m124-2, and pgr5 trx m124-2. Chloroplast ultrastructure of WT (F) and (G), trx m124-2 (see [H] to [K]), and
pgr5 trx m124-2 (see [L] and [M]). Seedlings were observed using TEM. Bar in (F), (H), (K), and (L) = 5 um; bar in (G), (1), (J), and (M) = 1 um.
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Figure 2. In Vivo Analysis of Chlorophyll Fluorescence.

(A) Dependence of the NPQ on the light intensity in the wild type (WT), pgr5,
trx m124-2, and pgr5 trx m124-2. NPQ values were recorded 2 min after
a shift to each light intensity.

(B) Time courses of the NPQ induction and relaxation. NPQ values were
measured during the actinic illumination with 62 pmol photons m—=2 s~ for
20 min, followed by relaxation in the dark for 8 min. Each data point
represents the mean = sp (n = 5 independent plants).

several thiol enzymes in pgr5 trxm124-2. The protein levels of thiol
enzymes in pgr5 trx m124-2 were indistinguishable from those in
the other genotypes, including the wild type (Figures 1D and 1E).
The redox state of thiol enzymes was determined by labeling the
free thiols with the thiol-reactive 4-acetamido-4'-maleimidyl-
stilbene-2,2'-disulfonic acid (AMS) reagent. Samples were ex-
tracted from plants adapted to dark, or to different light intensities
for 1 h. In the dark, all enzymes were oxidized in all the genotypes
(Figure 3); however, at a light intensity of 50 umol photons m=2 s
~70% of the ATP synthase CF,-y (ATPC1) subunit was reduced in
the wild type, compared to a slightly increased level under higher
light conditions (>200 pmol photons m=2 s~*; Figure 3A). Under alll
light intensities, trx m124-2 had a lower reduction level of CF,-y
thanthe wildtype. Inpgr5 trxm124-2, the reductionrate inthe CF,-
~v was still lower than in the wild type at 50 pmol photons m—=2s-1,
but it was recovered to the wild type level under higher light
conditions (Figure 3A). This tendency was also observed when the

redox state of the Calvin—-Benson cycle enzymes was examined.
The reduction level of sedoheptulose-1,7-bisphosphatase
(SBPase) and fructose-1,6-bisphosphatase (FBPase) in trx m124-
2 was lower than in the wild type under all light intensities (Figures
3B and 3C). Under higher light conditions, their reduction levels in
pgrb trx m124-2 were restored to the level of the wild type (Figures
3B and 3C). The photo-reduction of NADP-malate dehydrogenase
(NADP-MDH), which is the key enzyme of the malate valve, was
also investigated (Figure 3D). Compared to trx m124-2, NADP-
MDH was more reduced in pgr5 trx m124-2 (Figure 3D). These
results indicate that the insufficient activation of thiol enzymes in
trx m124-2 was partially recovered by the pgr5 mutation.

Next, the redox state of the thiol enzymes was kinetically
analyzed during the induction of photosynthesis (Figure 4).
Dark-adapted plants were exposed to a light intensity of
200 pumol photons m=2 s~! for 1800 s. In the wild type, all en-
zymes were rapidly reduced upon illumination and achieved
different steady state reduction levels after 600 s of illumination
(Figure 4). Consistent with the results of light intensity de-
pendence (Figure 3), the reduction level of all enzymes was
lower in trx m124-2 than in the wild type (Figure 4). In pgr5 trx
m124-2, the reduction levels for these enzymes were higher
thanin trx m124-2 (Figure 4), although the reduction level of the
CF,-v was significantly lower than in the wild type, for at least
a few minutes after the exposure to light (Figure 4A). Thus, the
impaired photo-reduction of the thiol enzymes in trx m124-2
was partially recovered by the pgr5 mutation. These results
suggest that the suppression of growth defects in pgr5 trx
m124-2 can be caused by the recovery of normal chloroplast
development (Figure 1), notably by the activation of the
Calvin-Benson cycle enzymes.

Reduced Trx m Suppressed the Fd-Dependent PQ
Reduction Activity in Ruptured Chloroplasts

We next evaluated the effect of Trx m on Fd-dependent PQ re-
duction in ruptured chloroplasts using purified Trx proteins. Di-
sulfide reduction activity of the purified Trx proteins was confirmed
using the insulin reduction assay (Supplemental Figure 3). Fd-
dependent PQ reduction was monitored as an increase in the
chlorophyll fluorescence. By the addition of NADPH and Fd, PQ
was rapidly reduced due to the electron input activity to PQ via
both PSI-CET pathways, without the addition of Trxs (Figure 5A, —
recTrx). Since the concentration of Trx proteins was ~5.8 uMinthe
chloroplast stroma (Okegawa and Motohashi, 2015), 5.0 uM of
reduced Trxm proteins was added to ruptured chloroplasts before
the measurement. In the presence of reduced Trxs m1, m2, and
m4, the rate and final level of PQ reduction were lower than in the
absence of Trxs, while the addition of reduced Trx m3 did not affect
the chlorophyll fluorescence level (Figure 5A). Activity of Fd-
dependent PQ reduction was also estimated using the equation
(F — Fo)/(Fm — Fo) (Figure 5B; Taira et al., 2013). In addition, the
influence of seven other Trx isoforms localized in the stroma was
examined in a similar way, but they did not affect the Fd-
dependent PQ reduction activity (Figure 5B; Supplemental
Figures 4A and 4B). We also measured the Fd-dependent PQ
reduction activity using the oxidized Trx m proteins, but the ox-
idized Trxs m1, m2, and m4 had no suppression effect on this
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Figure 3. Photo-Reduction of the Thiol Enzymes in the Wild Type and the pgr5, trx m124-2, and pgr5 trx m124-2 Mutants under Different Light Intensities.

(A) to (D) After 8 h in dark, seedlings were subjected to illuminations of 50, 200, and 800 umol photons m=2 s~ (uE), for 1 h each, in a stepwise manner.
Samples were collected at the indicated light intensities and modified with AMS, after which 35 pg of proteins (per sample) were subjected to nonreducing
SDS-PAGE. Redox states of the ATPC1 (A), SBPase (B), FBPase (C), and NADP-MDH (D) were detected by immunoblot analysis (top). The reduction levels
of thiol enzymes were indicated as the percentage of the reduced versus the total protein (bottom). Each value represents the mean =+ sb (n = 5independent
plants). Ox, oxidized; Red, reduced; WT, wild type.
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Figure 4. Activation of Thiol Enzymes during the Induction of Photosynthesis.

(A) to (D) Seedlings were dark adapted for 8 h and exposed to light (200 pmol photons m2 s~). Samples were collected at the indicated time points. Redox
states of the ATPC1 (A), SBPase (B), FBPase (C), and NADP-MDH (D) were detected by immunoblot analysis (top). The reduction levels of thiol enzymes
were indicated as the percentage of the reduced versus the total protein (bottom). Each value shows the mean =+ sb (n = 5 independent plants). Ox, oxidized;

Red, reduced; WT, wild type.

activity (Supplemental Figure 4C). These results indicated that
reduced Trx m (except for Trx m3) specifically impaired Fd-
dependent PQ reduction in ruptured chloroplasts.

