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The special issue on Thioredoxin and Glutaredoxin systems (http://www.mdpi.com/journal/
antioxidants/special_issues/Thioredoxin_and_Glutaredoxin_Systems) was initiated in response to
solicitations from Antioxidants after discussing with colleagues at two successive redox meetings
sponsored by European Molecular Biology Organization (EMBO) and held in July 2017 in Moscow /St.
Petersburg (http:/ /redox.vub.ac.be/events/embo-redox-biology-conference.html) and in September
of the same year in San Feliu de Guixols (Spain) (http://meetings.embo.org/event/17-thiol-ox).
We could then submit the idea to long time collaborators and redox friends but also to other colleagues
with whom we had the chance to get in touch with at these meetings. In general, although Antioxidants
is a rather recent creation and its credentials were at the time not so well known, the idea of participating
in a special issue was very well received and many of the contacted colleagues have answered positively.
Of course, as our background is in plant sciences, this special issue mostly contains papers dealing with
oxygenic phototrophs but other experimental model organisms are also addressed (bacteria, mammals,
zebrafish, etc.). Overall the special issue contains 16 papers, 12 of those reporting experimental
research data, and 4 others being more review-like although some of them also contain original
bioinformatics data.

The two volume editors (J.PJ. and M.Z.) wish to testify that the reviewing process has been done
in a very professional way by Antioxidants. We have been phased out of the few papers that presented
a conflict of interest, but asked to give a final approval for those. All papers were reviewed by at least
two international experts, very often three and more rarely four. Occasionally the participants were
asked to cross review papers of the special issue but on average this happened quite rarely. This very
thorough evaluation system has helped improve the quality of several of the papers by pointing out
some weaknesses that were fixed in a second or third round of evaluation.

Thus overall, we are very pleased with the outcome of this editorial effort and we wish here to
give a brief summary of its content and most exciting features.

The first article is a review by Sophie Vriz and colleagues [1]. It deals with Reactive Oxygen Species
(ROS) signaling, the very dynamic variation of those species and the morphogenetic, embryogenesis,
regeneration, and stem cell differentiation consequences of these molecules. Of course the interaction
with reducing molecules as those of the thioredoxin (TRX) and glutaredoxin (GRX) systems can
modulate the oxidant signaling. As Vriz and colleagues have extensive experience with zebrafish this
experimental model is especially well treated (most other papers deal essentially with bacteria and
plants). The two next papers by the laboratories of Pascal Rey and Bertrand Friguet describe properties
of methionine sulfoxide reductases (MSRs, enzymes that are able to reduce methionine sulfoxide back
to methionine. In the context of increased generation of oxidant molecules, damages can occur on
macromolecules including lipids and proteins and thus the function of MSRs is very important in the
cell. More precisely Rey and Tarrago [2] describe the relative properties of MSRA and MSRB in plants
and the interplay of MSRs with Ca?*- and phosphorylation-dependent cascades, thus transmitting
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ROS-related information in transduction pathways. Lourengo dos Santos, Petropoulos and Friguet [3]
discuss the properties of MSRs essentially in bacteria but also detail the generation of cysteine sulfenate
(-SOH) leading to the buildup of disulfide bonds that can be reduced back to dithiols via the TRX and
GRX systems.

The next paper by Dreyer and Dietz [4] discusses the regulatory network of the cell leading to
cold stress adaptation and provides short-term transcriptome and metabolome analyses that help
understand the physiological responses of plants to cold adaptation. Undeniably, in agronomy
the resistance of plants to cold is essential for maintaining a high yield required for animal and
human nutrition.

The next paper in the series is a contribution by Monica Balsera and colleagues [5]. Buey,
Schmitz, Buchanan and Balsera report the structure of an nicotinamide adenine dinucleotide phosphate
reduced (NADPH) TRX reductase (NTR) from an archaeon producing methane, Methanosarcina mazei.
Interestingly, the protein crystallizes in the apo form lacking flavin adenine dinucleotide (FAD). The apo
NTR displays the same dimeric head to tail organization than previously characterized NTRs despite
lacking the flavin coenzyme. They discuss the significance of this weaker FAD binding compared to
NTR from other organisms including bacteria, animals and plants.

The next six papers discuss structural and physiological properties of TRXs and GRXs in plants
and bacteria. The first of these by the Frendo group [6] discusses the interactions between Medicago
truncatula—Sinorhizobium meliloti which are extremely important in nitrogen fixation for leguminous
plants. The symbiotic interaction leads to the formation of a new organ, the root nodule, where
a coordinated differentiation of plant cells and bacteria occurs. The crucial role of glutathione in
redox balance and sulfur metabolism is presented. They also highlight the specific role of some
TRX and GRX systems in bacterial differentiation. Transcriptomics data concerning gene encoding
components and targets of TRX and GRX systems in connection with the developmental step of
the nodule are considered in this contribution. The paper by Mariam Sahrawy and colleagues [7]
follows an interesting approach that has not been used thus far: determining by proteomics the relative
abundance of a large panel of proteins in plants lacking either TRX f or TRX m. Their results revealed a
quantitative alteration of 86 proteins and demonstrate that the lack of both the f- and m-type TRXs have
diverse effects on the proteome. Most of the differentially expressed proteins fell into the categories of
metabolic processes, the Calvin-Benson cycle, photosynthesis, response to stress, hormone signaling,
and protein turnover. Photosynthesis, the Calvin-Benson cycle and carbon metabolism are the most
affected processes. Notably, a significant set of proteins related to the answer to stress situations
and hormone signaling were affected. Overall, this suggests that the TRX systems may regulate
transcription and translation in plants.

The paper by Stéphane Lemaire et al. [8] reports the crystal structure of TRX f2 from
Chlamydomonas reinhardtii. The systematic comparison of its atomic features to other f-type TRXs reveals
a specific conserved electropositive crown around the active site, complementary to the electronegative
surface of their targets. They postulate that this surface provides specificity to the various type of TRX.
The following article of the Javier Florencio group [9] provides information about TRX C, an atypical
TRX present exclusively in cyanobacteria. TRX C has a modified active site (WCGLC) instead of
the canonical (WCGPC) present in most TRXs and is not active in the classical TRX in vitro tests.
Nevertheless, the AtrxC mutant, although growing at similar rates to WT in all conditions tested,
showed an increased carotenoid content especially under low carbon conditions. Their data suggest
that TRX C might have a role in regulating photosynthetic adaptation to low carbon and/or high light
conditions. Marchand et al. [10] provide a refined 3D structure of C. reinhardtii TRX hl in the reduced
and oxidized form as well as the one of cysteine mutants. This paper also features data concerning the
pKa values of both catalytic cysteines by means of iodoacetamide-based mass spectrometry analysis.
The next contribution by the Nicolas Rouhier group [11] describes physico-chemical and catalytic
properties of the poorly characterized mitochondrial TRX o. Very interestingly, they show for the first
time that this isoform can in vitro bind iron sulfur centers (ISCs) of the [4Fe-4S] type likely ligated by
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the classical catalytic cysteines present in the conserved WCGPC signature. This situation is somewhat
similar to those of various GRXs which also bind ISCs in a homodimer although the nature of the
center is different. Remarkably, their results suggest that a novel regulation mechanism may prevail for
mitochondrial o-type TRXs, possibly existing as a redox-inactive Fe-S cluster-bound form that could
be rapidly converted in a redox-active form upon cluster degradation under specific physiological
conditions. NFU proteins could be target of the catalytically active form. It remains to be seen whether
the ISC-replete form could be involved in ISC transfer/assembly as suggested for GRXs in many
species and sub-compartments.

