Check for
updates

Oxidative regulation of chloroplast enzymes by
thioredoxin and thioredoxin-like proteins in

Arabidopsis thaliana

Yuichi Yokochi*?!, Yuka Fukushi®® '@, Ken-ichi Wakabayashi®® @, Keisuke Yoshida®P®, and Toru Hisabori*-

2Laboratory for Chemistry and Life Science, Institute of Innovative Research, Tokyo Institute of Technology, Yokohama 226-8503, Japan; and PSchool of Life
Science and Technology, Tokyo Institute of Technology, Yokohama 226-8503, Japan

Edited by Bob Buchanan, Department of Plant and Microbial Biology, University of California Berkeley, CA; received August 13, 2021; accepted November 2,

2021

Thioredoxin (Trx) is a protein that mediates the reducing power
transfer from the photosynthetic electron transport system to tar-
get enzymes in chloroplasts and regulates their activities. Redox
regulation governed by Trx is a system that is central to the adap-
tation of various chloroplast functions to the ever-changing light
environment. However, the factors involved in the opposite reac-
tion (i.e., the oxidation of various enzymes) have yet to be
revealed. Recently, it has been suggested that Trx and Trx-like pro-
teins could oxidize Trx-targeted proteins in vitro. To elucidate the
in vivo function of these proteins as oxidation factors, we gener-
ated mutant plant lines deficient in Trx or Trx-like proteins and
studied how the proteins are involved in oxidative regulation in
chloroplasts. We found that f-type Trx and two types of Trx-like
proteins, Trx-like 2 and atypical Cys His-rich Trx (ACHT), seemed to
serve as oxidation factors for Trx-targeted proteins, such as fruc-
tose-1,6-bisphosphatase, Rubisco activase, and the y-subunit of
ATP synthase. In addition, ACHT was found to be involved in regu-
lating nonphotochemical quenching, which is the mechanism
underlying the thermal dissipation of excess light energy. Overall,
these results indicate that Trx and Trx-like proteins regulate chlo-
roplast functions in concert by controlling the redox state of vari-
ous photosynthesis-related proteins in vivo.
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lant chloroplasts have evolved multiple strategies with

which to adapt photosynthesis to fluctuating light environ-
ments. One such strategy involves the redox regulation of various
enzymes that function in photosynthesis reactions. Multiple
photosynthesis-related proteins, such as the four Calvin—Benson
cycle enzymes (glyceraldehyde-3-phosphate dehydrogenase, fruc-
tose-1,6-bisphosphatase [FBPase], sedoheptulose-1,7-bisphos-
phatase [SBPase], and phosphoribulokinase [PRK]), possess
redox-active Cys residues (1, 2). In addition, the y-subunit of
ATP synthase (CF;-y) and two regulatory proteins associated
with Calvin-Benson cycle enzymes, CP12 and ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) activase (RCA),
are also redox-regulated (2-4). In the 1970s thioredoxin (Trx)
was identified as a reducing power mediator for FBPase and
SBPase in chloroplasts (5, 6). In a light-containing environment,
reducing power is transferred from the photosynthetic electron
transport system to Tix via ferredoxin and ferredoxin-Trx reduc-
tase (6). Trx then achieves light-dependent activation of its target
enzymes by reducing the disulfide bond on these enzymes.

In chloroplasts, NADPH-Tix reductase C (NTRC) works in
parallel with the Trx-dependent system as another redox path-
way. NTRC is also a redox-responsive protein containing both
NADPH-dependent Trx reductase and Trx domains; these
enable NTRC to reduce its target proteins using the reducing
power of NADPH (7). NTRC can reduce 2-Cys peroxiredoxin
(2-Cys Prx) in addition to several Trx-targeted proteins (8-12).
2-Cys Prx utilizes reducing power to reduce reactive oxygen
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species such as H,O, (13). In chloroplasts, NTRC is thought to
be a major electron donor for 2-Cys Prx (14) because the
reducing power transfer efficiency from NTRC is extremely
high compared with that from typical chloroplast Trx proteins
(12). Plants deficient in NTRC show severe phenotypes, such as
stunted growth, low chlorophyll content, and very high nonpho-
tochemical quenching (NPQ) (7, 11, 12, 14-17). Thus, it is clear
that NTRC plays important physiological roles in chloroplasts.
Redox-regulated proteins in the stroma are reduced in the
light and then reoxidized in the dark (18, 19). Reoxidation is an
important process in plants; for example, we recently showed
that the reoxidation of chloroplast NADP-malate dehydroge-
nase is important for maintaining NADPH homeostasis in
chloroplasts, particularly in an environment with fluctuating
light (20). Despite the importance of the oxidation process, the
proteins involved in target oxidation have yet to be clarified.
Recently, Tix-like proteins, such as Trx-like 2 (TixL2) and atypi-
cal Cys His-rich Trx (ACHT), have been suggested as oxidation
factors (21-27). These reports were mainly based on the results
of in vitro experiments, suggesting that Trx-like proteins trans-
fer the reducing power of Trx-targeted proteins to H,O, via
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2-Cys Prx. However, the functions of these proteins in vivo are
not known very well. The so-called common Tixs belonging to
f-, m-, x-, y- (or z-?) types were also thought to be the candidate
of the oxidation factor. Because it is known that, particularly,
Trx-f can oxidize its target proteins under certain conditions
in vitro (25, 28), we focused this work on Trx-f.