To examine which PSI-CET pathway was affected by Trx m,
the crr2-2 and pgr5 mutants were used for this assay. Similar to
the wild type, the addition of the reduced Trx m1 to the crr2-2
chloroplasts decreased the level of chlorophyll fluorescence

(Figure 5C). In pgr5, however, the Fd-dependent PQ reduction
activity was not affected further by the addition of the reduced
Trx m1 (Figure 5C). Addition of the reduced Trx m2 or m4 pro-
duced the same results as Trxm1 (Supplemental Figures 4D and
4E). These results suggest that Trx m specifically downregulates
the PGR5/PGRL1-dependent pathway in a redox-dependent
manner.
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Figure 5. Fd-Dependent PQ Reduction Assay in Ruptured Chloroplasts.

(A) Increases in the chlorophyll fluorescence, by the addition of NADPH
(250 uM) and Fd (5 uM) under a weak light (1.0 umol photons m=2 s),
were monitored in ruptured chloroplasts (20 pg chlorophyll mL~") from
the wild type in the absence (- recTrx) or presence (+ recTrx) of re-
duced Trx m proteins. Ruptured chloroplasts were incubated with 5.0
uM of the prereduced Trx m before the measurement. The fluores-
cence levels were standardized by the Fm levels.

(B) Trx isoform-specific suppression effect on the Fd-dependent PQ re-
duction in ruptured chloroplasts from the wild type. Activity of Fd-
dependent PQ reduction was evaluated using the equation (F — Fo)/(Fm
- Fo) (Figure 5A; Supplemental Figures 4A and 4B). Each value represents
the mean = sp of four to six independent chloroplast preparations. Col-
umns with the same letters are not significantly different between geno-
types (Tukey-Kramer test, P < 0.05).
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Trx m4 Interacted with PGRL1 in Vivo

The PGR5/PGRL1-dependent pathway was suggested to be
redox regulated by Trx m; however, the molecular mechanism by
which thisis done remains unknown. To identify the target proteins
in this regulation, we tried to isolate proteins interacting with Trx m
in vivo. Total proteins extracted from leaves adapted to dark or
growth light were subjected to nonreducing SDS-PAGE, and each
Trx m isoform was detected by immunoblotting. When Trxs m1
and m2 antibodies were used, only a monomer of each Trx was
detected (Supplemental Figure 5A), but when Trx m4 antibody was
used, an additional band —besides Trx m4 monomer (13 kD) —was
observed at ~40 kD (Figure 6A, arrow). Interestingly, this addi-
tional band was not present in pgri1ab (Figure 6A). This result
suggests that this additional band is in some way related to the
PGR5/PGRL1-dependent pathway. This was also supported by
the fact that this band was enhanced in the PGR5 overexpression
lines (35S,,,:PGRY), in which PSI-CET is elevated (Okegawa et al.,
2007; Supplemental Figure 5B). Under reducing conditions, this
additional band disappeared (Supplemental Figure 5C), indicating
that Trx m4 forms a heterodimeric complex with other proteins via
a disulfide bond in vivo.

On the basis of the molecular mass of this heterodimeric
complex, a likely candidate for Trx m4-interacting protein is
PGRL1 (29 kD). To test this possibility, immunoblot analysis was
performed using PGRL1 antibody. In the wild type, an additional
band—besides PGRL1 monomer—was observed at the same
position as detected by Trx m4 antibody (Figure 6B, arrow).
Moreover, this band was missing in trx m4 and trx m124-2
(Figure 6B), which is consistent with the result obtained using
Trx m4 antibody (Figure 6A). Consequently, these findings
strongly suggest that PGRL1 is the likely target of Trx m4 and that
Trx m4 directly regulates PGRL1 via disulfide bond formation
in vivo.

Cys-123 of PGRL1 Was Involved in the Interaction with Trx
m4 and the Suppression of the PGR5/PGRL1-Dependnet
Pathway by Trx m4

Mature Arabidopsis PGRL1 (PGRL1A and PGRL1B) has six well-
conserved Cys residues (Hertle et al., 2013). To determine which
Cys residue is responsible for the interaction with Trx m4,
transgenic plants were generated, expressing wild-type PGRL1A
(35S,,,:PGRL1A) and mutant forms of PGRLTA (C22S, C123S,
C225C123S,C212S5C215S, and C240SC243S), where one or two
Cys residues in PGRL1A were replaced by Ser. Amino acids were
numbered excluding the transit peptide sequence, as reported
previously (Hertle et al., 2013). All Cys variants were expressed in
the pgri1ab mutant background, under the control of the cauli-
flower mosaic virus 35S promoter. Accumulation of PGRL1
protein was tested by immunoblot analysis. The 35S,,,:PGRL1A,
C22S,C123S, and C22SC123S lines had stable accumulation of

(C) Effect of the reduced Trx m on the Fd-dependent PQ reduction in
ruptured chloroplasts from the crr2-2 and pgr5 mutants. Prereduced Trx
m1 (5.0 uM) was added to ruptured chloroplasts before the measurement.
WT, wild type.


http://www.plantcell.org/cgi/content/full/tpc.20.00304/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00304/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00304/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00304/DC1

3874 The Plant Cell

A anti-Trx m4

pgritab WT  trx m1 trx m2-2 trx m4 trx m124-2

D LDL DL DULDIUL DL
kDa
75 M. -
50 — —— ——— -
37
254
20+
15 e o — — . — mono
B anti-PGRL1

pgritab  WT  trx m1 trx m2-2 trx m4 trx m124-2

D LD L DL DULDULUDL
kDa
757
ol E—— -
371

— — —— . — . . | MONO

254
20
154

Figure 6. Intermolecular Disulfide Complex Formation of Trx m4 and Its
Target Proteins.

(A) Detection of the complex containing Trx m4. Protein samples were
extracted from the wild type (WT), pgri1ab, trx m1, trx m2-2, trx m4, and trx
m124-2 mutants that were either dark adapted (D) or subjected to growth
light (L; 50 umol photons m=2 s). Fifty micrograms of proteins was
separated by SDS-PAGE under nonreducing conditions. In addition to Trx
m4 monomer (mono), Trx m4 complex was immunodetected using Trx m4
antibody (arrow).

(B) Detection of the complex containing PGRL1. The same protein samples
asin (A) were immunodetected using PGRL1 antibody. Arrow indicates the
Trx m4-PGRL1 complex. WT, wild type.

the expressed PGRL1 proteins in their thylakoid membranes
(Figure 7A). Despite repeated attempts, we could not obtain
transgenic plants accumulating PGRL1 variants of C2712SC215S
and C240SC243S. Hertle et al. (2013) reported that Cys-212/215
is essential for Fe binding and that Cys-212/215 and Cys-240/243
interact with PGR5 in the in vitro experiment using the recombinant
PGRL1 Cys variants. Hence, the substitution of Cys-212/215 and
Cys-240/243 with Ser may destabilize the protein structure of
PGRL1A.

