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MG, Rintamäki E. 2017 Chloroplast thioredoxin

systems: prospects for improving

photosynthesis. Phil. Trans. R. Soc. B 372:

20160474.

http://dx.doi.org/10.1098/rstb.2016.0474

Accepted: 23 January 2017

One contribution of 16 to a discussion meeting

issue ‘Enhancing photosynthesis in crop plants:

targets for improvement’.

Subject Areas:
biochemistry, plant science, biotechnology

Keywords:
thioredoxin reductase, redox regulation,

light reactions, Calvin – Benson cycle,

NTRC, FTR

Author for correspondence:
Eevi Rintamäki
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Thioredoxins (TRXs) are protein oxidoreductases that control the structure

and function of cellular proteins by cleavage of a disulphide bond between

the side chains of two cysteine residues. Oxidized thioredoxins are reactivated

by thioredoxin reductases (TR) and a TR-dependent reduction of TRXs is

called a thioredoxin system. Thiol-based redox regulation is an especially

important mechanism to control chloroplast proteins involved in biogenesis,

in regulation of light harvesting and distribution of light energy between

photosystems, in photosynthetic carbon fixation and other biosynthetic

pathways, and in stress responses of plants. Of the two plant plastid

thioredoxin systems, the ferredoxin-dependent system relays reducing

equivalents from photosystem I via ferredoxin and ferredoxin-thioredoxin

reductase (FTR) to chloroplast proteins, while NADPH-dependent thiore-

doxin reductase (NTRC) forms a complete thioredoxin system including

both reductase and thioredoxin domains in a single polypeptide. Chloroplast

thioredoxins transmit environmental light signals to biochemical reactions,

which allows fine tuning of photosynthetic processes in response to changing

environmental conditions. In this paper we focus on the recent reports on

specificity and networking of chloroplast thioredoxin systems and evaluate

the prospect of improving photosynthetic performance by modifying the

activity of thiol regulators in plants.

This article is part of the themed issue ‘Enhancing photosynthesis in crop

plants: targets for improvement’.
1. Introduction
Photosynthesis comprises light-driven reactions in thylakoid membranes pro-

ducing NADPH and ATP, and a CO2 fixation pathway storing the energy

captured by light reactions into sugar phosphates. Photosynthesis end products

are used to energize cell metabolism and to promote plant growth. In Nature,

light intensity is constantly changing in plant growth habitats, including both

seasonal alteration of daily light period and daily fluctuation of light intensity

due to cloudiness and other environmental factors. Optimization of photosyn-

thetic production under fluctuating light conditions needs strict balancing of

the absorption of light energy by the photosynthetic machinery with the

energy-consuming reactions of chloroplast metabolism. Photosynthetic reac-

tions are also linked with the protective machinery that eliminates or

prevents the generation of harmful reactive oxygen species (ROS). The regula-

tory mechanisms to balance light capture, consumption of light energy and

inductive protective machinery include non-photochemical quenching (NPQ),

photosynthetic control of electron flow between photosystem II (PSII) and

photosystem I (PSI), state transitions, cyclic electron flow, light activation

of photosynthetic enzymes both in light reactions and carbon fixation, and

induction of antioxidant systems. Recently, the regulatory proteins called thior-

edoxins (TRXs) have been suggested to control a number of the mechanisms

balancing photosynthetic reactions in chloroplasts.
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TRXs are protein oxidoreductases with a redox active

dithiol/disulphide motif in the active site. In the reduced

state they alter the thiol-redox status of cellular proteins by

reducing a disulphide bond in target proteins via a bimolecu-

lar nucleophilic substitution reaction. TRXs that become

oxidized in the reaction are reactivated by thioredoxin

reductases (TR). TR together with TRX form a thioredoxin

system. Thioredoxin systems in plants are versatile including

two TRs, one dependent on ferredoxin (FTR) and the other on

NADPH (NTR) as reducing power, respectively, and multiple

types of TRXs (h, o, f, m, x, y, z, and several thioredoxin-

like proteins) (reviewed in [1–5]). A high number of TRXs

are localized to plant chloroplasts; this underlines the

impact of redox-regulation of chloroplast proteins. The ferre-

doxin-TRX system has been directly linked with plant

production since it was originally shown to activate the

enzymes of the Calvin–Benson cycle in algal and plant

plastids upon illumination (see [5]). The discovery of the

chloroplast NADPH-dependent thioredoxin system (NTRC)

[6] and novel TRX types [7] has indicated that in addition

to light, chloroplast TRX systems also control chloroplast

development, respond to fluctuations in light intensity, trans-

fer signals between chloroplast compartments and are

involved in antioxidant networks (reviewed in [2–4,8–10]).