Target oxidation by ACHT1 and ACHT2, among five ACHT
isoforms in Arabidopsis thaliana (29), has been demonstrated
in vitro (25). ACHTI and ACHT?2 are broadly conserved in photo-
synthetic organisms, including green algae, moss, and seed plants
(30). Their amino acid sequences and biochemical properties are
similar (SI Appendix, Fig. S14) (25, 29). In addition, ACHT1 and
ACHT? (designated also as Lilium5 and Lilium2, respectively) are
predicted to originate from the same ancestral gene (31). Com-
parison of the expression patterns of ACHTI and ACHT?2 in the
database shows that ACHT2 is expressed more than ACHTI,
especially in leaves (SI Appendix, Fig. S1B) (32), suggesting that
ACHT?2 may play a dominant role in 4. thaliana leaves.

Oxidation of target proteins by the TixL2 isoforms from A.
thaliana, namely TrxL2.1 and TixL.2.2, has been demonstrated
in vitro (22). TixL2 genes are also conserved in photosynthetic
organisms, such as seed plants, moss, and some green algae, but
not in Chlamydomonas reinhardtii (30). Although the amino acid
sequences and biochemical properties of TrxL2.1 and TrxL2.2 are
similar (SI Appendix, Fig. S24) (22), their expression patterns are
different, and 7ixL2.1 is reported to be more expressed than
TixL2.2, particularly in leaves (SI Appendix, Fig. S2B) (32). In
addition, 7rxL2.1 expression seems to be regulated by the circa-
dian rhythm and the rhythm of temperature change (SI Appendix,
Fig. S2C). The expression of TixL2.1 is more strongly induced
before and during light-to-dark transitions than 7ixL2.2, suggest-
ing that Trx.2.1 plays a predominant role during these periods.

In the present study, we generated A. thaliana mutant plant
lines deficient in Tix-fl and Tix-f2, TrxL2.1, or ACHT1 and
ACHT2, whose target oxidation activities are well studied
in vitro, and used these plants to investigate redox state changes
in chloroplasts. We found that Tix-f, TrxL2.1, ACHT1, and
ACHT? are involved in the oxidation of FBPase, CF;-y, and
RCA. ACHT?2 also seemed to be involved in the regulation of
NPQ. Furthermore, the knockout of Trx-like proteins sup-
pressed the impact of NTRC deficiency in plants, suggesting
that a connection existed between the NTRC system and Trx-
like protein-involving system.

Results

Generation of A. thaliana Mutant Plants Deficient in TrxL2 and
ACHT. To investigate the role of Trx-like proteins in vivo, we first
attempted to generate A. thaliana mutant plant lines deficient
in TrxL2.1, TrxL2.2, and both ACHT1 and ACHT2, utilizing
CRISPR/Cas9-mediated genome editing (33). Consequently,
we obtained two TixL2.1-deficient lines [#x[2.1(1) and
trxl2.1(2)] generated with different CRISPR constructs (Fig. 14
and SI Appendix, Fig. S3). We also obtained the acht line, which
was intended to be a double-knockout line for ACHT1 and
ACHT?2 (Fig. 14 and SI Appendix, Fig. S44). All of the mutants
had 1-nt insertions in exon regions that resulted in frameshifts
and disruptions of the genes (SI Appendix, Figs. S3 and S4A4).
Our repeated attempts to obtain a mutant line deficient in
TrxL2.2 were unsuccessful (SI Appendix, Fig. S3B).