To assess the impact of mutations in each Cys residue on
photosynthesis, chlorophyll fluorescence parameters were

analyzed in the transgenic plants. As reported previously by
DalCorso et al. (2008), pgriiab showed lower electron transport
rate (ETR) and NPQ than the wild type (Figures 7B and 7C). In all
transgenic lines, the ETR and NPQ were restored to the same
levels as in the wild type (Figures 7B and 7C), indicating that the
substitution of Cys-22 and/or Cys-123 with Ser did not affect the
fundamental function of PGRL1A under the studied conditions.

To investigate how these substitutions of PGRL1 affect the
formation of the Trx m4-PGRL1 complex in vivo, the total proteins
were directly extracted from transgenic plants. Interestingly,
unlike the wild type (Figure 6B), in the 35S ,,;PGRL 1A line, dimers
of PGRL1 were detected in addition to monomers of PGRL1 and
the Trx m4-PGRL1 complex (Figure 7E). This is probably because
the protein level of PGRL1 was higher in the 35S,,,,;PGRL1A line
than in the wild type (Figure 7A). Under reducing conditions, these
dimers disappeared (Supplemental Figure 6A), indicating that
PGRL1 forms a homodimer via a disulfide bond in vivo, similar to
the Trxm4-PGRL1 complex. Dimers of PGRL1 were detected also
inthe C22S and C123S lines, but notinthe C22SC7123S line. These
results are consistent with the previous finding that Cys-22/123 is
involved in the dimerization of PGRL1 in vitro (Hertle et al., 2013).
As in the 35S,,,;)PGRL1A line, the Trx m4-PGRL1 complex was
detected in the C22S line, using both Trx m4 and PGRL1 anti-
bodies (Figures 7D and 7E); however, in the C723S and
C22SC123S lines, the band for the Trx m4-PGRL1 complex was
lacking (Figures 7D and 7E). These results revealed that Cys-123in
PGRL1A s required for formation of a heterodimeric complex with
Trx mA4.

Next, we evaluated the effect of the reduced Trx m4 on the Fd-
dependent PQ reduction in ruptured chloroplasts in the 35S,
:PGRL1A Cys variant lines. In the absence of the reduced Trx m4,
the activity of the Fd-dependent PQ reduction in all transgenic
lines was almost identical to that in the wild type (Figure 7F, white
bar). Adding reduced Trx m4 to the 35S,,;;PGRLTA and C22S
chloroplasts decreased the value of (F - Fo)/(Fm — Fo) (Figure 7F,
gray bar; Supplemental Figure 6B). By contrast, the C723S and
C22SC123S lines were insensitive to the reduced Trx m4
(Figure 7F; Supplemental Figures 6C and 6D). These results
showed that Cys-123 of PGRL1A was a target residue of Trx
m4—dependent suppression of the Fd-dependent PQ reduction.
Cys-123 of PGRL1A was suggested to be required for both
a complex formation with Trx m4 and the downregulation of the
PGR5/PGRL1-dependent pathway by Trx m4.

To elucidate whether the PGR5/PGRL1-dependent pathway is
in fact downregulated via complex formation of the Trx m4-
PGRL1, ruptured chloroplasts used for the in vitro Fd-dependent
PQ reduction assay were subjected to immunoblot analysis.
Consistent with the in vivo experiment (Figure 7E), dimers of
PGRL1 were observed (except in the C22SC123S lines) and these
dimers were decreased in the presence of reduced Trx m4
(Supplemental Figure 6E). Without the reduced recombinant Trx
m4, the endogenous Trx m4-PGRL1 complex was not detected in
any transgenic lines (Supplemental Figure 6E). The endogenous
Trxm4-PGRL1 complex observedin vivo (Figure 6) appeared to be
dissociated during the isolation of chloroplasts for the in vitro Fd-
dependent PQreduction assay. An addition of the reduced Trx m4
caused formation of the Trx m4-PGRL1 complex in the 35S,
:PGRL1A and C22S lines, but not in the C7123S and C22SC123S
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Figure 7. Characterization of PGRL1 Cys Variants.

(A) Immunoblot analysis of PGRL1 in the 35S,

:PGRL1A Cys variant lines. PGRL1, PGR5, ATPC1, and PsaF were immunodetected using specific

antibodies. Lanes were loaded with thylakoid membranes corresponding to 1.0 g of chlorophyll (100%) from the wild type (WT), pgriTab, and the 35S,
:PGRL1A, C22S, C123, and C22SC123S Cys variant lines, along with a dilution series of WT sample.
(B) In vivo analysis of electron transport activity. Light intensity dependence of ETR. Each data point represents the mean * sp (n = 5 independent plants).

WT, wild type.

(C) Light intensity dependence of NPQ of chlorophyll fluorescence. Each data point represents the mean =+ sp (n = 5 independent plants).

(D) and (E) Detection of the Trx m4-PGRL1 complex on nonreducing SDS-PAGE. Protein samples were extracted from dark-adapted (D) or growth
light-incubated (L; 50 pmol photons m—2 s~') leaves and immunodetected using Trx m4 (D) and PGRL1 (E) antibodies. Arrow in (D) indicates the Trx m4-
PGRL1 complex. “mono” and “di” indicate monomer and dimer, respectively. C22-C22 and C123-C123 indicate dimers formed via intermolecular disulfide
bonds between Cys-22 and Cys-22 or Cys-123 and Cys-123 of two PGRL1 monomers, respectively. The total amount of Trx m4 or PGRL1 protein (Total)
was analyzed on reducing SDS-PAGE to cleave disulfide bonds of complexes, in the same volume used in the detection of the Trx m4-PGRL1 complex. To
detect the Trx m4-PGRL1 complex, the chemiluminescence signal of PGRL1 monomer was oversaturated.

(F) Effect of the reduced Trx m4 on the Fd-dependent PQ reduction. Activity of Fd-dependent PQ reduction (Supplemental Figures 6B to 6D) was evaluated
using the equation (F — Fo)/(Fm — Fo). White bars indicate chloroplast preparations without Trx m4; gray bars indicate chloroplast preparations with 5 uM of
reduced Trx m4. Each value represents the mean = sp of four to six independent ruptured chloroplast preparations. Columns with the same letters are not
significantly different between genotypes (Tukey—Kramer test, P < 0.05). WT, wild type.

lines (Supplemental Figure 6E). This was consistent with the re-
sults of the in vivo (Figures 7D and 7E) and in vitro (Figure 7F;
Supplemental Figures 6B to 6D) experiments. These results
suggest that the PGR5/PGRL1-dependent pathway was down-
regulated by the formation of a complex via the disulfide bond
between Trx m4 and Cys-123 of PGRL1.

