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In vivo oxidation by thioredoxin regulates
chloroplast enzymes activity

Alizée Malnoé®’

Thioredoxins (Trxs) are proteins that can receive or
donate electrons via reduction or oxidation, respec-
tively, of their redox-active cysteine pair, converting a
disulfide to thiol or vice versa. They are involved in
multiple biological processes throughout all kingdoms
of life, modulating the activity of enzymes that func-
tion, for example, in ribonucleotide reduction, nutrient
assimilation, detoxification of reactive oxygen species,
cell signaling, or photosynthesis (1). In plant biology,
classic Trxs are especially well known for their role in
reducing and thereby activating the enzymes of the
Calvin-Benson cycle (refer to https://blog.aspb.org/
calvin-cycle-calvin-benson-cycle-or-other/ for an expla-
nation about not including Bassham in the name of
this cycle), such as ribulose-1,5-bisphosphate carbox-
ylase/oxygenase activase (RCA), fructose-1,6-bisphos-
phatase (FBPase), or phosphoribulokinase (PRK) for
CO; fixation (2). The reducing power comes from

light-dependent reactions through photosystem |,
ferredoxin (Fd), and ferredoxin-thioredoxin reduc-
tase (FTR) or Fd-NADP" reductase for NADPH pro-
duction. Hence, the division of chloroplast reactions
into light and carbon reactions (please, correct text-
books and stop teaching it as “dark” reactionsl!) is
due to the carbon reactions relying on illumination
for reducing power to activate the Calvin-Benson
cycle enzymes (3). In the recent years, an outstand-
ing question was regarding their deactivation.
What factors in the dark oxidize the Calvin-Benson
enzymes? An important milestone was the in vitro
demonstration that Trx-like proteins, such as Trx-
like 2 (TrxL2) (4, 5), atypical Cys His-rich thioredoxin
(ACHT) (6), and Trx-f (7), can play this role. The
in vivo demonstration was eagerly awaited (8), and
this knowledge gap is now filled by Yokochi et al.
(9). Another part of the puzzle concerned the
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Fig. 1. Updated model for the redox-regulatory systems in the chloroplast. Activation by light-dependent reduction (Red)
of target proteins in the light (yellow background) and deactivation by oxidation (Ox) of target proteins with different
specificities in the dark (gray background) are shown. Arrows indicate the flow of reducing power. PrxQ, peroxiredoxin Q;
2CP, 2-Cys Prx; FNR, ferredoxin-NADP* reductase; PSI, photosystem I. Image credit: Daria Chrobok (DC SciArt). Adapted
with permission from ref. 11.

“Umea Plant Science Centre, Department of Plant Physiology, Umea University, 901 87 Umea, Sweden

Author contributions: A.M. wrote the paper.

The author declares no competing interest.

This article is distributed under Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

See companion article, “Oxidative regulation of chloroplast enzymes by thioredoxin and thioredoxin-like proteins in Arabidopsis thaliana,”
10.1073/pnas.2114952118.

"Email: alizee.malnoe@umu.se.
Published February 3, 2022.

PNAS 2022 Vol. 119 No. 7 2121408119 https://doi.org/10.1073/pnas.2121408119 | 1 of 3


https://blog.aspb.org/calvin-cycle-calvin-benson-cycle-or-other/
https://blog.aspb.org/calvin-cycle-calvin-benson-cycle-or-other/
https://orcid.org/0000-0002-8777-3174
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://doi.org/10.1073/pnas.2114952118
mailto:alizee.malnoe@umu.se
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2121408119&domain=pdf&date_stamp=2022-02-07

oxidation of the oxidizing factors themselves. Where do the
electrons ultimately go? Pérez-Ruiz et al. (10) showed that
both chloroplast redox systems, the Fd-FTR-Trx and the
NADPH-dependent thioredoxin reductase C (NTRC), are
donating electrons to 2-Cys peroxiredoxin (2-Cys Prx) with
final acceptor hydrogen peroxide (H,0,) yielding H,O. The
long-standing issue of how photosynthetic organisms rest their
photosynthetic activity at night and/or upon light-dark transi-
tions is reviewed here (11, 12).