The deficiency of each protein was confirmed by Western
blotting. As shown in Fig. 1B, TrxL2.1 and ACHT2 proteins
were absent in the lines for which 7ixL2.7 and ACHT2 genes
were respectively disrupted; however, the deficiency of ACHT1
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Phenotypes of mutant plants deficient in Trx-like proteins. (A) Visible phenotypes of plants deficient in Trx-like proteins. Plants were grown for 4

wk. (B) Confirmation of the knockout of Trx-like proteins by Western blotting. Arrows indicate the proteins of interest. Bands without arrows are nonspe-
cific proteins. Leaf extract from the ACHT1 overexpressor was used as a positive control. Coomassie brilliant blue (CBB)-stained Rubisco large subunit
(RbcL) is shown as a loading control. (C) Physiological parameters of plants deficient in Trx-like proteins. Each value is presented as the mean + SD (n = 5).
Different letters indicate significant differences among plant lines (P < 0.05; one-way ANOVA and Tukey honestly significant difference [HSD]).
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was not confirmed by Western blotting. In addition, ACHT1
was detected in an ACHT1 overexpressor line but not in others,
including Col-0. The messenger RNA expression level of
ACHTI in rosette leaves in A. thaliana is very low [37- and
15-fold lower than those of Tix-fIl and ACHT?2, respectively
(32)]. Our protein quantification also showed that less than 0.1
ng of ACHT1 protein and more than 1 ng ACHT?2 protein
were detected in a 30 pg leaf protein extract (SI Appendix, Fig.
S4B). The original low expression level of ACHT1 is likely the
reason why we could not detect this protein in both the Col-0
and mutant plants. Taking these findings together with DNA
sequencing data, we concluded that the acht line is a double-
knockout line for ACHT1 and ACHT2.

We then assessed the impact of the Trx-like proteins on the
fresh weight (FW) of plants, chlorophyll content, maximum
quantum yield of photosystem II (PSII) (F,/F,), and NPQ.
NPQ represents the degree of nonphotochemical energy dissi-
pation around PSII. The values of these variables did not differ
significantly among plant lines (Fig. 1C), indicating that the
deficiency of TixL2.1 alone or ACHT1 and ACHT?2 scarcely
affected the photosynthetic performance of the plants in the
conditions examined.

Effects of Trx-Like Protein Deficiency on Target Oxidation during
Light-to-Dark Transitions. Using the generated mutant lines, we
investigated the influence of Trx-like proteins in the oxidation of
target proteins during light-to-dark transitions. Dark-adapted
plants were illuminated with high-light intensity (700 pmol pho-
tons m s~ ') and subsequently transferred into the dark. The
change in the redox states of Trx-targeted proteins—such as
CFi-y, FBPase, RCA, and PRK—during these transitions was
monitored by thiol modification with 4-acetamido-4’-maleimidyl-
stilbene-2,2'-disulfonate (AMS). The oxidation of CF;-y in the
dark was drastically retarded in the t7x/2.1(1) and trxl2.1(2) lines
but not in the acht line (Fig. 2). In contrast, the oxidation of

trxi2.1(1) trxi2.1(2)

A Col-0

FBPase was significantly retarded in the acht line (Fig. 2). These
results imply that each of the Tix-like proteins is involved in the
oxidation of Trx-targeted proteins in chloroplasts with a particu-
lar specificity: that is, TrxL.2.1 plays a dominant role in CFy-y
oxidation, and ACHT1 and ACHT?2 are involved in the FBPase
oxidation (Fig. 2B). These findings are consistent with our previ-
ous in vitro results, which indicated that ACHT1 and ACHT2
are efficient oxidation factors for FBPase (25). Because the oxi-
dation of FBPase was also observed in the acht line, there might
be other oxidation factors for this enzyme in addition to ACHT1
and ACHT2.

The oxidation of RCA and PRK was not altered significantly
in the examined lines (Fig. 2B). Because Trx-f has also been
suggested to serve as an oxidation factor (34), we investigated
the oxidation of Trx-targeted proteins in a Trx-f-deficient line
(trx-f) that we produced in a previous study (35). The oxidation
of RCA was significantly impaired in the frx-f line compared
with that in the Col-0 line (Fig. 3 and SI Appendix, Fig. S54),
indicating that Trx-f is a dominant oxidation factor for RCA.