Another intriguing issue is that some chloroplast proteins

are targets of several TRXs. For example, NTRC, TRXf, and

TRXm interact with the same biosynthetic enzymes,

and the antioxidative system based on peroxiredoxins is

maintained by TRXx, y, and NTRC [11–17]. The diversity

and partial redundancy of chloroplast TRX systems may

enable a rapid response of chloroplast metabolism to ever

changing environmental conditions, raising plant fitness

under natural growth conditions.

Here, we review the prospect of improving photosynthetic

performance by modifying the activity of chloroplast TRX

systems based on the recent reports on the interaction,

networking and overlapping functions of TRXs.
2. Chloroplast thioredoxin systems
Comprehensive reviews on chloroplast TRX systems have

been recently published [1–5,10]; hence only an overview is

presented here. Chloroplast TRXs are activated by two TRs,

FTR and NTRC. The former uses photoreduced ferredoxin

and the latter NADPH to activate the TRXs. FTR is a hetero-

dimeric iron-sulphur protein consisting of a catalytic and a

variable subunit encoded by a single copy and two genes

in Arabidopsis, respectively [18–20]. FTR has a binding site

both for ferredoxin and TRX. A single nuclear gene of

Arabidopsis encodes the NTRC enzyme that has an atypical

structure consisting of a NADPH-dependent TR domain

(NTR) fused to a TRX domain [12]. Thus the NTRC polypep-

tide forms a complete NADPH-dependent TRX system in the

chloroplast. In photosynthetic cells the FTR-dependent system

is active in light when PSI reduces ferredoxin, whereas the

NTRC-dependent TRX system is active both in light and

dark conditions because of the production of NADPH by

the oxidative pentose phosphate pathway in darkness.

Five types of low-molecular weight TRXs (f, m, y, x, z) are

localized to the chloroplast, of which TRXf, TRXm and TRXy

are present as two, four and two isoforms, respectively [7,21].

CDSP32, six ACHT-type and two WCRKC-type proteins
belong to the chloroplast TRX-like proteins having an atypi-

cal redox-active motif in the active site of the regulatory

protein [7,21]. In addition to the soluble TRXs, chloroplasts

contain thylakoid-bound TRX-like proteins, which control

the redox status of thylakoid and lumenal proteins. Internal

thylakoid protein CcdA mediates redox equivalents from

stromal TRXs to the TRX-like transmembrane protein

HCF164 that has a redox-active site in the lumenal side of

the thylakoid membrane [8]. HCF164 has been suggested to

regulate the redox status of lumenal proteins [8,10]. Suppres-

sor of quenching (SOQ1) and lumen thiol oxidoreductase 1

(LTO1) are other thylakoid TRX-like proteins with a redox-

active motif in the lumenal side of thylakoids [22,23].

Additionally several uncharacterized TRX-like proteins

with unknown function are predicted to be localized to

thylakoid membranes.

The amount of TRXs, like the regulatory proteins in gen-

eral, is low in chloroplasts. The amount of the substrates of

TRXs (e.g. the redox-activated enzymes in the Calvin–

Benson cycle, 2-Cys peroxiredoxins) has been estimated to

be 10–100 times higher than the amount of TRXs in chloro-

plast [24,25]. Belin et al. [21] have analysed the relative

expression level of the genes encoding TRXs and TRs in

different Arabidopsis organs. Among the chloroplast TRX

genes the expression of TRXm1, 2, 4 isoforms, CDSP32 and

TRXf1 isoform was highest in photosynthetic tissues, fol-

lowed by TRXx and TRXy2. The expression of the other

chloroplast TRX genes was modest or low in photosynthetic

tissues, or occurred at a specific developmental stage like

ACHT4 in senescing leaves [21]. The expression level of

the genes encoding the TR was 2–4 times lower than the

level of highly-expressed chloroplast TRXs, FTR being

more expressed than NTRC [21]. The transcript levels of

TRXs correlates with the content of proteins in leaf tissues,

TRXm1, 2, 4 isoforms being the most abundant followed by

CDSP32 [24,25]. The amount of TRXf1 protein has been

reported to be slightly lower [24,25] or higher [16] than

TRXm isoforms. NTRC protein almost equals the content of

abundant chloroplast TRXs in photosynthetic cells [25],

whereas to our knowledge the abundance of FTR protein

has not been reported.
3. Thioredoxin networks in chloroplast
Purified and recombinant TRX and TR proteins, TRX-affinity