In the next four papers, we now turn our attention to target enzymes of the TRX systems in
plants. Yoshida and Hisabori [12] investigate the rate limiting step of enzyme light activation in
chloroplasts. They found that the catalytic subunit of ferredoxin:TRX reductase (FTR) and f-type TRX
are rapidly reduced after the drive of reducing power transfer, irrespective of the presence or absence
of their downstream target proteins. By contrast, three target proteins, fructose 1,6-bisphosphatase
(FBPase), sedoheptulose 1,7-bisphosphatase (SBPase), and RuBisCO activase (RCA) showed different
reduction patterns; in particular, SBPase was reduced at a low rate. The in vivo study using Arabidopsis
plants showed that the TRX family is commonly and rapidly reduced upon high light irradiation,
whereas FBPase, SBPase, and RCA are differentially and slowly reduced. Among the GRX targets is
cytosolic isocitrate dehydrogenase (cICDH), the activity of which is controlled by S-nitrosylation upon
nitrosoglutathione (GSNO) treatment as shown by Reichheld and colleagues [13]. In particular, they
have shown that GRXs are able to rescue the GSNO-dependent inhibition of cICDH activity, suggesting
that they can act as a denitrosylation system in vitro. They observe that the GRX system, contrary
to the TRX system, is able to remove S-nitrosothiol adducts from cICDH and they have specified on
which specific cysteine this is occurring. The report by Vanacker et al. (Emmanuelle Issakidis lead
author) investigates the redox regulation of monodehydroascorbate reductase (MDHAR) [14]. They
found that the activity of leaf extracted or the recombinant plastidial Arabidopsis thaliana MDHAR
isoform 6 was specifically and strongly increased by reduced TRX y, and not by other plastidial TRXSs.
In addition, TRX y mutant plants showed reduced stress tolerance in comparison with wild-type (WT)
plants that correlated with an increase in their global protein oxidation levels. The last of the papers
dealing with redox regulated enzymes provides results concerning chlorophyll biosynthesis. It is well
known that chlorophyll synthesis requires light and one key regulatory enzyme is aminolevulinate
dehydratase (ALAD). Berhanrd Grimm and colleagues [15] show that this enzyme interacts with TRX f,
TRX m and NTRC in chloroplasts. The reduced and oxidized forms of ALAD differed in their catalytic
activity and they conclude that (i) deficiency of the reducing power mainly affected the in planta
stability of ALAD; and (ii) the reduced form of ALAD displayed increased enzymatic activity.

The last paper of this special issue is by Nicolas Navrot et al. [16]. This contribution of the
Svensson lab has investigated the biotechnological potential of the NTR/TRX system (NTS), and
especially of NTR, as a useful tool in baking for weakening strong doughs, or in flat product baking.
They have shown that the barley NTS is capable of remodeling the gluten network and weakening
bread dough.

In conclusion, we believe that this special issue had indeed provided new information about
a number of proteins involved in the redox regulatory networks, either oxidants, reductants, TRXs,
or targets. Of course, we would have liked to cover additional topics, in particular the field of
peroxiredoxins and glutathione peroxidases was not addressed at all. Likewise, two recent papers
reported on the interesting diversity of protein disulfide isomerases in plants [17] and this will certainly
require a more thorough investigation in the future. Many other examples could be provided for
sure, so there are many opportunities for producing future special issues as highlighted by the recent
paper uncovering the importance of Cys-based redox mechanisms in plant development, growth and
adaptation to stress [18].

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Reactive oxygen species (ROS), which were originally classified as exclusively deleterious
compounds, have gained increasing interest in the recent years given their action as bona fide
signalling molecules. The main target of ROS action is the reversible oxidation of cysteines,
leading to the formation of disulfide bonds, which modulate protein conformation and activity.
ROS, endowed with signalling properties, are mainly produced by NADPH oxidases (NOXs) at the
plasma membrane, but their action also involves a complex machinery of multiple redox-sensitive
protein families that differ in their subcellular localization and their activity. Given that the levels and
distribution of ROS are highly dynamic, in part due to their limited stability, the development
of various fluorescent ROS sensors, some of which are quantitative (ratiometric), represents a
clear breakthrough in the field and have been adapted to both ex vivo and in vivo applications.
The physiological implication of ROS signalling will be presented mainly in the frame of
morphogenetic processes, embryogenesis, regeneration, and stem cell differentiation. Gain and
loss of function, as well as pharmacological strategies, have demonstrated the wide but specific
requirement of ROS signalling at multiple stages of these processes and its intricate relationship with
other well-known signalling pathways.

Keywords: H,O,; redox signalling; development; regeneration; adult stem cells; metazoan

1. Introduction

For a long time, reactive oxygen species (ROS), including hydrogen peroxide (H,O,), were
considered deleterious molecules. Emphasis was given to their role in neutrophils where they are
produced to contribute to anti-microbial defence [1], and extensive studies have been performed
on ROS over-production due to mitochondrial dysfunction in neurological disorders or cancer
progression [2—4]. Consistent with these detrimental functions, attention has been almost exclusively
focused on their toxicity, and many studies strengthened this aspect of redox biology. However,
pioneer works highlighted a new role of ROS in signalling, which led to the emergence of the redox
signalling field [5,6]; recent reviews in [7,8]. Redox signalling soon also proved to be important
during animal development for review [9,10]. In 2017, Helmut Sies, a pioneer in redox biology,
reviewed the topic and developed the concept of oxidative eustress (physiological redox signalling)
and oxidative distress (pathophysiological disrupted redox signalling), bringing the two faces of ROS
back together [11]. As recently noted [12], a new reading of the past literature might shed a new light
on the tenets of redox signalling. Relevant issues are the nature of the ROS invoked, the accurate
localization of its site of production, and its concentration, spreading and dynamics in the context of a
defined physiological process. The present review focuses on HyOj, a central ROS in redox signalling
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during development and regeneration in metazoans, and its interplay with the redox machinery.
We will not address the role of other reactive species, and readers are referred to excellent reviews on
Reactive Nitrogen Species (RNS) or oxidized lipids recently published [13,14].