Suppression of ntrc Phenotypes through Disruption of Trx-Like Pro-
teins. Several reports have previously demonstrated that Trx-
like proteins obtain reducing power from reduced-form target
proteins and then reduce 2-Cys Prx (21, 22, 24, 25, 27). NTRC
is also reported to be an efficient electron donor for 2-Cys Prx
(8, 12, 14). Therefore, we crossed an NTRC-deficient line (ntrc)
with the acht line (resulting in the ntrc/acht line) or with the
trxl2.1(1) line [resulting in the ntrc/trxl2.1(1) line] (Fig. 4 A and
B and SI Appendix, Fig. S6) to investigate the relationships
among Trx-like proteins, NTRC, and 2-Cys Prx. Although the
ntrc line showed severe visible phenotypes (Fig. 44), as previ-
ously reported (7, 11, 12, 14-17), the ntrc/acht and ntre/trxi2.1(1)
plants were visibly indistinguishable from the Col-0 line (Fig.
4A4). These results suggest that the visible phenotypes of plants
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Fig. 2. Oxidation of Trx-targeted proteins in Trx-like protein-deficient plants during light-to-dark transitions. (A) Western blotting. The redox states of
Trx-targeted proteins in dark-adapted (DA) plants or plants during light-to-dark transitions were monitored. Abbreviations: Ox, oxidized; Red, reduced;
RI, redox-insensitive splicing variant. (B) Redox state dynamics of Trx-targeted proteins. Using the data from A, each band intensity was measured, and
the redox state was determined and plotted. Black and white bars represent 0- and 700-umol photons m~2.s~" light intensity, respectively. Each value is
presented as the mean + SD [n = 6 (Col-0) or n = 3 (the others)]. Different letters at each time point indicate significant differences among plant lines

(P < 0.05; one-way ANOVA and Tukey HSD).
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Fig. 3. Oxidation of Trx-targeted proteins in plants deficient in Trx-f. Redox states of Trx-targeted proteins were plotted. For this experiment, plants
were preilluminated for 60 min and then transferred into the dark. Using the data from S/ Appendix, Fig. S5A, the intensity of each band was measured,
and the redox state was determined and plotted. Black and white bars represent 0 and 700 umol photons m~2.s~" light intensity, respectively. Each value
is presented as the mean + SD (n = 3). An asterisk indicates a significant difference between the Col-0 and trx-f lines (P < 0.05; Welch's t test).

caused by a lack of NTRC are strongly affected by the functions
of oxidation factor proteins.

We also monitored the redox states of Trx-targeted proteins
in these mutant lines during light-to-dark transitions. In the
ntre line, Trx-targeted proteins were relatively oxidized in the
light (¢t = 0) and during light-to-dark transitions when com-
pared with the oxidation observed in the Col-0 line (Fig. 4C
and SI Appendix, Fig. S5B), which is consistent with prior
reports (36). In the ntrc/trxl2.1(1) and ntrc/acht lines, the redox
states of several Trx-targeted proteins in the light were restored
to the same level as those detected in the #x[2.1(1) and acht
lines, respectively. In particular, CF;-y and FBPase were in
more reduced states in the ntrc/trxl2.1(1) line and the ntrc/acht
line, respectively, than the states of these proteins in Col-0
(Fig. 4C).

We also measured four physiological parameters in the
mutant lines. As expected from the plant phenotypes shown in
Fig. 44, FW, chlorophyll content, and F,/F,, did not differ sub-
stantially among the ntrc/acht and ntrc/trxl2.1(1) lines and Col-0
(Fig. 4D). Consistent with previously reported results (11, 14,
15), the ntrc line showed very high NPQ (Fig. 4D). This high
NPQ was also observed in the ntrc/trxl2.1(1) line, whereas the
NPQ in the ntrc/acht line was at the same level as that detected
in Col-0 (Fig. 4D). These results indicate that a relationship
exists between NTRC and ACHT proteins in NPQ regulation.