In ruptured chloroplasts, not only Trx m4, but also Trxs m1 and
m2, suppressed the Fd-dependent PQ reduction (Figure 5A),
although Trxs m1 and m2 did not form a complex with PGRL1
in vivo (Supplemental Figure 5A). To evaluate the complex for-
mation of Trxs m1 and m2 with PGRL1 in the in vitro experiment

(Figure 5A), immunoblot analysis was performed using ruptured
chloroplasts isolated from the wild type (Supplemental Figure 7).
Unlike the in vivo experiment (Figure 6B), dimers of PGRL1 were
observed in ruptured chloroplasts (Supplemental Figure 7, —Trx).
Furthermore, oxidized and reduced forms of PGRL1 monomer
were detected. As well as Trx m4, the addition of reduced re-
combinant Trxs m1 and m2 to ruptured chloroplasts caused the
formation of acomplex with PGRL1. By contrast, Trxf1, which had
no effect on Fd-dependent PQ reduction (Figure 5B), did not in-
teract with PGRL1 (Supplemental Figure 7). These results indicate
that Trx m downregulates the PGR5/PGRL1-dependent pathway
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by forming a complex with PGRL1, suggesting that Trxs m1 and
m2 act in the same way as Trx m4 in vitro.

Trx m4-PGRL1 Complex Was Transiently Dissociated during
the Induction of Photosynthesis

The PGR5/PGRL1-dependent pathway was suggested to be
downregulated via formation of the Trx m4-PGRL1 complex, but
the question arises on how Trx m4 would regulate the PGR5/
PGRL1-dependent pathway in vivo. To address this, the formation
of the Trx m4-PGRL1 complex was investigated during the in-
duction of photosynthesis. The dark-adapted wild-type plants
were exposed to a light intensity of 200 umol photons m=2 s~ for
1800 s. In the dark (time 0), the Trx m4-PGRL1 complex was
detected (Figure 8A). During the early induction of photosynthesis
(30 to 120 s), the level of the Trx m4-PGRL1 complex transiently
decreased (Figure 8A, arrows); however, this complex was
gradually reformed after 300 s in the light, reaching the same level
as that in the dark after 1800 s. The total amount of Trx m4 and
PGRL1 did not change significantly during the induction of
photosynthesis (Figure 8A, total). The dynamics of Trx m4-PGRL1
complex formation during the induction of photosynthesis were
also observed at a lower light intensity (80 pmol photons m=2 s=;
Supplemental Figure 8A). Dissociation and association of Trx m4-
PGRL1 complex was coincident with the time course of induction
and relaxation of transiently induced NPQ (Supplemental
Figure 8B). These results suggest that the downregulation of the
PGR5/PGRL1-dependent pathway by Trx m4 was transiently
relaxed during the induction of photosynthesis.

Formation of the Trx m4-PGRL1 complex was assessed at
increasing light intensities also. The Trx m4-PGRL1 complex
could be detected at similar levels under all the examined light

intensities (Figure 8B, arrows). These results indicate that Trx m4
downregulates the PGR5/PGRL1-dependent pathway during the
steady state of photosynthesis, as well as in the dark.

DISCUSSION

Trx m Downregulates PGR5/PGRL1-Dependent PQ
Reduction during Chloroplast Development

The assembly of the PSI and PSII protein complexes generally
occurs during de-etiolation, but Trx m proteins, together with
components of PSI-CET pathways, accumulated already in the
etioplasts (Supplemental Figure 9; Kanervo et al., 2008; Pldscher
et al., 2011). The trx m124-2 mutants exhibited low chlorophyll
content and retarded growth because of disturbed chloroplast
development (Figure 1). As observed inthe variegated Arabidopsis
immutans mutant defective in plastid terminal oxidase (PTOX;
Carol et al., 1999; Wu et al., 1999), the oxidized PQ pool is nec-
essary for carotenoid biosynthesis and normal chloroplast de-
velopment. PTOX oxidizes PQ, and its collaboration with the two
PSI-CET pathways is required to optimize the redox state of the
PQ pool for normal chloroplast development (Okegawa et al.,
2010; Kambakam et al., 2016). Because PSl is not fully assembled
during early chloroplast development (Supplemental Figure 9;
Kanervo et al., 2008; Ploscher et al., 2011), the mode of electron
transport is not cyclic but linear to O, (chlororespiration). Notably,
the 355,,,:PGR5 lines exhibited leaf variegation (Okegawa et al.,
2007).Blanco et al. (2013) also indicated that enhancement of PSI-
CET caused a variegated leaf phenotype. Both A. immutans and
the 35S _,.:PGR5 lines accumulated phytoene, indicating a block

pro
in carotenoid biosynthesis at the phytoene desaturase step
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Figure 8. Dynamics of Complex Formation between Trx m4 and PGRL1 during Photosynthesis In Vivo.

(A) Transient dissociation of the Trx m4-PGRL1 complex during the induction of photosynthesis. Seedlings of the wild type were dark adapted for 8 h and
exposed to 200 umol photons m=2 s~ for the indicated time periods, before harvesting the plant materials. Next, 50 pg of protein samples was subjected to
nonreducing SDS-PAGE. The Trx m4-PGRL1 complex was immunodetected using Trx m4 and PGRL1 antibodies. Arrows indicate the Trx m4-PGRL1
complex. The total amount of Trx m4 or PGRL1 protein (total) was analyzed on reducing SDS-PAGE to cleave disulfide bonds of complexes, in the same
volume used in the detection of Trx m4-PGRL1 complex. At least three independent experiments using different plants were performed, and the rep-

resentative results are shown.

(B) Trxm4-PGRL1 complex formation, under different light intensities. Seedlings were first dark adapted (8 h) and then illuminated at 50, 200, and 800 pumol
photons m2s-1, for 1 h each, in a stepwise manner. Samples were collected at the indicated light intensities. Other details are as described in (A). To detect
the Trx m4-PGRL1 complex, the chemiluminescence signal of PGRL1 monomer was oversaturated.
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(Kambakam et al., 2016). In this study, the pgr5 mutation com-
plemented the disturbed chloroplast development in trx m124-2
(Figure 1). We suggest that one of the physiological functions of
Trx m-dependent downregulation of the PGR5/PGRL1-de-
pendent pathway is similar to the role of PTOX, which is main-
tenance of the redox state of the PQ pool during early chloroplast
development.