H,0O, is the major ROS produced by cells that acts in signalling pathways as a second
messenger [11,15-17]. HyO is a by-product of many oxidative reactions, such as oxidative protein
folding in the endoplasmic reticulum (ER) and peroxisomal enzyme activities. For signalling purposes,
the main sources of H,O; are the mitochondrial respiratory chain and NADPH oxidases (NOXs) [18].
NOXs are trans-membrane proteins that use cytosolic NADPH as an electron donor. NOXs belong
to multi-component complexes that generate either O~ (NOX 1, 2, 3 and 5) or H,O, (NOX 4,
DUOX 1 and 2) upon appropriate stimulation (by growth factors, cytokines ... ) [19,20]. Even when
the primary product of NOX activity is O, 7, it is largely and immediately transformed into HO, by a
superoxide dismutase (SOD) enzyme physically associated with NOX, or it dismutates spontaneously
at low pH levels. Several NOXs are located at the plasma membrane, which is a hub for cell signalling.
In this case, H>O; is delivered in the extracellular space, a somehow puzzling situation considering
that most known H,O, targets localize in the cell interior. It was first thought that HyO, could pass
from the extracellular to the intracellular milieu by passive diffusion through the plasma membrane,
but it was later shown that H,O, has poor lipid membrane diffusion capacities and crosses into cells
via aquaporin channels [21-23]. This facilitated transport of H,O, across the plasma membrane is itself
subject to redox regulation [24], and further investigations are needed to better understand the role of
aquaporins in redox signalling. The unique and specific enzyme for H,O, degradation into H,O is
the ubiquitously expressed protein catalase. It mainly localizes in the peroxisome where it is devoted
to the reduction of excess HyO, produced there. However, it can also be secreted by an unknown
mechanism and associate with the plasma membrane [25-27] or spread in the extracellular milieu [28].

The main physiological target of HyO, action is the reversible oxidation of cysteine residues in
proteins. Modification only occurs on the thiolate anion form (S7). However, at physiological pH,
most cysteines are protonated and thus react weakly with H,O,. However, the pK, of cysteine greatly
depends on its protein environment and can reach several units below ~8.5, the approximate value
of cysteine alone [29], making these residues ionized and reactive. HO, oxidizes the thiolate anion
to produce sulfenic acid, which is highly reactive and readily forms a disulfide bond in contact with
accessible -SH group. Reciprocally, in reducing conditions, disulfide bonds can be easily cleaved
to restore the thiol functions. As oxidative condition increases, sulfenic acid will further oxidize to
sulfinic and ultimately sulfonic derivatives. These two reactions are generally irreversible deleterious
modifications; however, exceptions were reported for sulfinic derivatives (see below). Redox signalling
depends both on the local concentration of HyO, and the state (protonated or deprotonated) of
the cysteine. Although some cysteines can be directly oxidized by H,O, most of them require prior
activation to be deprotonated, involving additional redox-sensitive relays. The best candidates for
this relay function appear to be proteins first identified as antioxidant safe-guarders [30-36] reviews
in [37-41], and they will be discussed below. It is now clear that the role of H,O, signalling in oxidative
eustress has to integrate the entire redox machine.

2. The Redox Machine

The central redox machine contains at least six main protein families: thioredoxin reductases
(TrxRs), thioredoxins (Trxs), peroxiredoxins (Prxs), glutathione reductases (GRs), glutaredoxins
(Grxs) and glutathione peroxidases (Gpxs) (Figure 1) [for general reviews, see [42-45]. Moreover,
as schematized in Figure 1, the activities of all enzymes in the redox machine are interconnected
(some additional branches between cycles have been omitted), and the final outcome of thiol-oxidation
reactions depends on many parameters, making computational modelling useful but hampering
genetic approaches.
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Figure 1. The redox machinery. Interconnection of redox couples from H,O, to thiol targets are
represented. H,O, is a by-product of oxidative reactions. Major sources include mitochondrial
respiratory chain and NOXs for review [18]. PPP: Pentose Phosphate Pathway.

As mentioned in the introduction, the central redox machine has pleiotropic functions. In addition
to detoxification of harmful amounts of ROS, they also act as sensors of oxidant concentrations and can
even acquire new functions, such as chaperones activity for some Prxs [46] for a review. This sensor
and/or transducer functions are very important given that the vast majority of redox-sensitive proteins
are poorly sensitive to direct oxidation by H,O, (a possible exception, PTP1B, is discussed in [39]).
Prxs have attracted considerable attention as potent mediators redox signals, as first established in
yeast [31,47-50], and some years after in mammals. Ledgerwood and colleagues demonstrated that
Prx1 participates in the propagation of peroxide signals via disulfide exchange with the target kinase
ASK1 [51], and the group of Tobias Dick showed that Prx2 forms a redox relay for H,O, signalling
together with the transcription factor STAT3 [36]. Very recently, the same group demonstrated that the
relay activity of cytosolic Prxs (1 and 2) is not dependent on Trx1 or TrxR1 but is based on transient
disulfide conjugates with protein targets and occurs mainly in conditions of fast response to small
variations in H,O, [52].

3. Seeing Is Believing

A critical step to model redox signalling is to determine the spatiotemporal localization and
amount of the different protagonists. Several synthetic dyes were actively used to measure ROS and
RNS [53-55]. However, these dyes are often poorly specific, do not penetrate in tissue, or are unstable.
Moreover, their reaction with ROS/RNS is irreversible. In the last decade, a major effort was devoted
to develop genetically encoded fluorescent biosensors for the redox machine elements.

3.1. HyO, Sensors

For all ROS, ex vivo and in vivo measurements of H,O, concentration are challenging due to
its short half-life, fast-spreading and high reactivity. The development of a genetically encoded
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fluorescent biosensor specific for HyO, revolutionized the field. It provides access to the dynamics of
H,0; concentration in living systems and its modulation by genetic or chemical approaches. This goal
was first achieved by Vsevolod Belousov who designed the HyPer probe [56]. The HyPer biosensor
is based on the fusion of a circularly permutated fluorescent protein (cpYFP) with the HyO,-sensing
domain of E. coli OxyR. Two cysteines of OxyR moiety form a disulfide bond in the presence of H,O,
and the resulting conformational change induces a modification of cpYFP spectra, which allows a
ratiometric measurement of H,O; levels. Advantages of this probe are its high sensitivity (nanomolar),
its reversibility and its fast reaction rate constant. Moreover, ratiometric measurement is independent
of the expression level. The main drawback of this sensor is its sensitivity to pH. To circumvent
this problem, a cysteine-mutated form of HyPer (SypHer), which is still sensitive to pH but no
longer to HyO,, can be used as a control or to measure pH in vivo [57]. Since the initial version, HyPer
probe has evolved, and the HyPer family currently includes members with different spectral and redox
properties [58].

When expressed in Xenopus laevis oocytes, HyPer revealed an oscillating production of H,O,
induced by fertilization. This production of H,O; is of mitochondrial origin, dependent on
calcium waves initiated by fertilization and involved in cell cycle progression at the beginning of
development [59]. HyPer was also expressed by transgenesis in two animal models (nematode
and fish), where it revealed a highly dynamic fluctuation in H,O, levels during embryonic and
post-embryonic development. In Caenorhabditis elegans (where HyPer expression was under the
control of the ubiquitous RPL-21 promoter), H,O, levels were high during larval development (in
the head, notably in the pharynx and neurons), strongly decreased at the transition to the adult stage,
and remained low during most of the reproductive period [60]. A similar pattern was observed in
Danio rerio transgenic animals with high levels of HO, during development and a massive reduction
at 3 days post fertilization (dpf) when most of the developmental programmes have ended. Notably,
in fish and nematode, HyPer revealed a highly dynamic pattern of H,O, levels in the developing
nervous system [61] (Figure 2).