A previous study suggested that the nfrc phenotypes are
caused by an insufficient supply of reducing power to 2-Cys Prx
(14). Therefore, we investigated light-dependent changes in the
redox states of 2-Cys Prx in our mutant lines. The redox state
of 2-Cys Prx in the ntrc/trxi2.1(1) line was almost identical to
that in the ntre line (Fig. 4E). However, 2-Cys Prx in the ntrc/
acht line was more oxidized than 2-Cys Prx in the ntrc line; it
was mostly oxidized, even in the light (Fig. 4 E, Right). Thus,
we conclude that the recovery of the visible phenotypes, physio-
logical parameters, and redox state of Trx-targeted proteins
observed with further loss of oxidation factor proteins in the
ntrc line is not due to the recovery of the 2-Cys Prx redox state.

Effects of the ACHT2 Expression Level on Plant Growth and NPQ.
Because ACHT proteins are suggested to be involved in ntrc
phenotypes, particularly in the extent of NPQ (Fig. 4), we fur-
ther investigated the role of ACHT?2 in chloroplasts. We trans-
formed the Col-0 line with a vector for ACHT2 overexpression
and obtained four mutant lines in which ACHT?2 was expressed
at various levels (Fig. 5 A and B): ACHT2-TF1, 25-fold;
ACHT2-TF2, 0.8-fold; ACHT2-TF3, 2-fold; and ACHT2-TF4,
16-fold (“TF” denotes transformed). The highest expressing
lines, ACHT2-TF1 and ACHT2-TF4, showed high NPQ as well
as stunted growth, lower chlorophyll content, and lower F/Fy,
(Fig. 54 and C).
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Discussion

In this study, we investigated the physiological impacts of Tix
and Trx-like proteins as oxidation factors in chloroplasts. Trx-
like proteins (i.e., TrxL2.1, ACHT1, and ACHT?2, as well as a
typical Trx, Trx-f) were found to be involved in target oxidation
with different target specificities (Figs. 2B and 3). These results
are consistent with those of previous biochemical studies (22,
25, 34, 37).

We demonstrated that TrxL.2.1 is involved in the oxidation of
CF;-y and that ACHT1 and ACHT?2 are involved in the oxidation
of FBPase (Fig. 2B). In contrast, Trx-f appeared to be involved in
the oxidation of RCA (Fig. 3). Recent studies have suggested that
2-Cys Prx serves as a major electron sink for the oxidation of Trx-
targeted proteins and that oxidation factors transfer reducing
power from Trx-targeted proteins to 2-Cys Prx (22, 28, 36). The
reduction efficiency of 2-Cys Prx promoted by typical Tix iso-
forms, such as Trx-f, is also known to be low compared with that
promoted by NTRC or Tix-like proteins (12, 25, 29). Thus, Tix-f
proteins may not be able to efficiently transfer the reducing
power from their targets directly to 2-Cys Prx, particularly when
they are competing with Trx-like proteins. One feasible and previ-
ously suggested (34) pathway for Trx-mediated oxidation is the
transfer of reducing power by Tix to other chloroplast Prx pro-
teins, such as PrxQ. This pathway is possible because chloroplast
Tix can reduce PrxQ in vitro in a relatively efficiently manner (25,
35, 38); however, a deficiency of PrxQ alone does not influence
target oxidation in vivo (28). Hence, the Trx-mediated oxidation
pathway in vivo requires further investigation in future research.