In PNAS, Yokochi et al. (9) present the characterization of
Arabidopsis mutant lines affected in genes whose protein prod-
uct is predicted to act as an oxidizing factor of Calvin-Benson
cycle enzymes. Based on in vitro data showing their capacity
for oxidation of target proteins and reduction of 2-Cys Prx, a
set of "priority” proteins was chosen to test their function
in vivo, namely TrxL2.1 and TrxL2.2, ACHT1 and ACHT2, and
Trx-f1 and Trx-f2. Using CRISPR-Cas9, the knockout mutants
trxI2.1 and acht (mutated in both genes) were generated, and
trx-f insertional mutants (mutated in both genes) were used
(trxI2.2 could not be obtained). Of note, TrxL2.1 and ACHT2
display higher expression in leaves than their counterpart and
may be the dominant isoforms. The trx/2.1 and acht mutants
displayed wild-type growth, chlorophyll content, and photo-
synthetic parameters under the conditions tested (long day in
low light). However, upon light-dark transitions, the in vivo
redox status of Trx-targeted proteins, monitored using a
thiol-labeling agent that increases the size of reduced pro-
tein, was affected in the mutants. This work clearly demon-
strates that in vivo TrxL2.1 and Trx-f act as oxidation factors
for the y-subunit of adenosine triphosphate (ATP) synthase
(CF1-y) and RCA, respectively, and to a lesser extent, that
ACHT1 and ACHT2 play a role in oxidizing FBPase; oxidation
factors for PRK are yet to be found (Fig. 1).

The stunted growth and pale green phenotype of ntrc
were largely rescued to wild-type levels in the ntrc trx/2.1 and
ntrc acht mutants, and the redox status of target proteins
returned to being relatively reduced. Yokochi et al. (9) con-
clude that 2-Cys Prx receives electrons from both NTRC and
the TrxL2.1 and ACHT oxidation factors and that growth
defects in the ntrc mutant are due to overoxidation of target
proteins (and not redox imbalance in 2-Cys Prx and lack of
H,O, scavenging). Less reduction of 2-Cys Prx is observed in
the ntrc acht compared with ntrc trxI2.1, implying that ACHT
may play an important role in 2-Cys Prx reduction during
light-to-dark transitions. Interestingly, the authors discover a
positive correlation between the amount of ACHT specifically
(and not TrxL2.1) and nonphotochemical quenching (NPQ),
with ACHT2 overexpression leading to more NPQ and ACHT
knockout in an ntrc mutant background suppressing the
higher NPQ phenotype.

NPQ comprises processes that dissipate excess light energy as
heat and thereby are photoprotective (13). The higher level of
NPQ observed in low light in the ntrc mutant may be due to a

buildup in the proton motive force from impaired reduction of
CF1-y (14). In light of the results shown here (9), an overoxidation
of CF1-y by TrxL2.1 could have been proposed, but that does not
explain the higher NPQ phenotype as this phenotype remains in
the ntrc trxI2.1. Recently uncovered was a possible role for NTRC in
regulating proton gradient regulator 5 (PGR5) activity, which could
also explain the higher NPQ phenotype of ntrc (15). However, Oke-
gawa et al. (16) found that the phenotypic rescue of ntrc by pgr5
would be rather caused by the partial restoration of Trx-dependent
reduction of thiol enzymes due to altered electron partitioning. In
the same line, the NPQ phenotypic rescue of ntrc by acht may be
due to partial restoration of Trx targets staying reduced. The high
NPQ phenotype of ntrc might be indirect and due to overoxidation
of ACHT targets rendering the Calvin—Benson inactive, diminishing
ATP consumption and causing the buildup in proton motive force;
more discussion is in ref. 16.

In PNAS, Yokochi et al. present the
characterization of Arabidopsis mutant lines
affected in genes whose protein product

is predicted to act as an oxidizing factor

of Calvin-Benson cycle enzymes.

The picture of the interplay between the different redox sys-
tems in the chloroplast is becoming more complete, and yet,
knowledge of transmembrane regulation across the thylakoid
membrane is still somewhat lacking (17). The chloroplast redox
regulatory network impacts not only the Calvin-Benson cycle
but also NPQ, the malate valve, and other metabolic processes
such as diurnal starch accumulation and the oxidative pentose
phosphate pathway, and its fine-tuning is critical for photosyn-
thetic organisms acclimation to a fluctuating environment (18).
A recent review and a special issue assessed the prospect of
improving plant photosynthetic efficiency by manipulating the
chloroplast redox systems (19) and demonstrated the centrality
of redox signaling and emerging tools for a “plant redox biol-
ogy” field definitely “on the move” (20), respectively.

As FBPase oxidation still occurred in the acht mutant, albeit
at a slower rate, it could be that other factors can additionally
act as oxidation factors in this case. In the future, it will be of
interest to investigate the specificity of these oxidation factors,
examine the role of other Trx (m, x, y, z) or ACHT isoforms in vivo
for deactivation of enzymes by oxidation as well as the role of
glutaredoxin [it has a higher midpoint potential than classical
Trx, similar to TrxL2 (8)], and test the conserved function of oxi-
dation factors throughout the photosynthetic lineages.
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