Trx m Regulates the PGR5/PGRL1-Dependent Pathway

The deficiency of Trx m caused the induction of high NPQ at low
light intensities (Figure 2). A recent study indicated that activity of
zeaxanthin epoxidase was impaired in the Trx m-deficient mutant,
where a high proton motive force was also reported (Da et al.,
2018). This may be related to the high NPQ phenotype (Niyogi
et al.,, 1998). Also, in the Arabidopsis ntrc mutants where the
activation of the Calvin—-Benson cycle enzymes was suppressed,
high NPQ was induced (Naranjo et al., 2016). Several mutants,
defective in the Calvin-Benson cycle enzymes, were reported to
induce high NPQ (Jin et al., 2008; Livingston et al., 2010). The
Arabidopsis high cyclic electron flow1 (hcef1) mutant, defective in
FBPase, was demonstrated to induce high NPQ due to the en-
hancement of NDH-dependent PSI-CET (Livingston et al., 2010).
The NDH-dependent pathway was also stimulated in a mutant
impaired in plastid fructose-1,6-bisP aldolase activity (Gotoh
et al., 2010). In crr2 trx m124-2, however, high NPQ was still in-
duced at low light intensities (Supplemental Figure 2), indicating
that this high NPQ did not depend on the NDH-dependent
pathway. By contrast, the high NPQ phenotype was completely
suppressed in pgr5 trx m124-2 (Figure 2), suggesting that high
NPQ in trx m124-2 was caused by the enhancement of the PGR5/
PGRL1-dependent PSI-CET. In fact, the 358p,O:PGR5 lines also
exhibited a high NPQ phenotype (Okegawa et al., 2007). NPQ is
essential for photoprotection, but high NPQ under low light
conditions limits plant growth (Roach and Krieger-Liszkay, 2012).
To avoid the growth defects, NPQ is regulated by various
mechanisms (Ruban, 2016). We propose the possibility that the
amplitude of NPQ is appropriately maintained also by Trx m-
dependent regulation of the PGR5/PGRL1-dependent pathway.

Trx m4 Directly Downregulates the PGR5/
PGRL1-Dependent Pathway via an Interaction with PGRL1

We showed that Trx m4 formed a disulfide complex with PGRL1
in vivo (Figure 6). Formation of this complex was observed also in
the in vitro assay using ruptured chloroplasts and purified Trx m
proteins (Supplemental Figure 7). Consistent with the suppression
effect of Trxs on Fd-dependent PQ reduction (Figures 5), Trxs m1
and m?2 also formed complexes with PGRL1 in vitro (Supplemental
Figure 7). On the basis of these observation, we propose that
formation of Trx m-PGRL1 complex suppresses PGR5/PGRL1-
dependent PQ reduction.

In contrast to the in vitro experiments (Supplemental Figure 7), in
planta, Trx m4 formed a complex with PGRL1, but Trxs m1 and m2
did not (Figure 6; Supplemental Figure 5A). This discrepancy could
be explained by comparison of deduced amino acid sequences
and the midpoint redox potential (Em) of Trx m proteins. Compared
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to Trx m4, Trxs m1 and m2 show a higher sequence identity of
amino acids in the mature protein region (Trxs m1 and m2, 81%;
Trxs m1 and m4, 57%; and Trxs m2 and m4, 53%), and Trxs m1
and m2 have the same Em value (-335 mV), but Trx m4 has a higher
Em value (-312 mV; Yoshida and Hisabori, 2017). Because of
these properties of Trx m isoforms, Trxs m1, m2, and m4 may be
able to interact with PGRL1 in vitro, but in planta, Trxs m1 and m2
may prefer to interact with other Trx target proteins, because there
are many Trx targets other than PGRL1 in the chloroplasts.
Thorméahlen et al. (2017) suggested that a main target of Trxs m1
and m2 is NADP-MDH from mutant analysis. Therefore, it is
probably necessary to consider the competition between the Trx
targetsin vivo. Another possibility could be that the Trxm1-PGRL1
or Trx m2-PGRL1 complexes are more unstable than the Trx m4-
PGRL1 complex, which would result in dissociation of these
complexes during protein extraction from leaves. In fact, Trx m1
was shown to interact with PGRL1 in planta by a biomolecular
fluorescence complementation test (Nikkanen et al., 2018). Since
the growth defects were only evident in the trx m124-2 triple
mutant, and not the trx m4 single or double mutants (Okegawa and
Motohashi, 2015), Trxs m1 and m2 may interact with PGRL1 also
in vivo, especially in the trx m4 mutant background.

Analysis of the PGRL1 Cys variants identified that Cys-123 of
PGRL1 is the target residue for Trx m4 binding (Figures 7D and 7E).
These results suggest that the PGR5/PGRL1-dependent pathway
is not regulated by Trx m in the C7123S and C22SC123S lines. The
C123Sand C225C123Slinesinducedslightly higher NPQthanthe
wild type at light intensities less than 50 pmol photons m=2 s~!
(Figure 7C), but did not show the marked growth defects observed
in trx m124-2. This is probably because the C723S and
C225C123S lines had lower PGRS5 than the wild type, although
ahigher amount of PGRL1 accumulated (Figure 7A). More than 30
transgenic lines were analyzed, but transgenic plants of the C123S
and C22SC123S lines accumulating the same level of PGR5 as the
wild type could not be found. Cys-123 may also be required for the
stability of PGRS5, although either Cys-212/215 or Cys-240/243
was suggested to interact with PGR5 (Hertle et al., 2013). The
detailed role of Cys-212/215 or Cys-240/243 in PGRL1 remains
unclear, since transgenic plants carrying these Cys variants of
PGRL1 has not been analyzed in vivo. We do not exclude the
possibility that these Cys residues also may contribute to the
redox regulation of PGRL1 and the PGR5/PGRL1-dependent
pathway.

Cys-22 and Cys-123 also appear to be involved in the homo-
dimerization of PGRL1, since the C22SC1723S lines did not form
PGRL1 dimers (Figure 7E; Supplemental Figure 6E). The
C225C123S PGRL1 variant complemented the pgr/7 mutant
phenotype (Figures 7B and 7C), suggesting that PGRL1 dimer is
dispensable for the function of PGRL1, at least under the studied
conditions. In the wild type, the PGRL1 dimer was detected via
chloroplast isolation (Supplemental Figure 7), but it was missing
from the samples isolated directly from leaves (Figure 6). By
contrast, the dimer could be detected in leaves of the 35S,
:PGRL1A, C22S, and C123S lines (Figure 7E). Thus, formation of
a PGRL1 dimer is likely to be transient and prone to dissociation
during extraction from leaves. A similar case was also reported for
the thylakoid-associated protein kinase STN7. Although STN7
dimer was undetectable in vivo, STN7 dimerization was shown to
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regulate STN7 activity (Shapiguzov et al., 2016). Hertle et al. (2013)
proposed that Trx m monomerized PGRL1 dimer and promoted
Fd-dependent PQ reductase activity. Although the function of
PGRL1 dimer in the regulation of PSI-CET remains unclear, our
results indicate that reduced Trx m4 directly downregulated the
PGR5/PGRL1-dependent pathway by forming a heterodimer with
PGRLA1.