chromatography, the yeast-2-hybrid test (Y2H), bimolecular

fluorescence complementation (BiFC) assays together with

knockout mutants and overexpression lines have been used

to investigate which TR mediates the reducing power of

chloroplast TRXs. Originally Buchanan et al. reported the

reduction of TRXf and -m isoforms by the light-activated

FTR system (see the history of the chloroplast TRX system

in [5]) and this discovery has been confirmed by several

in vitro and in vivo tests [17,26,27]. FTR can also reduce

TRXy and x isoforms in vitro [26], whereas contradictory

observations have been published about the reductant for

TRXz. Bohrer et al. [26] reported the inability of FTR and

NTRC to reduce TRXz but that the reduced TRXf, m, x and

y isoforms were able to activate TRXz. In contrast, Yoshida

& Hisabori [27] reported that NTRC is a primary reductant

of TRXz in vitro, while BiFC tests failed to show interactions

between NTRC and TRXz [17].
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Upon the discovery of NTRC [6] it was presumed that

NTRC forms an independent TRX system functionally separ-

ated from the FTR system. Recently, however, we reported

that transgenic Arabidopsis lines overexpressing a mutated

NTRC with either an inactivated NTR or TRX domain in

ntrc mutant background, showed partial recovery of the

ntrc phenotype, suggesting interaction between the NTRC

and FTR systems [28]. Subsequent BiFC assays indeed

showed that NTRC can interact with several soluble TRXs

(f1, m1 and m3, y1 and x) in vivo in the chloroplast [17]. Fur-

thermore, the content of reduced TRXf form was significantly

higher under all studied light intensities in transgenic lines

overexpressing wild-type NTRC (OE-NTRC) and under low

light in transgenic lines with an inactive TRX domain of

NTRC [17], indicating that NTRC is capable of transferring

reducing equivalents to TRXf in vivo. Our observation contra-

dicts in vitro assays of electron donation between NTRC and

TRXs [26,27]. The midpoint redox potential (Em,7.0) of NTRC

was reported to be too high (2274 mV) [27] for it to reduce

TRXf, m, x and y isoforms (Em,7.0 between 2290 and

2320 mV in [13]). Nevertheless, it has been undeniably

shown that NTRC is a primary reductant for chloroplast

2-Cys peroxiredoxins (2-Cys-PRX) [12,29], although a low

midpoint redox potential of 2315 mV has been measured

for 2-Cys-PRXs [30,31].

All the techniques used to investigate the interactions

between the components of TRX systems are prone to false

interpretation. In vitro conditions do not always correspond

to in vivo circumstances. Purified TRXs and NTRC have a ten-

dency to form oligomeric aggregates [32–34] that may affect

the content of functional protein in in vitro assays. In BiFC

assays, the tested proteins are overexpressed, which may

facilitate the interactions and result in false positives. Never-

theless, the recently reported double mutants of the TRX

systems support the idea that FTR and NTRC systems form

a functional overlapping redox network that allows the chlor-

oplast metabolism to flexibly respond to environmental

changes in the growth habitat. The TRXf isoforms have

been regarded as primary activators of redox-regulated

enzymes in the Calvin–Benson cycle, but knockout of both

genes encoding the two isoforms did not compromise the

growth of Arabidopsis, and activation of the enzymes of the

Calvin–Benson cycle in the light was only slightly impaired

[16,35]. Knockout of NTRC, however, significantly compro-

mised the development, photosynthetic activity and growth

of Arabidopsis leaves [12,36], but the phenotype of the ntrc
trxf1 double mutant was even more drastically affected [15],

suggesting that NTRC and TRXf are involved in the regu-

lation of the same chloroplast reactions. They either

function independently in parallel or sequentially by

reduction of TRXf by both FTR and NTRC [17] (figure 1).

Much less is known about the reduction of chloroplast

TRX-like proteins. ACHT1 protein was shown to be reduced

in the light but the electron donor was not identified [37].