Another type of H,O; sensor was developed from a fusion between roGFP2 (a redox-sensitive
GFP) and Orpl, the yeast HyO, sensor and modulator of redox-sensitive transcription factor Yap1 [34].
Orp1 is sensitive to HyO,; once oxidized, Orp1 promotes the nearby oxidation of roGFP2 (as it does
for Yap1), resulting in a shift of roGFP2 spectral properties. Compared with HyPer, this biosensor is
insensitive to pH but less sensitive to HyO,. This lower affinity for H,O, was overcome by fusion of
roGFP2 to the yeast Prx Tsa2 (Tsa2ACR) [63]. roGFP2-Orp1 has been successfully used to measure H,O,
in developing and adult Drosophila [64]. One of the advantages of genetically encoded sensors is their
ability to be addressed to a cell-specific compartment upon fusion with appropriate targeting sequences.
Differential targeting into either the cytosol or the mitochondria allowed Albrecht et al. to demonstrate
the heterogeneity of HyO; levels depending on the tissue and that HyO, level is not coupled with the
redox state of glutathione during development [64]. Cytosol /mitochondria expression of roGFP2-Orp1
in the germline of Caenorhabditis elegans revealed an increase in HyO, levels in the proximal side of the
germline and a peak within the oocytes and in the zygote [65]. An elegant approach preserving the
redox status of roGFP2-Orp1 during tissue cryo-section allowed H,O, measurements in mammalian
development and adult tissues [66]. This strategy is very promising to acquire redox maps of
non-optically accessible tissue. roGFP2-Orp1 was also targeted to zebrafish cardiomyocytes in different
compartments (nucleus, mitochondria and cytosol) to follow HyO, level variations during cardiac
function and upon pharmaceutical treatments, demonstrating the interest of this HyO, probe to score
oxidant or antioxidant molecules [67].
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Figure 2. H,0, detection during development. Upper panel: Hy,O, detection during C. elegans
development. Adapted from [62] and [60]. Middle panel: H,O, levels and catalase activity during
Danio rerio development. Adapted from [61]. Lower panel: HyPer fish reveal spatio-temporal
dynamic and gradients of HyO, during neural development. hpf: hours post fertilization, mpf:

month post fertilization.

3.2. Glutathione Redox Potential Sensors

Glutathione plays a key role in cellular thiol-disulfide exchange reactions, and the GSH/GSSG
ratio is considered a good indicator of redox balance (Egsp) (Figure 1). A fluorescent sensor for Egsy
was generated by fusion of the roGFP2 with the human glutaredoxin-1 (Grx1). roGFP2 alone exhibits a
slow response to redox changes. Grx1 fusion to roGFP2 resulted in a rapid equilibrium between the
GSH/GSSG couple and the reporting redox couple (roGFP2red and roGFP20x), thus reflecting the
level of Egsy [68]. This sensor was introduced in several species. In Drosophila, it was addressed to
mitochondria and cytosol to compare Egspy with HyO; levels in developing structures and adults [64].
Live imaging of the third-instar larvae revealed high variations in mitochondrial Egsyy amongst
different tissues, whereas the cytosolic Egspy was almost constant [64]. Transgenic C. elegans expressing
a cytosolic form of Grx1-roGFP2 under a ubiquitous promoter was used to analyse Egsy during
development [62]. Egspy decreases globally during development and then remains constant in adult
except in the spermathecae where fertilization occurs [62].
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3.3. NADPH Sensor: iNap

NADPH is a key element in the redox machine as a final electron donor for thiol oxidation by
HyO;. A genetically encoded fluorescent indicator for NADPH (iNap sensor) was developed by
mutagenesis of the ligand binding site of the NADH/NAD+ sensor SoNar to switch the selectivity
from NADH to NADPH [69]. iNap can be used in vivo, and a proof of concept experiment was
performed in a wound healing assay in zebrafish larvae. In combination with a red version of HyPer,
the iNap biosensor revealed the concomitant decrease of NADPH levels after tissue wounding with
an increase in H,O; levels, which is consistent with NADPH consumption by NOXs during wound
healing [69].

All these sensors provide invaluable information on cellular redox status in vivo. However, it is
worth reminding that all HO, sensors consume H,O, to measure its concentration. Thus, there is
room to improve these systems in particular through increased sensitivity. Only one molecule of
H,0; is consumed to modify each molecule of sensor for both HyPer and roGFP2-Orpl. However,
for the later, it also depends on the local redox potential. This is a clear illustration of a common
difficulty: seeing is modifying.

4. Redox Signalling in Animal Development and Regeneration

H,0; is generated in response to many stimuli, including cytokine or growth factors, which
are involved in embryonic development and adult homeostasis. Given redundancy in the redox
machinery components, most single Knock out (KOs) in mice are viable, and embryonic development
generally occurs normally [70]. Metazoan development can be divided into 3 phases: (1) fertilization
and cleavage period, (2) gastrulation, and (3) morphogenesis. At the adult stage, most tissues are
continuously renewed and, in some species, rebuilt after amputation. This section will describe the
state of the art for the role of redox signalling during these processes. Many molecular targets of
redox signalling are now known, as well as the mechanisms by which their redox balance influences
the pathways they belong to, for which excellent recent reviews exist [7-10,71]. The role of RNS and
oxidative stress in pathologies of the nervous system, which are not discussed here, are extensively
reviewed in [72-74]. Finally, it is worth mentioning that some developmental effects of redox signalling
in the brain only become apparent much later (as for instance in the case of critical periods [75],
mental illnesses, such as schizophrenia [76], or autism-like behaviours in mouse [77]). These effects
have only been analysed in the context of their dysregulation, but their normal progress certainly
warrants better examination.

4.1. Embryonic Development

4.1.1. NADPH Oxidase Complexes in Embryonic Development

Given the importance of NOXs in anti-microbial defence, inflammation, disorders including
cancers, and more generally in the maintenance of redox balance, most studies on these enzymes in
metazoans focus on adult expression. Some NOXs exhibit broad distribution among tissues (Nox2
was first believed to be exclusively expressed in neutrophils and macrophages and is currently known
to present the largest distribution). Others are more restricted (Nox3 is predominantly expressed
in the inner ear), but none of them is ubiquitously expressed. Constitutive expression coexists with
induction phenomena (for review see [19,78]. NOX expression also greatly varies during development
(Table 1). The most detailed study was performed by qPCR and in situ hybridization in developing
zebrafish [79]. Unlike the uniform and homogeneous expression of Nox2, Nox1 and Nox5 expression
is high during gastrulation and then decreases to a basal level upon morphogenesis. During this
period of development, Nox1 expression is increased in the brain. The expression of dual oxidase
(Duox), which is a member of the NOX family, is increased during late morphogenesis [79]. In rodents,
Duox expression patterns were described in embryonic thyroid [80] and Nox2 and 4 were looked at
during limb formation [81]. Though useful, these expression data did not provide a clear picture of the
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physiological function of these enzymes. Till the advent of tools enabling to study redox biology in live
organisms (see below), the contribution of H,O, signalling to developmental processes was essentially
analysed in embryonic stem (ES) cells. More than 10 years ago, it was proven that ES cell differentiation
into cardiac lineage was dependent on NOX enzymes [82,83]. More examples of ES cell sensitivity to
redox potential are now known, which can be found in recent reviews on the subject [84,85].