Physiological Function of Trx m4-Dependent Regulation of
the PGR5/PGRL1-Dependent Pathway

Compared to Trx m4-PGRL1 complex, monomers of PGRL1 were
more abundant (Figures 6 and 8). It is unclear what the physio-
logical significance of Trx m4—dependent regulation of a small part
of PGRL1 is. PGR5 has been proposed to be associated with
PGRL1 and required for Fd oxidation in the PGR5/PGRL1-de-
pendent PSI-CET (Hertle et al., 2013). PGR5 is considerably less
than PGRL1 (0.09 versus 0.70 mmol/mol chlorophyll; Hertle et al.,
2013). Similarly, Trx m4 was also less than PGRL1 (0.03 mmol/mol
chlorophyll; Okegawa and Motohashi, 2015). Based on the stoi-
chiometry of these proteins, the formation of Trx m4-PGRL1 may
sufficiently contribute to the downregulation of the PGR5/PGRL1-
dependent pathway in vivo. In fact, analysis of Fd-dependent PQ
reduction in ruptured chloroplasts showed that only part of PGRL1
formed a complex with Trx m4 (Supplemental Figure 7), but Fd-
dependent PQ reduction activity was substantially suppressed
(Figure 5A).

The Trxm4-PGRL1 complex was transiently dissociated during
the induction of photosynthesis but formed again within 30 min
after illumination (Figure 8A; Supplemental Figure 8A). These
results suggest that PGR5/PGRL1-dependent PSI-CET is en-
hanced during the induction of photosynthesis. This is supported
by previous studies, which demonstrated that PSI-CET operates
efficiently during the induction of photosynthesis (Heber and
Walker, 1992; Joliot and Joliot, 2002). Furthermore, the dynamics
of the Trx m4-PGRL1 complex during the induction of photo-
synthesis were consistent with the time course of the induction
and relaxation of NPQ (Supplemental Figure 8). After a shift from
dark to light, NPQ was transiently induced and was relaxed within
several minutes (Supplemental Figure 8B). Although relaxation of
ApH via ATP synthase in response to activation of the Calvin-
Benson cycle mainly affects the relaxation of NPQ (Joliot and
Joliot, 2006), the regulation of the PGR5/PGRL1-dependent
pathway by Trx m4 might also contribute to the dynamics of NPQ
during the induction of photosynthesis to some extent.

Typical chloroplast-localized Trxs reduce the disulfide bonds of
target proteins, so the observation that Trx m4 forms a complex
with PGRL1 seems unusual, raising questions on dissociation and
reformation of this complex. The chloroplastic atypical Trx
(ACHT1) was also demonstrated to form a complex with target
proteins in vivo (Dangoor et al., 2012). ACHT1 functions as an
oxidative sensor in the chloroplast, by forming a complex with 2-
Cys peroxiredoxin, which detoxifies hydrogen peroxide. Forma-
tion of the ACHT1-2-Cys peroxiredoxin complex was linked to
changes in the photosynthetic production of peroxides. We
propose a possible model for the regulation of PGRL1 protein by
Trx m4 (Supplemental Figure 10). After a shift from dark to light,
a disulfide bond between Trx m4 and PGRL1 is cleaved by the

reducing equivalents from the photosynthetic electron transport
chain, resulting in transient dissociation of the Trx m4-PGRL1
complex during the induction of photosynthesis. Since electron
transport from FTR to Trx m4 is more efficient than to other Trx m
isoforms (Yoshida and Hisabori, 2017), Trx m4 may have an ad-
vantage in the regulation of PGRL1 to activate the PGR5/PGRL1-
dependent pathway, soon after a shift from dark to light. However,
when the stromal redox state reaches equilibrium (during the
steady state photosynthesis), the photochemically reduced Trx
m4 could again reduce PGRL1, and form the complex. Indeed, the
Trx m4-PGRL1 complex accumulated stably during the steady
state photosynthesis, as well as in the dark (Figure 8B). The Em of
PGRL1 (-270 mV at pH 7.0; Hertle et al., 2013) is similar to that of
spinach (Spinacia oleracea) Trx m (-282 mV at pH 7.0; Motohashi
and Hisabori, 2006). During the induction of photosynthesis, the
Em values for PGRL1 and Trx m4 are expected to change, due to
the dynamic changes in the stromal pH and the redox state of the
stroma. As such, the inversion of the redox potential values be-
tween PGRL1 and Trx m4 may determine dissociation and as-
sociation of the Trx m4-PGRL1 complex.

In the dark, the Trx m4-PGRL1 complex accumulated consis-
tently (Figure 8), suggesting that the PGR5/PGRL1-dependent
pathway is downregulated in the dark. This is consistent with
measurement results of PSI-CET in the dark. The afterglow lu-
minescence signal and the post-illumination increase in chloro-
phyll fluorescence (which are measured in the dark) are used to
probe NDH-dependent PSI-CET (Shikanai et al., 1998; Havaux
et al., 2005). However, these methods are not applicable for
measuring PGR5/PGRL1-dependent PSI-CET, because these
techniques cannot detect its activity in Arabidopsis (Hashimoto
et al., 2003; Havaux et al., 2005). Taken together with our results
that Trx m4 formed a complex with PGRL1 in the dark (Figure 8),
these observations suggest that the PGR5/PGRL1-dependent
pathway may need to be downregulated in the dark.

The Trx m4-PGRL1 complex could also be observed during the
steady state of photosynthesis, regardless of the light intensities
(Figure 8B). Under the same conditions, the reduction rate of thiol
enzymes was significantly higher in pgr5 trx m124-2 than in trx
m124-2 (Figure 3), indicating that the activity of thiol enzymes was
promoted in pgr5-defective trx m124-2. The FTR-dependent Trx
system, as well as the PGR5/PGRL1-dependent pathway, ac-
cepts electrons from Fd (Hanke and Mulo, 2013). Other than the
above-mentioned two processes, many enzymes depend on Fd
for reducing power in the chloroplast, such as Fd-NADPH re-
ductase (FNR), sulfite reductase, nitrite reductase, and Glu syn-
thase (Mondal and Bruce, 2018). Therefore, the regulation of
electron partitioning from Fd is important for efficient photosyn-
thesis and other metabolic pathways. Although studies on the
structural analysis of interactions between Fd and its partner
enzymes have progressively accumulated, the mechanism of
electron distribution from Fd to these diverse processes is largely
unknown. Since the pgr5 mutation caused a Trx-dependent ac-
tivation of thiol enzymes in the trx m124-2 mutant background, the
Fd-dependent Trx system may compete with PSI-CET pathways
over the oxidation of Fd in the wild type. Trx m4 may support other
Trxs in accepting electrons from Fd via FTR and activating their
target enzymes through downregulation of the PGR5/PGRL1-
dependent pathway. From these results, we suggest the
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possibility that Trx m4 fine-tunes electron partitioning from Fd to
distinct processes, including the Fd-Trx system, by regulating the
PGR5/PGRL1-dependent pathway. Recently, Guan et al. (2018)
demonstrated that a newly identified Fd homolog with an extra C
terminus, AtFdC1, interacted with FTR, PGR5, and PGRL1B, but
not with FNR, which is different from other leaf-type Fds. Analysis
of AtFdC1 may provide insight into the function of Trx m4 in the
electron partitioning from Fd. Further analysis is required to elu-
cidate the physiological function of Trx m4—dependent regulation
of PGR5/PGRL1-dependent PSI-CET.

METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 was used as the
wild type. The trx m124-2 (Okegawa and Motohashi, 2015) and pgri1ab
(Hertle etal., 2013) mutants are in the Columbia-0 background, whereas the
crr2-2 (Hashimoto et al., 2003) and pgr5 (Munekage et al., 2002) mutants
are in the Columbia g/7 background. Plants were either grown in soil or in
Petri dishes containing Murashige and Skoog (MS) medium with 1.0% (w/v)
agarand 1.0% (w/v) Suc, and grown in growth chambers (50 umol photons
m=2 s~ of white light, continuous light, 23°C, and 55% humidity) for 3 to 4
weeks. The seeds sown on agar were surface sterilized by soaking themin
5% (v/v) sodium hypochlorite for 15 min. For analysis of fresh weight,
chlorophyll content, and electron microscopy, 3-week-old plants were
used. For other analyses, 4-week-old-plants were used.

To generate quadruple mutants, the trx m124-2 triple mutant was
crossed either with the crr2-2 or pgr5 mutant, and the crr2-2 trxm124-2 and
pgr5 trx m124-2 mutants were selected from the F2 plants. The presence of
T-DNA insertions and the mutations were confirmed by PCR (for primers,
see Supplemental Table 3).

The T-DNA lines mentioned in the article were obtained from the Salk
Institute Genomic Analysis Laboratory under the stock numbers
SALK_087118 (trx m1; Laugier et al., 2013) and SALK_023810 (trx m4;
Laugier et al., 2013) and the Nottingham Arabidopsis Stock Centre under
the stock number SAIL_100_EO02 (trx m2-2; Okegawa and Motohashi,
2015). A schematic diagram of the structure of the T-DNA lines is provided
in Supplemental Figure 11.

Vector Construction and Transformation of A. thaliana

All primers used in this study are listed in Supplemental Table 3. The coding
region of PGPL 1A excluding the transit peptide sequence was amplified by
PCR with specific primers. Primers for all site-directed mutagenesis were
designed using the PrimerX on-line software (http://www.bioinformatics.
org/primerx), and all site-directed mutagenesis was performed using the
SLiP-method (Motohashi, 2017). DNA fragments harboring the wild type
and mutagenized PGRL 1A coding region sequences were cloned into the
binary vector pART27 (Gleave, 1992) and introduced via Agrobacterium
tumefaciens C58 into pgri1ab (DalCorso et al., 2008) using the floral dip
procedure (Clough and Bent, 1998). Transgenic seedlings were selected
based on their resistance to kanamycin on selection medium (MS + 1.0%
[w/v] Suc + 50 mg/L kanamycin). More than 20 transgenic plants were
isolated for each line. The T2 generation was used for analysis.

Analysis of Chlorophyll Content

Leaves (30 mg fresh weight) were harvested from 3-week-old seedlings
grown on MS plates and were immediately powdered by grinding in liquid
nitrogen. Chlorophyll was extracted in 80% (v/v) acetone and collected by
centrifugation at 15,0009 for 5 min at 4°C. The residue was re-extracted
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with 80% (v/v) acetone and centrifuged once again (15,0009 for 5 min at
4°C). Chlorophyll content was determined by spectrophotometry as de-
scribed by Porra et al. (1989).

Isolation of Intact Chloroplasts

Leaves of 4-week-old plants were homogenized by a Polytron PT 10-35 GT
homogenizer (Kinematica) in 20 mM Tricine-NaOH, pH 8.4, containing
400 mM sorbitol, 5 mM MgCl,, 5mM MnCl,, 2 mM EDTA, 10 mM NaHCO,,
0.5% (w/v) BSA, and 5 mM ascorbate. After centrifugation at 3000g for
5min at4°C, the pellet was gently resuspended in 50 mM HEPES-KOH, pH
7.6, containing 400 mM sorbitol, 5 mM MgCl,, and 2.5 mM EDTA. Isolated
intact chloroplasts were suspended in 25 mM HEPES-KOH, pH 7.6,
containing 3 mM MgCl,. The insoluble fraction containing thylakoids and
envelopes was separated from the stroma fraction by centrifugation at
10,0009 for 3 min at 4°C. The thylakoid membrane proteins and stromal
proteins were solubilized in SDS-PAGE sample buffer (62.5 mM Tris-HCl,
pH 6.8, containing 2% [w/v] SDS, 10% [v/v] glycerol, and 0.0005% [w/v]
bromophenol blue) with 5% (v/v) 2-mercaptoethanol.

SDS-PAGE and Immunoblot Analysis

Proteins were separated by SDS-PAGE, using the conventional Laemmli
(Tris-Gly) system (Laemmli, 1970) or using the Tris-tricine buffer system (for
PGR5 detection; Schagger and von Jagow, 1987), and transferred onto
polyvinylidene difluoride membranes by using a semidry blotting appa-
ratus. Polyclonal antibodies against PsbO (AS05 092) and PsaD (AS09 461)
were obtained from Agrisera. Immunoblot signal was visualized using the
Immobilon western chemiluminescent horseradish peroxidase substrate
(EMD Millipore) or ECL Plus protein gel blotting detection kit (GE
Healthcare; Whitehead et al., 1983). The chemiluminescence was detected
with a LAS-3000 UV mini lumino-image analyzer (Fuijifilm) and analyzed by
the Multi Gauge 3.1 software (Fujifilm).

Preparation of Proteins and Antibodies

All recombinant Trx proteins in this study were purified as previously
described by Motohashi and Okegawa (2014) and Okegawa and Moto-
hashi (2015). Specific antibodies against Trx isoforms, SBPase, FBPase,
NADP-MDH, PetC, and ATPC1 were prepared as previously described by
Okegawa and Motohashi (2015). Polyclonal anti-RbcS was raised in
rabbits, against the synthetic peptide NSPGYYDGRYWTMWKLPLFGC.
Polyclonal anti-PGRL1 was raised in rabbits, against the synthetic peptide
CTEQSGPVGGDNVDSN, located at the N terminus of PGRL1A. Toremove
nonspecific bands, PGRL1A peptide antibodies were prepared by affinity
purification using the immobilized synthetic peptide of PGRL1A
(TEQSGPVGGDNVDSNVL) on EAH-Sepharose 4B medium (GE Health-
care). Polyclonal anti-PGR5 was raised in rabbits, against the PGR5 re-
combinant protein. The four tandem repeats of the mature form of PGR5
(amino acids 61 to 133) synthesized by gBlocks Gene Fragments (In-
tegrated DNA Technologies; Supplemental Table 4) were cloned into the
pPET23c vector. Expression of the PGR5 recombinant protein in Escherichia
coli BL21-CodonPlus (DE3)-RIL strain was induced by 0.5 mM isopropyl
B-p-thiogalactopyranoside at an ODg,, of 0.8. Next, E. coli cells were grown
for 3 h at 37°C and harvested by centrifugation at 5000g for 10 min at 4°C.
The expressed four tandem repeat PGR5 protein (32 kD) obtained as the
inclusion bodies was washed with a buffer containing 2% (w/v) Triton X-100
as previously described by Okegawa et al. (2016) and further washed with
25 mM Tris-HCI, pH 7.5, containing 8 M urea and 2 mM EDTA. The washed
inclusion bodies were solubilized in 25 mM Tris-HCI, pH 7.5, containing 6 M
guanidinium chloride. The purity of the proteins was checked by SDS-
PAGE, and this protein was used as antigen.
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Electron Microscopy