Here, we clarified the relationships among NTRC, 2-Cys Prx,
and Tix-like proteins using mutant lines deficient in NTRC and
Tirx-like proteins. The important role of 2-Cys Prx in linking the
NTRC system to the Tix system has already been reported in a
previous study (14). Based on the present and previous results
(14, 26), we propose a model for the NTRC and Tix systems
connected by 2-Cys Prx (Fig. 6), which is explained as follows: 1)
NTRC is an effective electron donor for 2-Cys Prx (8, 12, 14); 2)
when compared to typical Tix proteins, Trx-like proteins effi-
ciently transfer reducing power to 2-Cys Prx (22, 25, 29); and 3)
Trx-like proteins serve as oxidation factors for target proteins
in vitro (22, 24, 25, 27) and in vivo (Fig. 2). In the ntrc line, Trx-
targeted proteins and 2-Cys Prx were in more oxidized states
than they were in the Col-0 line under light conditions (Fig. 4 C
and E) (¢ = 0), which is also consistent with previous findings
(12, 14, 36). The relatively oxidized state of 2-Cys Prx in the ntrc
line must receive reducing power from Tix-like proteins more
strongly (Fig. 6; model for ntrc). Consequently, the target pro-
teins must become more oxidized by the stronger flow of the
reducing power to Trx-like proteins. The resultant oxidized states
of the target proteins are suggested to cause ntrc phenotypes,
such as stunted growth (14). We found that knockout of Trx-like
proteins in the ntrc background, namely ntrc/trxl2.1(1) and ntrc/
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Fig. 4. Phenotypes of plants deficient in NTRC and Trx-like proteins. (A) Visible phenotypes of plants deficient in NTRC and Trx-like proteins. Plants were
grown for 4 wk. (B) Confirmation of NTRC protein deficiency by Western blotting. Arrows indicate the proteins of interest. CBB-stained Rubisco large sub-
unit (RbcL) is shown as a loading control. (C) Redox states of Trx-targeted proteins. Using the data from S/ Appendix, Fig. S5B, the intensity of each band
was measured, and the redox state was determined and plotted. The same data shown in Fig. 2 was used for Col-0. Black and white bars represent 0 and
700 pmol photons m~2.s~" light intensity, respectively. Each value is presented as the mean + SD [n = 6 (Col-0) or n = 3 (the others)]. Different letters at
each time point indicate significant differences among plant lines (P < 0.05; one-way ANOVA and Tukey HSD). (D) Physiological parameters. Each value is
presented as the mean + SD (n = 5). Different letters indicate significant differences among plant lines (P < 0.05; one-way ANOVA and Tukey HSD). (E)
Redox state of 2-Cys Prx at each time point (DA, 0 min, or 10 min). (Left) The result of Western blotting with anti-2-Cys Prx A antibody is shown. Because
oxidized 2-Cys Prx (Ox) forms a homodimer with an intermolecular disulfide bond (or bonds), it is detected at the upper position than the reduced 2-Cys
Prx (Red). (Right) By measuring the band intensity, the redox state was determined and is shown as the mean + SD (n = 3). Different letters at each time

point indicate significant differences among plant lines (P < 0.05; one-way ANOVA and Tukey HSD).

acht, restored the redox states of several target proteins to the
levels of those in #xI2.1(1) and acht, respectively (Fig. 4C), even
though 2-Cys Prx was similarly or more oxidized in these lines
relative to its oxidation in the ntrc line (Fig. 4E). This was proba-
bly due to the impairment of the Trx-like protein-mediated elec-
tron flow from target proteins to 2-Cys Prx (Fig. 6; model for
ntrc/Trx-like knockout). Therefore, we speculate that Trx-like
proteins are major redox mediators between target proteins and
2-Cys Prx in the WT plant. In fact, 2-Cys Prx in the acht line was
in more oxidized state than that in the Col-0 line during light-to-
dark transitions (SI Appendix, Fig. S8). The knockdown of 2-Cys
Prx is also known to suppress the ntrc phenotypes (14), indicat-
ing that the decreased amount of 2-Cys Prx limits the electron
flow from Trx-like proteins to 2-Cys Prx, which in turn leads to
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impaired oxidation of target proteins. In contrast, the further
knockout of typical Tix proteins in the ntrc background is known
to accelerate ntrc phenotypes and the oxidation of target pro-
teins (14, 15, 39). These results, which are in contrast to those of
ntre/Trx-like knockouts, imply that Trx proteins are not major
mediators of electron transfer between targets and 2-Cys Prx.
Taking these findings together, we suggest that Tix-like pro-
teins—such as ACHT1, ACHT2, and TixL2.1—must mediate
electron transfer from Trx-targeted proteins to 2-Cys Prx in WT
plants. ACHT appeared to play an important role in 2-Cys Prx
reduction during light-to-dark transitions (SI Appendix, Fig. S8),
whereas NTRC seems to be a major electron donor for 2-Cys
Prx in the dark-adapted state and may also work during light-to-
dark transitions.

PNAS | 50f8
https://doi.org/10.1073/pnas.2114952118

PLANT BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114952118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114952118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114952118/-/DCSupplemental

Col-0 £EE5 _
8883 g
== =
Sao
ACHT2-TF1 A A 2
L L
SZ5g8858 5
ACHT2-TF2 88835533 5 .
EPY
=
ACHT2-TE3 ACHT?2 - - &
8 b
ACHT2-TF4 cbeL _ % e
g ACHT2-TF

|&

12

2

EU.E

3

£04

2

5 0
21234 " 9123 4
3 TACHT2-TF & TACHT2-TF

Fig. 5. Phenotypes of plants with various expression levels of ACHT2. (A) Vi
were grown for 4 wk. (B) Expression levels of ACHT2. (Left) The results of We:
loaded amounts of leaf extract proteins. Arrows indicate the proteins of inte
(Right) To compare the ACHT content more accurately, the data obtained fr