TRXm has been demonstrated to donate electrons to thyla-

koid HCF164 protein via reduction of CcdA [8].

Reduction of ferredoxin and NADPþ in light reactions

links the TRX systems to the regulation of chloroplast

processes in the dark–light transition. However, what is

less well-characterized is how the reduced state of TRXs

and their target proteins is maintained under continuous

and fluctuating light. Molecular oxygen has been shown to

oxidize the redox-regulated enzymes [13], and because of
the evolution of oxygen by light reactions, a continuous

supply of reducing equivalents from the TRX systems is

needed to maintain the activation state of enzymes in illumi-

nated chloroplasts. However, in addition to the reducing step

of redox regulation, also the oxidation cycle of TRX systems

may be strictly controlled under fluctuating light [2]. Danon

and his colleagues [37,38] have described an oxidizing loop

for a TRX system employing chloroplast 2-Cys-PRXs that

controls starch synthesis under fluctuating light and in

light–dark transition. 2-Cys-PRXs are abundant chloroplast

proteins that are oxidized by a reaction with hydrogen per-

oxide [30]. Oxidized 2-Cys-PRXs are primarily reactivated by

NTRC [12,17], but they can also take electrons from TRX-like

proteins, ACHT1 and ACHT4 [37,38]. Oxidized ACHT4, in

turn inactivated ADP-glucose pyrophosphorylase (AGPase),

a redox-regulated enzyme in starch synthesis, thus slowing

down starch synthesis in the light–dark transition and under

fluctuating light [38]. We have shown that the high accumu-

lation of oxidized 2-Cys-PRXs in Arabidopsis leaves lacking

functional NTRC correlates with the oxidation of redox-

regulated Calvin–Benson enzymes [17], suggesting that

oxidized 2-Cys-PRXs may act as a general oxidizing loop for

redox-regulated enzymes in the chloroplast [39] (figure 1).
4. Thioredoxin-dependent regulation of
photosynthesis

Potential target proteins regulated by TRXs cover all the

essential processes in chloroplasts, including biogenesis of

plastids, gene expression, translation, photosynthesis, anti-

oxidant and stress reactions and biosynthetic metabolism

[2–4,13,40], underlining a vital role of TRXs in plant chloro-

plasts. In this review we shall focus on the TRX-dependent

regulation of photosynthetic light reactions and carbon

fixation, and evaluate the prospects for improving photo-

synthetic productivity by modification of chloroplast

TRX systems.

TRXs regulate a number of proteins directly or indirectly

linked to photosynthetic reactions, including the biogenesis

of chloroplasts through activation of the redox-controlled

enzymes in the tetrapyrrole pathway that synthethizes chlor-

ophyll and haem [41]. Additionally, the redox-active Cys

residues in the g-subunit of ATP synthase are rapidly reduced

in the light and oxidized in darkness, so forming an on/off

regulatory loop for ATP production in chloroplasts [42]. Pre-

viously the FTR system had been regarded as the primary

reductant of the g-subunit upon illumination [13], but

recent results have provided both biochemical and biophysi-

cal evidence that also identifies NTRC as a key regulator of

the ATP synthase, with a non-redundant role in reducing

the g-subunit under low irradiance [17,43,44]. Thiol regu-

lation of the other primary components in light reactions

has not been reported but the mechanisms controlling

light harvesting and distribution of light energy in thyla-

koid photosystems are prone to redox regulation by TRXs.

STN7 kinase is inactivated by TRX that switches off

state transition in plants transferred to high light conditions

[45,46] and NPQ is stimulated in the soq1 knockout mutant

that lacks a thylakoid-bound TRX-like protein [23]. The

latter finding is supported by the observation that dithiothrei-

tol treatment decreased NPQ yield in Arabidopsis leaves [44].
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and oxidizing signals by red arrows. For details, see §3.
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Thioredoxins have also been reported to regulate PGR5/

PGRL1-dependent cyclic electron flow [47,48].

In chloroplast carbon metabolism, light-induced activation

of the enzymes in the Calvin–Benson cycle is the best-charac-

terized action of chloroplast TRXs. The TRX system activates

the following Calvin–Benson cycle enzymes in the dark–light

transition by reduction of redox-active Cys residues (see [5]):

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), fruc-

tose-bisphosphatase (FBPase), sedoheptulose-bisphosphatase

(SBPase) and phosphoribulokinase (PRK). Rubisco is also

indirectly regulated by thioredoxin via activation of Rubisco

activase. Also the key enzymes in the pathways closely

linked to photosynthesis (AGPase in starch synthesis and

NADP-malate dehydrogenase (NADP-MDH) in the malate

oxaloacetate shuttle) are regulated by TRXs.