Table 1. Expression of the redox machinery genes during Danio rerio development.

Enzyme Gene Cel.lula.r Gene Expression Reference
Localization
Catalase cat mltochpndrla, brain, digestive system, gill, muscle, sensory system [86]
peroxisome
glrx2 cytoplasm whole organism [87]
Glutaredoxin glrx3 cytoplasm brain, heart, sensory system [86,88]
glrx5 cytoplasm blood island, digestive system, heart, sensory system [89]
gpxla nd digestive system, muscle, sensory system [90,91]
. gpx1b cytoplasm digestive system, sensory system [86,92]
Glutathione
Peroxidase gpx4a nd digestive system, peridermis [90,93]
blastoderm, digestive system, epidermis, epiphysis,
gpx4b nd muscle, pharyngeal arch, pronephric duct, sensory [90,93,94]
system
gpx7 nd notochord, splanchnocranium [86]
gpx8 membrane notochord, pharyngeal arch, sensory system [86]
Glizsﬁ?t;osl::e gsr cytoplasm digestive system, macrophage [86]
nox1 membrane brain, spinal cord, sensory system [79]
EAE{PH nox2/Cybb membrane blood, brain, spinal cord, sensory system [79,86]
xidase
nox5 membrane brain, spinal cord, sensory system [79]
duox membrane brain, digestive sys‘remf epidermis, spma'l cord, [79,95,96]
sensory system, swim bladder, thyroid,
prdx1 cytoplasm brain, neural crest derivatives, vessels [97,98]
) ) prdx2 nd blood, CNS, digestive system, pharyngeal arch, [90]
Peroxiredoxin sensory system
prdx3 nd blood, digestive system, myotome, pharyngeal arch, [90]
sensory system
prdxd nd digestive system, hatching gland, pharyngeal arch, [86,99]
sensory system
prdx5 nd macrophage, pronephric duct, sensory system [86]
prdx6 nd digestive system, rhombomere, sensory system [86]
Superoxide sod1 cytoplasm _ w1'101e organisnil : [86,100]
Dismutase sod2 mitochondria blood, brain, digestive system, gill, kidney, muscle, [90,101]
sensory system
sod3b cytoplasm whole organism [102]
) ) . nd digestive system, Hypophysis, spinal cord, sensory 186,91]
Thioredoxin system, tegmentum
txn2 mitochondria whole organism [86]
Thioredoxin txnrd3 mitochondria blood, CNS, dlggstlve system, muscle, pharyngeal [86,90]
Reductase arch, spinal cord, sensory system

No results have been reported for gpx2, gpx3, gpx9, nox4, sod3a, txnrd2-1, and txnrd2-2. CNS: central

nervous system.

The use of the HyPer probe in a live animal revealed a surprisingly high level of oxidation
during zebrafish development, and HyO, levels proved to be heterogeneous and dynamic in space
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and time [61] (Figure 2). HyO; levels occasionally exhibit a graded distribution with clear functional
outcome. This distribution occurs in the embryonic tectum where the organization of the retinotectal
projections is impaired by Pan NOX inhibition [61]. Nox2 invalidation using the CRISPR/Cas9 strategy
induced the same phenotype [103], confirming Nox2 involvement in axon pathfinding during zebrafish
development. Very recently, the group of E. Amaya proved that Duox activity was necessary for the
development of zebrafish thyroid [104], and that ROS play a role in Xenopus mesoderm formation [59].
A role for Nox enzymes was also evidenced ex vivo for the differentiation of chondrocytes [81] or
endometrial cells [105], the establishment of rat hippocampal neuron polarity in culture [106,107],
the in vitro maturation of rat cerebellar granule neurons [108], and growth cone dynamics in Aplysia
neuron [109-111]. Nox were also shown to be involved in epithelial-to-mesenchymal transition in
normal or tumoral epithelial cell lines [112,113].

4.1.2. Catalase, Superoxide Dismutases and Glutathione Systems in Embryonic Development

Catalase, Sod1 and GPx expression and activities have been analysed during mice development
from 8 days of gestation to adulthood [114]. mRNAs of these 3 proteins increase during somitogenesis.
Then, catalase activity increases after birth, whereas Sodl and GPx activities reach a plateau.
In zebrafish, SOD activity is globally constant throughout morphogenesis until 7 dpf, whereas an
increase in catalase activity is observed from 48 hpf onward when morphogenesis is almost
completed [61], (Figure 2). In Drosophila, catalase protein is minimally detectable during embryogenesis
and enhanced during the third instar larval stage and after the first day of pupal development [115].
It thus appears that low levels of catalase expression during development and high levels in mature
tissues represent a general property that has been verified in mice, Drosophila and zebrafish.

GSH/GSSG balance is a crucial redox parameter during development [for review: [116]. Embryos
from mutant mice invalidated for the enzymes responsible for GSH synthesis fail to gastrulate, do not
form mesoderm, develop distal apoptosis, and die before day 8.5 [117,118]. In zebrafish, the total
amount of glutathione doubles during embryonic development. The redox potential (Egsy) is high in
eggs and late larval stage but very low during morphogenesis [119]. This study defined 4 GSH contexts
during embryonic development: (1) high Egsyy and low GSH in mature oocytes, (2) low Egsy and low
GSH from mid-blastula to 24 hpf, (3) high Egsyy and high GSH during organogenesis (30-48 hpf) and
(4) high Egsy and high GSH in mature larvae.

Grx patterns of expression during development have not been systematically investigated,
but expression of Grx2 and its isoforms in vertebrate tissues at various stages (mostly adults) is
described in [120-123]. Their role during development has been demonstrated in different models.
One of the first hint (though outside metazoan) was that Grx1 affects cell fate decision in the
culmination process in Dictyostelium discoideum [124]. It was subsequently shown that knocking down
(KD) cytosolic Grx2 in zebrafish embryo impaired the development of the central nervous system.
Grx2 is indeed essential for neuronal differentiation, survival and axon growth [87]. In mammals,
Grx2 controls axon growth via a dithiol-disulfide switch affecting the conformation of CRMP2,
a mediator of semaphorin-plexin signalling pathway [125]. The same Grx2 isoform is also required for
correct wiring of embryonic vasculature in zebrafish by de-glutathionylation of the active site of the
NAD-dependent deacetylase Sirtuin-1 [126]. Grx2 is also implicated in embryonic heart formation.
Grx2 KD in zebrafish embryo prevented neural crest cell migration into the primary heart field,
impairing heart looping [127]. The role of other members of the Grx family was also described in
erythropoiesis. Grx5 is essential to zebrafish haeme synthesis through assembly of the Fe-S cluster,
and this role is apparently conserved in humans [89]. Grx3 is also crucial to red blood cell formation
in zebrafish as demonstrated by the reduced number of erythrocytes in embryos treated with Grx3
morpholinos and is required in human cells for the biogenesis of Fe-S proteins, as demonstrated by
silencing Grx3 expression in HeLa cells [88]. Grx3 KO in mice induces a delay in development and
eventually death approximately 12.5 days of gestation. Ex vivo analysis of Grx3~/~ cells reveals
impaired growth and cell cycle progression at the G2/M transition [128]. The loss of Grx3 also disturbs
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the development of mammary alveoli during pregnancy and lactation [129]. In addition to these roles
during development proper, Grx proteins are also involved in various physio-pathological processes
(for review [130]).