FulFm

1.2 3 4

ACHT2-TF

1.2 3 4
ACHT2-TF

Col-0
Col-0

isible phenotypes of plants with various expression levels of ACHT2. Plants
stern blotting with anti-ACHT2 antibody are shown. Values (%) indicate the
rest. CBB-stained Rubisco large subunit (RbcL) is shown as a loading control.
om diluted samples (see S/ Appendix, Fig. S7) were used for band intensity

measurements. ACHT2 content for each mutant line relative to that of the Col-0 line was calculated and is shown as the mean + SD (n = 3). Different let-

ters indicate significant differences among plant lines (P < 0.05; one-way AN

OVA and Tukey HSD). (C) Physiological parameters. Each value is presented

as the mean + SD (n = 3). Different letters indicate significant differences among plant lines (P < 0.05; one-way ANOVA and Tukey HSD).

Importantly, we found a relationship between redox-responsive
proteins, particularly ACHT proteins, and the extent of NPQ
(Figs. 4D and 5C). As shown in Fig. 4D, high NPQ in the ntrc line
was suppressed by the lack of ACHT1 and ACHT2 (in the ntrc/
acht line) but not by the lack of TrxL2.1 [in the ntrc/ixi2.1(1)
line]. In addition, the plant lines that highly expressed ACHT2
showed high NPQ (Fig. 5C) similar to the nfrc line. A previous
study also showed that overexpression of ACHTI leads to high
NPQ (40). Therefore, ACHT1 and ACHT2 may function in NPQ
regulation. Although many studies have investigated the mecha-
nism of NPQ induction and its relationship with the redox state
(11, 41-45), the functional elements of NPQ regulation and redox
regulation are not yet fully understood. Nevertheless, the results
of the present study demonstrate the relevance of these systems.

In conclusion, we observed the oxidation of Trx-targeted pro-
teins by Trx and Tix-like proteins in vivo. However, as in the
case of PRK oxidation (Figs. 2B and 3), the oxidation of all
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Trx-targeted proteins cannot be explained only by the Trx and
Tirx-like proteins studied here, and other Trx or ACHT isoforms
may be involved. Moreover, the effects of Trx-like proteins on
growth and physiological parameters are not yet clear. One
explanation could be functional redundancy among Tix proteins
and Trx-like proteins, as many isoforms are localized in chloro-
plasts (30, 46). Further studies, especially focusing on other oxi-
dation factors and their redundancy, are therefore needed to
clarify the oxidative regulation pathways and to understand the
entire redox regulation system in chloroplasts.

Materials and Methods

Plant Materials and Growth Conditions. A. thaliana Col-0 was used as a WT
line. The transfer DNA (T-DNA) insertion mutant line, trx-f, which is deficient
in Trx-f1 and Trx-f2 and was designated as “trxf1-1 trxf2" in our previous
report (35), was also used here. In addition, we used another T-DNA insertion
mutant line, ntrc, which is deficient in NTRC and was designated as “ntrc-1" in
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Fig. 6. Model of the redox cascade in chloroplasts under light conditions. A model for the 2-Cys Prx-linked NTRC and Trx systems, inspired by previous
studies (14, 26), is shown. The size of arrows reflects the rates of electron flow.
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our previous report (12). T-DNA insertion lines for TrxL2.2., SALK_036628C and
SALK_045620C, were tested but we could not confirm them as knockout by
Western blotting. Plants were grown under a 16-h light (60 pmol photons
m~2s7")/8-h dark cycle at 22°C for 4 wk before they were used for
each experiment.

CRISPR/Cas9-Mediated Genome Editing. A plasmid for CRISPR/Cas9-mediated
genome editing was constructed according to Hahn et al. (33) using the
pFH6_new vector, pUB-Cas9 vector, and primers shown in SI Appendix, Table
S1. To simultaneously target two different sites in the plant genome, two
single-guide RNA expression cassettes were integrated into one plasmid using
the primers FH41, FH42, FH254, and FH255 (S/ Appendix, Fig. S3A and Table
S1). Plant transformation and screening were conducted as described by Hahn
et al. (33). The trx/2.1(1), trx/2.1(2), and acht lines were generated using the
Col-0 line as a background.