The specificity of TRX isoforms in the regulation of

carbon fixation has recently been widely debated. The

double (trxf1 trxf2) [16,35] and triple (trxm1 trxm2 trxm4)

[49] knockout mutants support the original in vitro obser-

vations that TRXf and m isoforms are involved in the

regulation of photosynthetic enzymes. Furthermore, NTRC

is shown to interact with the PRK and FBPase in BiFC tests

and the activation levels of these enzymes were higher in illu-

minated Arabidopsis leaves overexpressing the NTRC gene

[17], whereas the light-dependent redox-activation of

FBPase was more impaired in a ntrc trxf1 double mutant

than in a single ntrc or trxf1 mutant [15]. These observations

suggest that either NTRC directly regulates the enzymes in

the Calvin–Benson cycle or that NTRC is involved in the acti-

vation of TRXf which in turn controls the activity of these

enzymes. However, the conclusions drawn from the knock-

out mutants of TRXs should be viewed with caution,

because apart from a direct effect of a missing TRX on the

enzymes, the overall redox state of the chloroplast may

be altered in the mutants. Especially if the mutation modi-

fies the oxidation loop in the reversible redox-regulation
cycle of TRX targets (figure 1), the amount of redox-

activated enzymes may be lower in mutants than in wild-type

plants. Knockout of NTRC [29] and TRXm1, 2 and 4 iso-

forms [50] increases production of ROS. Elevated oxidative

stress induces the accumulation of oxidized components,

including 2-Cys-PRXs in the chloroplast [17,29] that in turn

may remodify the redox state of chloroplast enzymes

in vivo as described in [38] (figure 1). In this case the

lower level of activated enzymes is not directly due to the

loss of a knockout TRX but to the elevated amount of

oxidant(s) in chloroplast.
5. Improving photosynthesis by modification of
the chloroplast thioredoxin network

Among the chloroplast TRXs, TRXf and NTRC have been

specifically linked to the activation of photosynthesis and bio-

synthetic pathways in the chloroplast by several publications

reviewed in §3 (figure 1). They control ATP synthase and the

redox-activated enzymes in the tetrapyrrole pathway produ-

cing haem and chlorophylls, the shikimate pathways

synthesizing aromatic amino acids, the Calvin–Benson cycle

and starch synthesis (reviewed in [2,3]). NTRC also functions

as an antioxidant in the chloroplast by primarily activating

the hydrogen peroxide scavengers 2-Cys PRXs. TRXf and the

TRX domain of NTRC have very similar electrostatic surface

charges, suggesting that they can have overlapping targets

in chloroplasts [28]. Thus it is presumable that boosting the

activity of these TRXs may promote biosynthetic activities in

chloroplasts and enhance plant growth. Indeed, the over-

expression of TRXf in tobacco (OE-TRXf) [51] and NTRC in

Arabidopsis (OE-NTRC) [17,28] stimulated the biomass pro-

duction of plants and increased leaf size (OE-NTRC) or

specific leaf mass (OE-TRXf). It is remarkable that the over-

expression of TRXm did not stimulate growth of tobacco [51].
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The overexpressed protein content was 10- to 20-fold

(OE-NTRC) and 20- to 200-fold higher (OE-TRXf) than in

wild-type leaves, which roughly equals the concentration of

TRX targets in the chloroplast [24]. Overexpression of TRXf

did not increase the steady-state photosynthesis of tobacco

but the accumulation of starch and sugars (glucose, fructose,

sucrose) in the leaves had risen significantly [51]. In contrast,

overexpression of NTRC increased photosynthetic activity in

Arabidopsis [17]. The quantum yield of PSI was increased

under light intensities lower than growth light and NPQ

decreased under high light, suggesting that OE-NTRC plants

can efficiently use absorbed light energy in the chloroplast.