4.1.3. Thioredoxin System in Embryonic Development

Two distinct thioredoxin/thioredoxin reductase systems, Trx1 and Trx2, are present in mammalian
cells in the cytosol and mitochondria. Trx1 and Trx2 are ubiquitously expressed, but Trx2 is expressed
at higher levels in metabolically active tissues, such as heart, brain, and liver [131]. Interestingly,
in mice, Trx1 (the cytosolic and nuclear Trx) KO is embryonic lethal early after implantation [132]
and presents a dramatically reduced proliferation of inner mass cells. Trx2 (the mitochondrial form)
KO is also embryonic lethal. Embryos die later during development (between 10.5 and 12.5 dpf),
and lethality is associated with increased in apoptosis and exencephaly development [133]. Trx2 KD in
zebrafish increases apoptosis and induces developmental defects in the liver [134]. In chick, Trx2 KD
impairs post-mitotic neurons and induces massive cell death [135]. Thioredoxin reductases (TrxRs) KO
reveals that TrxR1 (non-mitochondrial form) is embryonic lethal (E10.5) with multiple abnormalities
in all organs except heart [136], whereas TrxR2 KO leads specifically to haematopoietic and heart
defects [137]. These works demonstrate a clear dichotomy in the tissue specificity of TrxR1 and 2 actions
during development: broad or restricted to heart and haematopoietic lineage development. In addition,
Trxs play critical roles in immune response, cancer (for review [138]), and various pathologies in the
nervous system (for reviews [72,74]).

4.1.4. Peroxiredoxin Systems in Embryonic Development

The peroxiredoxins (Prxs) family includes 6 members in vertebrates. These enzymes have
been mostly studied in physio-pathological contexts or ex vivo where it was demonstrated that
Prxs are major regulators of cell adhesion and migration [139]. Invivo, Prxs regulate cadherin
expression during early Drosophila development [140]. Prxs are typically broadly expressed in
embryos with mild specificity amongst isoforms. However, an exhaustive analysis in Xenopus laevis
reveals maternal expression of prxl, 2, 3 and 6, which persists through all developmental stages.
In contrast, Prx4 mRNA becomes detectable at gastrulation and increases afterwards, and Prx5 mRNA
is always detected but at low levels. Additional specificities are revealed by in situ hybridization.
Specifically, Prx1 is expressed in anterior structures, and Prx4, 5 and 6 expression is preferentially
detected in somites [141]. This pattern of expression is not completely conserved between Xenopus
and other vertebrates. In zebrafish, Prdx1 is expressed in developing vessels, and Prdx1 KD induces
vascular defects [97]. In mice, proteomic analysis suggested that prx1 is involved in digit formation
where it regulates interdigit apoptosis [142]. One of the best examples of Prxs’ roles during normal
differentiation is the involvement of Prx1 and Prx4 in the formation of motor neurons in the spinal
cord of chicken and mouse [143,144].

Sexual reproduction and more precisely gamete formation is an unusual process regarding redox
signalling. NOXs are involved in spermatogonia and germline stem cell renewal [145]. Moreover,
a significant amount of H,O; is needed to favour disulfide bridge formation during spermatozoa
maturation and capacitation (for review [146]). Conversely, ROS insult should be neutralized to
protect DNA and maintain genomic integrity from generation to generation. Several Gpx members are
involved in these opposite aspects of redox signalling [147].

4.2. Adult Stem Cells and Tissue Homeostasis

During life, adult stem cells replenish damaged and lost tissues. In recent years, H,O, appeared
to be a major component of stem cell niche, stem cell renewal and recruitment for differentiation
(for review [148,149]). In some studies, an increase in H,O; is responsible for stem cell differentiation.
In Drosophila, increased H,O, induces the differentiation of haematopoietic progenitor cells, whereas a
reduction delays the expression of differentiation markers [150]. In mammals, an increase in HyO,
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induces vascular muscle cell [151] or blood stem cell [152] differentiation. In an apparent contradiction,
high H,O, levels are associated with stem cell renewal and proliferation. The renewal of intestinal
stem cells in Drosophila is dependent on H,O, [153], and self-renewal of neural stem cells is under the
control of NOX activity in the mouse [154,155]. These opposite effects of H,O, illustrate our limited
understanding of cell fate regulation by redox signalling but both strengthen the relevance of ROS
levels in the control of stem cell behaviour and the need for their tight regulation. Some clues come
from the induced pluripotent stem cell (iPSC) field where H,O; increase is essential during the early
phase of iPSC generation. Reduction of H,O, levels by NOX KD or antioxidant treatment suppresses
nuclear reprogramming [156]. NOX2 is also involved in iPSc differentiation into endothelial cells [157].

4.3. Regeneration

Some species have the ability to regenerate damaged or removed body parts at
adulthood [158-160]. Regeneration is probably the best paradigm of adult morphogenesis. The first
step of regeneration is wound repair and the formation of a wound epidermis. Shortly after
wound epidermis formation, progenitor cells are generated via stem cells that are recruited and
the dedifferentiation of differentiated cells [159,161,162]. The newly formed progenitors (and stem
cells in some systems) migrate to the wound epithelium to form a mass of undifferentiated cells called
the blastema. The entire missing structure will be formed by differentiation and morphogenesis of
blastema cells. The process of regeneration can be divided into 3 modules: (1) injury immediate
response (wound healing), (2) regeneration induction (blastema formation), (3) formation of the
missing structure (blastema growth, differentiation and patterning) [163] (Figure 3A).