Protein Extraction from Plant Leaves. Rosette leaves of A. thaliana grown for
4 wk were excised and immediately immersed in liquid nitrogen. The leaves
were powdered with a pestle and then homogenized with HES buffer [25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-NaOH (pH 7.5), 1 mM eth-
ylenediamine-N,N,N’,N’-tetraacetic acid, and 2% (wt/vol) sodium dodecy! sul-
fate (SDS)]. The sample was incubated (at room temperature for 30 min and
then 95 °C for 5 min) and centrifuged (at 20,400 x g and 20 °C for 15 min). The
protein concentration of the supernatant was determined using a BCA Protein
Assay Kit (Pierce). After adding SDS sample buffer with 2-mercaptoethanol to
the supernatant, the sample was subjected to SDS/PAGE followed by West-
ern blotting.

Measurement of Growth and Photosynthetic Parameters. Using plants grown
for 4 wk before being dark-adapted for 8 h, F/F,, and NPQ were measured
with a Dual-PAM-100 spectrometer (Walz). NPQ was determined after
illumination for 3 min with 70 pmol photons m~2.s™" light intensity. After the
measurement of these parameters, the FW of the plant above ground and
chlorophyll content in rosette leaves were measured. Leaves were frozen in
liquid nitrogen and then chlorophyll was extracted with 80% (vol/vol) ace-
tone. Using spectrophotometry, chlorophyll content was determined as the
sum of the contents of chlorophyll a and b according to previously published
methods (22, 47).

Monitoring the Redox States of Proteins in Plant Leaves. The redox states of
proteins in plant leaves were determined using plants grown for 4 wk and
methods described in a previous report (48) with some modifications. Dark-
adapted (8 h) plants were illuminated with 700 pmol photons m~2s~" light
intensity for 30 min (or 60 min for the experiment shown in Fig. 3) and
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subsequently transferred into the dark. Rosette leaves were excised at each
indicated time point and proteins were extracted as described above except
using HES buffer with 3 mM AMS and SDS sample buffer that did not contain
2-mercaptoethanol. Samples were subjected to SDS/PAGE and Western blot-
ting followed by band intensity measurement via ImageJ software. To deter-
mine the redox state of PRK, 6 M urea was added to a gel for SDS/PAGE.

Overexpression of ACHT1 or ACHT2 in Plants. First, a kanamycin-resistance
cassette of the pRI 201-AN vector (Takara) was replaced by a hygromycin-
resistance cassette. Full-length ACHTT (At4926160.1) or ACHT2 (At4929670.1)-
coding region was inserted into the vector using the primers shown in S/
Appendix, Table S1. Col-0 plants were then transformed with the resulting
vector via the Agrobacterium-mediated floral dip method.

Protein Expression and Purification. Using the vectors prepared in our previ-
ous study (25), ACHT1 and ACHT2 (described as ACHT2a in our previous study)
were expressed in Escherichia coli. Proteins were purified as described in the
aforementioned study (25), except that they were purified without dithio-
threitol. Using pET-23c vector (Novagen), cDNA from A. thaliana, and primers
shown in SI Appendix, Table S1, an expression plasmid for C-terminally His-
tagged PRK was constructed. E. coli strain Rosetta(DE3)pLysS was transformed
with this plasmid, and the expressed protein was purified by nickel-
nitrilotriacetic acid affinity chromatography with nickel-nitrilotriacetic acid-
agarose (Qiagen) and the buffer containing 8 M urea, 25 mM Tris-HCI (pH 8.0),
and 0 to 200 mM imidazole.

Preparation of Antibodies. Antibodies against TrxL2.1, CF;-y, FBPase, NTRC,
and 2-Cys Prx A were prepared as described previously (12, 18, 19, 22).
Anti-RCA antibody is commercially available (catalog no. AS10-700, Agrisera).
Antibodies against ACHT1, ACHT2, and PRK were prepared using each recom-
binant protein as the antigen.

Data Availability. The sequences of TrxL2.1 (At5g06690.1), TrxL2.2 (At5g042
60.1), ACHT1 (At4926160.1), ACHT2 (At4929670.1), Trx-f1 (At3g02730.1),
Trx-f2 (At5g16400.1), and NTRC (At2g41680.1) genes are available from the
Arabidopsis Information Resource database (https:/www.arabidopsis.org/). All
other study data are included in the main text and S/ Appendix.
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