Steady-state CO2 fixation was about 20% higher than in

wild-type and the changes in the photosynthetic parameters

correlated with the higher accumulation of reduced forms of

redox-controlled enzymes. Accumulation of fully-oxidized

2-Cys PRXs was eliminated both in darkness and light,

suggesting that also the oxidation loop of redox-regulated

enzymes was modified in OE-NTRC plants. Overexpression

of NTRC did not cause any visible reduction of growth

under optimal growth conditions, but seed production was

about 20% lower than in wild-type (Lauri Nikkanen 2016,

unpublished), suggesting that high NTRC content favours

vegetative growth.

OE-NTRC and OE-TRXf plants have a crucial difference

that may affect the phenotype of the plants. NTRC represents

a fully active TRX system including both the reductase

activity and TRX activity in a single protein. Thus the activity

of NTRC in overexpression plants depends only on the avail-

ability of NADPH in the chloroplasts. We have shown that

overexpression of NTRC also increases the amount of

reduced TRXf in vivo and this reduction depends on the

reductase domain of NTRC [17]. Thus, boosting the NTRC

system also stimulates the regulation of TRXf targets, which

may partly explain the overall positive effect of OE-NTRC

on photosynthesis. However, high NTRC content also

decreased the accumulation of oxidized 2-Cys PRXs under

all light conditions [17]. If, as suggested by Eliyahu et al.
[38], oxidized 2-Cys PRXs are involved in the transient modi-

fication of redox-regulated proteins, the extra amount of

NTRC may alter the responses of photosynthesis to fluctuat-

ing light conditions. In OE-TRXf tobacco plants, only the

amount of TRXf was raised, while the leaves still had

endogenous content of TRs. The amount of active TRXf in
tobacco leaves overexpressing TRXf was not estimated [51]

but the low endogenous amount of TR may limit the effec-

tive utilization of extra TRXf in chloroplasts. We have

constructed a chimeric NTRC, in which the TRX domain

of NTRC has been replaced by the TRXf sequence (Jouni

Toivola 2016, unpublished). NTRC-TRXf would be reduced

by NADPH in vivo, like NTRC, and thus the overexpres-

sion of this chimeric NTRC-TRXf may elevate the active

TRXf content in chloroplasts over that found in OE-TRXf

tobacco plants. We have transferred the NTRC-TRXf con-

struct to Arabidopsis and the screening of transgenic lines

are ongoing.
6. Future prospects
The present experimental data emphasize that elevated

activity of specific chloroplast TRXs (NTRC, TRXf) promotes

vegetative growth and sugar production in plants under

optimal greenhouse conditions. The growth stimulation is

linked to photosynthesis with improved capacity to use

light energy (OE-NTRC) and increased production of

starch and soluble sugars in leaves (OE-TRXf). These modi-

fications of photosynthetic activity and sugar production

may improve the potential of plants for production of bio-

fuels or other sugar-based valuable compounds. Further

studies are needed to evaluate whether the increased activity

of NTRC and/or TRXf promotes the growth of other plant

species and whether this modification does or does not com-

promise the growth under stress conditions, including

fluctuating light. The other chloroplast TRXs, especially

TRXm, TRXy, TRXx, and CDP32 have been shown to regu-

late chloroplast proteins under stress conditions [11,52–54].

It remains to be elucidated whether the elevated activity of

these TRXs will improve plant tolerance to stresses.
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2014 Evolutionary development of redox regulation
in chloroplasts. Antioxid. Redox Signal. 21,
1327 – 1355. (doi:10.1089/ars.2013.5817)

2. Nikkanen L, Rintamaki E. 2014 Thioredoxin-
dependent regulatory networks in chloroplasts
under fluctuating light conditions. Phil. Trans. R.
Soc. B 369, 20130224. (doi:10.1098/rstb.2013.0224)

3. Geigenberger P, Fernie AR. 2014 Metabolic control
of redox and redox control of metabolism in plants.
Antioxid. Redox Signal. 21, 1389 – 1421. (doi:10.
1089/ars.2014.6018)

4. Rouhier N, Cerveau D, Couturier J, Reichheld JP, Rey
P. 2015 Involvement of thiol-based mechanisms in
plant development. Biochim. Biophys. Acta 1850,
1479 – 1496. (doi:10.1016/j.bbagen.2015.01.023)

5. Buchanan BB. 2016 The path to thioredoxin and
redox regulation in chloroplasts. Annu. Rev. Plant
Biol. 67, 1 – 24. (doi:10.1146/annurev-arplant-
043015-111949)
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