It has been known for a long time that wounds generate ROS, specifically H,O,,
in phylogenetically diverse organisms, such as Drosophila melanogaster, C. elegans, Danio rerio, [171-174],
and plants [175-177]. In zebrafish, H,O, production triggered by wounding is restricted to the first
two hours following injury in larva [172] and adult [166]. After a lesion is generated, a gradient
of HyO, formed by NOX activity is required for leukocyte recruitment to the wound [172,178].
The role of H,O is not restricted to wounding and healing but extends to other steps of regeneration.
When a body part is removed, induction of the regenerative programme correlates with a sustained
production of HyO, for several hours (Figure 3B) [166]. It has been demonstrated in different model
organisms that after amputation, H,O, signalling not only modulates the regeneration process but
is indispensable for launching it (Table 2). Planarian and Hydra regenerate not only body parts but
also their body axis [160,179]. In these animals, ROS are detected at the level of the amputation plane
shortly after amputation, and reduction of HyO; levels impairs regeneration [164,180] (Figure 3B).
In Drosophila, regeneration can be observed in imaginal discs during larval development and adult gut
regeneration [181-183]. In both systems, regeneration is redox-dependent [153,181,182,184-187]. In the
Xenopus tadpole tail regeneration model, amputation-induced H,O, production is necessary to activate
Wnt/ 3-catenin, Fgf signalling and acetylation of lysine 9 of histone 3 (H3K9ac) [165,188] (Figure 3B).
In the newt, ROS production is also necessary for neural stem cell proliferation, neurogenesis,
and regeneration of dopamine neurons [189]. Moreover, recent data demonstrate that HyO, activates
voltage-gated Na* channels, linking redox signalling to bioelectric signalling during regeneration [190].
During gecko tail regeneration, H,O, is produced by skeletal muscles and is also required for successful
tail regeneration. In this case, HyO; levels control autophagy in the skeletal muscles and consequently
the length of the regenerated tail [191]. In adult zebrafish heart, caudal fin and superficial epithelial
cells regeneration models, perturbation of ROS levels through the inhibition of NOX or overexpression
of catalase impairs regeneration (Figure 3B) [166,167,192,193]. Different targets were identified at the
cellular (neural cells), functional (apoptosis), and molecular levels (MAP kinases and Sonic Hedgehog).
In mammals, regeneration at adulthood is very limited [194]. The comparison of regeneration of
large circular defects through the ear pinna between regenerative mammals (Acomys cahirinus) and
non-regenerative mammals (Mus musculus) revealed a strong correlation between H,O; levels after
injury and regenerative capacities (Figure 3B) [168]. In rats, it was further demonstrated that H,O,
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participates in liver regeneration after partial hepatectomy. In this case, sustained and elevated H,O,
levels activate MAP kinase signalling that triggers the shift from quiescence to proliferation [195].
Recently, it has been demonstrated that H,O, produced shortly after inguinal fat pad damage is
responsible for its regeneration in MRL mice (Figure 3B). In the non-regenerative C57BL/6 strain,
artificial enhancement of H,O; leads to regeneration [169].
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Figure 3. HyO, detection during metazoan regeneration. (A): regeneration is divided in three modules.
(B): HyO;, levels during regeneration in different models and organs. dpa: days post amputation.
Adapted from [164-170].
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5. Conclusions: Towards the Redox Code

Redox signalling interacts directly or indirectly with most of the signalling pathways that
control embryonic development. However, we are only starting to perceive the tip of the
iceberg [197]. A comprehensive understanding of developmental redox biology will benefit from a
better characterization of thiol targets. For this purpose, the optimization of redox proteomics and the in
silico identification of reactive thiols susceptible to redox regulation based on 3D rather than 2D models
are two promising strategies [198]. One can note that, unlike other posttranslational modifications
(i.e., phosphorylation or ubiquitination), which behave as binary switches, thiol modifications
are diverse, including the formation of sulfonic acids (-S-OH), S-nitro groups (S-NO) and disulfides
bridges [199]. Each of these modifications could confer a specific status to the targeted protein,
thus extending the spectrum of regulation provided by redox signalling [200]. Finally, because the
different members of the redox machinery are interconnected, the modification of a specific thiol likely
depends on the equilibrium of the entire redox machine. Modelling the entire process by integrating
dynamic and quantitative information of the different redox machinery members would greatly help
to decipher the physiological role of redox signalling.
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Abstract: Oxidation of methionine (Met) leads to the formation of two S- and R-diastereoisomers
of Met sulfoxide (MetO) that are reduced back to Met by methionine sulfoxide reductases (MSRs),
A and B, respectively. Here, we review the current knowledge about the physiological functions
of plant MSRs in relation with subcellular and tissue distribution, expression patterns, mutant
phenotypes, and possible targets. The data gained from modified lines of plant models and crop
species indicate that MSRs play protective roles upon abiotic and biotic environmental constraints.
They also participate in the control of the ageing process, as shown in seeds subjected to adverse
conditions. Significant advances were achieved towards understanding how MSRs could fulfil these
functions via the identification of partners among Met-rich or MetO-containing proteins, notably by
using redox proteomic approaches. In addition to a global protective role against oxidative damage
in proteins, plant MSRs could specifically preserve the activity of stress responsive effectors such
as glutathione-S-transferases and chaperones. Moreover, several lines of evidence indicate that
MSRs fulfil key signaling roles via interplays with Ca?*- and phosphorylation-dependent cascades,
thus transmitting ROS-related information in transduction pathways.

Keywords: methionine; methionine sulfoxide; methionine sulfoxide reductase; physiological
function; protein; plant; repair; redox homeostasis; signaling; stress

1. Introduction

Post-translational modifications (PTMs) are covalent modifications that occur after protein
synthesis, and change the chemical repertoire of amino acids by altering or introducing functional
groups. Thereby, PTMs fulfill critical roles in the control of protein conformation, enzyme activity,
or subcellular localization. Proteins are subject to numerous types of PTMs such as phosphorylation,
glycosylation, acetylation or hydroxylation, which consist generally in enzymatic modifications of
amino acid lateral chains. Special cases of PTMs are “redox PTMs”, in which amino acids are modified
by reductive or oxidative reactions. The most current redox PTMs are oxidative modifications due to
reaction with reactive oxygen species (ROS). As these species are metabolically produced, redox PTMs
are tightly linked to changes in the global cell redox homeostasis such as oxidative stress, but also
to more subtle variations that are timely and spatially controlled at the subcellular level. All amino
acids are subject to oxidative modifications in their lateral chain that are generally irreversible [1].
This is the case for example of carbonylation, the level of which is considered as a marker of oxidative
damage [2]. Interestingly, sulfur-containing residues are highly prone to oxidative PTMs that are
reversible in many cases. Cysteine (Cys) undergoes modifications such as disulfide bridge formation
or S-glutathionylation that are reversed through the action of oxidoreductases belonging to the
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thioredoxin (TRX) and glutaredoxin (GRX) families [3]. TRXs are ubiquitous, small disulfide reductases
carrying two catalytic cysteines in a Cys-Xxx-Xxx-Cys active site signature. They form complex
families in plants, likely indicating functional specialization depending on subcellular localization
and expression pattern [4]. TRXs get reducing power from two main sources: the reduced form of
nicotinamide adenine dinucleotide phosphate (NADPH) and the photosynthetic electron transfer
chain. GRXs, which are closely related to TRXs, generally use glutathione as an electron donor [5,6],
and form large families in higher plants [7]. TRXs and GRXs control multiple metabolic reactions,
developmental processes, and stress responses by modulating the redox status of Cys in a very
broad range of proteins [4,8-10]. This is evidenced by the number and diversity of interacting
partners in photosynthetic organisms [11-13]. Among them, methionine sulfoxide reductases (MSRs),
which control the redox status of Met, are well characterized.

The oxidation of free and peptide-bound Met, the other sulfur-containing amino acid, results
in the formation of Met sulfoxide (MetO) and Met sulfone (MetO,), the latter modification being
irreversible (Figure 1). Quantitative estimations indicate that MetO can range from low micromolar
concentration in basal condition to low millimolar concentration during acute oxidative stress [14],
corresponding to up to 40% of total Met [15]. MetO is reduced back to Met by MSRs [16]. Met oxidation
leads to the formation of S- and R-MetO diastereoisomers, and two types of MSRs, A and B, specifically
reduce the S- and R-MetO isomers, respectively. Although displaying a very close biochemical function,
they do not share any sequence similarity, but have a mirrored active site designed to accommodate
each MetO diastereoisomer [16-19]. Further, whereas MSRAs generally reduce both the peptide-bound
MetO and the free form with similar efficiency, MSRBs are generally more efficient in reducing the
peptide-bound form [20], except for some isoforms in plants [21]. Most MSRs harbor two redox-active
Cys and function using a three-step catalytic mechanism involving the formation of a Cys sulfenic acid
intermediate, the subsequent formation of a disulfide bond and the regeneration of activity, most often
by a TRX reducing system [18,22-24] (Figure 1). Mechanisms involving GRXs, unusual TRX types or
other thiol-compounds allow the regeneration of atypical MSR proteins carrying only one catalytic
Cys [25-31]. Note that some plant MSRA isoforms do not harbor a catalytic Cys residue [32], raising
the question of their biochemical function.