TEM analysis was conducted by the Tokai Electron Microscopy service,
using chemical fixation. For TEM, Arabidopsis rosette leaves from 3-week-
old plants grown on MS plates were cut into 1 X 2-mm pieces and fixed in
2% (w/v) paraformaldehyde and 2% (v/v) glutaraldehyde in 0.05 M ca-
codylic acid buffer, pH 7.4, at 4°C overnight. After this fixation, the samples
were postfixed in 2% (v/v) osmium tetroxide, in the same buffer, at 4°C for 3
h. Samples were further dehydrated with graded ethanol solutions (50, 70,
90, and 100% [v/v]). Ethanol was then replaced for propylene oxide (PO),
and the samples were infiltrated with a 70:30 mixture of PO:resin (Quetol
651; Nissin EM) for 1 h, after which the PO was volatilized overnight. Next,
the resin was polymerized for 48 h at 60°C. Ultrathin sections (80 nm) were
cut with an ultramicrotome (Ultracut UCT; Leica) and stained with 2% (w/v)
uranyl acetate for 15 min. Sections were examined using a transmission
electron microscope (JEM-1400Plus; JEOL) at 100 kV.

Analysis of the in Vivo Chlorophyll Fluorescence

Chlorophyll fluorescence was measured with a Mini-pulse amplitude
modulation portable chlorophyll fluorometer (Walz). Minimum fluores-
cence (Fo) was obtained from the open PSII reaction centers in the dark-
adapted state, by a nonactinic measuring light (650 nm; 0.05 to 0.1 pmol
photons m= s). A saturating pulse (SP) of white light (800 ms; 3000 umol
photons m—2 s~') was applied to determine the maximum fluorescence with
closed PSII centers in the dark-adapted state (Fm) and during illumination
with actinic light (AL; Fm’). The steady state fluorescence level (Fs) was
recorded during AL illumination. PSII quantum yield (®pg,) was calculated
as (Fm' - Fs)/Fm’ (Genty et al., 1989). The relative ETR through PSIl was
calculated as ®pg, X light intensity (umol photons m=2 s='). NPQ was
calculated as (FM—-Fm’')/Fm’. The dependence of fluorescence parameters
on the light intensity was analyzed by increasing AL intensity in a stepwise
manner, every 2 min after the application of SP (15 to 955 umol photons m2
s7"). The NPQ induction was measured at a light intensity of 62 pmol
photons m=2 s~ for 20 min and NPQ recovery in the dark was recorded for
8 min.

In Vivo Photo-Reduction of the Thiol Enzymes

Photo-reduction of the thiol enzymes in seedlings was determined using
AMS as previously described by Okegawa and Motohashi (2015), with
minor modifications. In a light intensity-dependent experiment (Figure 3),
seedlings were dark incubated (for 8 h) and then illuminated at three dif-
ferent light intensities (50, 200, or 800 umol photons m=2s-1) for 1 heach. In
a time-dependent experiment during the induction of photosynthesis
(Figure 4), seedlings were dark adapted for 8 h and exposed to light (200
umol photons m2 s~1) for up to 30 min. Samples were then collected at the
indicated conditions and frozen in liquid nitrogen. Frozen samples were
ground by tungsten beads (5-mm diameter) and incubated with 125 mM
Tris-HCI, pH 6.8, containing 10 mM AMS (Thermo Fisher Scientific), 10 mM
EDTA, 4% (w/v) SDS, 8 M urea, and 1% (v/v) plant protease inhibitor
(Sigma-Aldrich) for 2 h at 25°C. Hydrophilic proteins were separated from
the lipid fraction by the addition of an equal volume of chloroform, and the
aqueous portion was collected by centrifugation (at 15,0009 for 10 min at
4°C). Proteins were solubilized in 2x SDS-PAGE sample buffer. The protein
samples were separated by nonreducing SDS-PAGE (10 or 15% [w/v]
acrylamide) and detected by immunoblotting. The reduction level of the
proteins was quantified using Multi Gauge 3.1 software and is presented as
the ratio of the reduced per the total protein.

In Vitro Fd-Dependent PQ Reduction Assay

Thein vitro Fd-dependent PQreduction assay was performed as described
previously, with minor modifications, by Okegawa et al. (2008). Intact

chloroplasts (20 pg of chlorophyll mL=") were osmotically ruptured in
50 mM HEPES-NaOH, pH 8.0, containing 7 mM MgCl,, 1 mM MnCl,, 2 mM
EDTA, 30 mM KCI, and 0.25 mM KH,PO,, for each assay. As electron
donors, 5 uM spinach (Spinacia oleracea) Fd (Sigma-Aldrich) and 0.25 mM
NADPH (Oriental kobo) were used. In this assay system, NADPH is es-
sential as an electron donor to Fd via FNR (Miyake and Asada, 1994).
Increases in the chlorophyll fluorescence —through the addition of NADPH
and Fd, under weak light (650 nm; 1.0 umol photons m=2 s')—were
monitored by a Mini-pulse amplitude modulation portable chlorophyll
fluorometer. At this light intensity, the fluorescence level predominantly
reflects the PQ reduction by electron transport from Fd, not by PSII
photochemistry (Munekage et al., 2002) The fluorescence levels were
standardized by the Fm levels and monitored by the application of SP. To
reduce or oxidize the purified recombinant Trxs, Trxs were pretreated with
100 uM DTT or 10 uM CuCl, at 25°C for 30 min; 5.0 uM of the reduced or
oxidized Trxs was added to the ruptured chloroplasts before the
measurement.

Isolation of Trx m-Interacting Proteins and Detection of the Trx
m4-PGRL1 Complex

For this analysis, 4-week-old seedlings were harvested in the dark period
and after 1-h illumination with growth light (50 umol photons m=2 s7;
Figures 6 and 7) or at the indicated time or light conditions (Figure 8).
Samples were frozen in liquid nitrogen and treated in the same way as for
in vivo photo-reduction of the thiol enzymes (Figures 3 and 4). AMS was
added to block the free thiols. The protein samples were separated by
nonreducing SDS-PAGE (10 or 15% [w/v] acrylamide) and detected by
immunoblot analysis using Trx m4 and PGRL1 antibodies.

Statistical Analysis

Calculations were performed on more than three independent biological
replicates (see figure legends). One-way ANOVA with Tukey-Kramer
multiple comparison test was used to determine significant differences
among the materials tested (P < 0.05). Statistical data are provided in
Supplemental Tables 5 and 6.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: Trxm1 (AT1G03680); Trx m2 (AT4G03520); Trxm4 (AT3G15360);
CRR2 (AT3G46790); PGR5 (AT2G05620); PGRL1A (AT4G22890); PGRL1B
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