FPhotosynthetic Pentose phosphate
slectron-transfsrt chain pathway

| |

Farredoxin-NADPH

T
T I =+

kT

Methionine sulfoxide reductases
Met MetO —» Met0,

Reactive oxygen species

Figure 1. Reducing pathways of plant methionine sulfoxide reductases (MSRs). Methionine (Met) can
be oxidized into Met sulfoxide and met sulfone, the latter modification being irreversible. Two main
paths supply electrons to MSRs that allow Met regeneration from Met sulfoxide (MetO): on one hand,
the path from photosynthetic electron chain to thioredoxins that takes place in chloroplast, and on the other
hand, the one from reduced nicotinamide adenine dinucleotide phosphate (NADPH) to thioredoxin that is
localized in cytosol. Other routes, involving notably glutaredoxins, participate in the reduction of atypical
MSRs harboring for example one unique catalytic cysteine, in chloroplast. ROS: reactive oxygen species.
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In bacterial, yeast, and mammal cells, MSRs fulfill essential functions in stress tolerance and
during ageing. For instance, in yeast, deletion and overexpression of MSRA results in reduced and
increased viability, respectively [33], and the abundance of MSRs decreases upon ageing and diseases
in mammal cells [34,35]. Modifying the expression of MSRA genes revealed their participation in
the responses to oxidative stress generated by hydrogen peroxide (H,O,) or methyl viologen (MV),
which generates superoxide [36,37]. Based on these data, a direct antioxidant function was first
attributed to these enzymes in elimination of ROS via cyclic oxidation of Met in proteins and reduction
by MSRs [15,38]. Additionally, many evidence in various organisms revealed that the control of Met
redox status is a key step in signaling pathways. For instance in E. coli, exposure to HOCl leads to
Met oxidation in the hypochlorite-responsive transcription factor (HypT) and subsequent activation
of the expression of genes participating in protective mechanisms against this toxic compound [39].
In animals, the reversible oxidation of Met by ROS in calcium regulatory proteins constitutes a switch
modulating signaling and regulating apoptosis in mammal heart cells [40], and the redox status of two
specific Met controls actin polymerization during development and immune response [41,42].

Regarding photosynthetic organisms, the report by Sanchez et al. [43] in 1983 provided the
first evidence for MSR activity in extracts from various higher plants, the activity being largely
localized in the chloroplastic fraction. The first molecular characterization of a plant MSR gene was
performed in Brassica napus in 1996 [44], and the evidence for the participation of MSR genes in defense
against oxidative stress was unveiled in Arabidopsis thaliana knockout mutants [45]. In the following
years, numerous studies provided information about plant MSR genes and enzyme biochemical
properties. In two previous reviews [46,47], we thoroughly described the organization of MSR families
in photosynthetic organisms, which are more complex than in other organisms. Indeed, they include
14, 9, 8, and 8 members in Arabidopsis, poplar, maize and Chlamydomonas reinhardtii, respectively,
against 2 and 4 in yeast and human, respectively [47,48]. These reviews also described the structure and
sequence of MSR genes, the various catalytic mechanisms involved in the regeneration of the enzyme
activity, and reported the first available data concerning the physiological functions of these reductases
in the green lineage. At that time, plant MSRs were presumed to play mainly a direct antioxidant
function to preserve cell structures via protein repair and avoidance of oxidative damage. Since then,
as shown in other organisms, another key and exciting role in signaling pathways has emerged for plant
MSRs. In this review, we present the current knowledge regarding MSRs in photosynthetic organisms.
We focus more particularly on their subcellular localization and tissue distribution, on the stimuli
and signaling actors controlling their expression, activity and substrate levels, Finally, we review the
physiological functions and potential targets reported for plant MSRs in relation with antioxidant
defense and signal transduction.

2. Subcellular Localization and Organ Distribution of Plant MSRs

2.1. Subcellular Localization

In Arabidopsis, the MSR family consists of 14 members, predicted to be localized in plastids,
cytosol, and endoplasmic reticulum (Figure 2). The subcellular localization of some of them was proven
experimentally, as reported for the three plastidial MSRA4, MSRB1, and MSRB2 isoforms [49,50],
MSRB?7 and MSRBS in cytosol [51], and MSRB3 in endoplasmic reticulum [52]. Consistently, several
MSRA and MSRB isoforms from other species (rice, tobacco, tomato, pepper, soybean, papaya,
and banana) were found to localize in cytosol and plastids in Arabidopsis protoplasts using a
bimolecular fluorescence complementation (BiFC) approach [53-62]. In other respects, data gained
from BiFC experiments suggest that some cytosolic MSRA and MSRB isoforms from litchi and banana
are present both in cytosol and in nucleus [61,62]. Taken collectively, these data indicate that MSRs are
present in most subcellular compartments. Intriguingly, no MSR isoform is predicted to be addressed
in mitochondria. Proteomic analyses performed on mitochondrial fractions found Arabidopsis MSRA4
and MSRB9 as potentially present in this compartment [63-65], but the double addressing of these
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isoforms remains to be experimentally validated. These data raise the question of how the Met redox
status is preserved in plant mitochondria. Indeed, the maintenance of protein redox homeostasis is

crucial in this organelle where ROS are produced as by-products in case of impairment of the electron
transfer chain [66].

Chloroplast

Endoplasmic

Cytosol reticulum

Figure 2. Subcellular localization of MSRs in Arabidopsis thaliana. Localization of MSRA4, MSRB1,
and MSRB2 in plastid, of MSRB3 in endoplasmic reticulum and of MSRB7 and MSRB8 was proven
experimentally [49-52]. These isoforms appear in black. For other isoforms (in white), the localization
is based on predictions from sequence analysis or on proteomic analyses [63-65].

2.2. Organ Distribution

As inferred mainly from transcriptomic approaches in the plant model A. thaliana [46,47],
MSR genes exhibit differential expression as a function of organ type. Briefly, MSR4, MSRB1, MSRB2,
and MSRB6 are specific of aerial photosynthetic organs while MSRA2, MSRB5, MSRB7, MSRBS,
and MSRB9 are preferentially expressed in root. Accordingly, MSRB7 and MSRBS expression in root
was confirmed by quantitative reverse transcription (QRT-PCR) analysis [51], and the high abundance
of plastidial MSR proteins (A4, B1 and B2) in leaves was shown by Western analysis [50]. However,
the three isoforms are also present in floral organs, and a relatively important amount of MSRA4
protein is detected in root [50], revealing the importance of investigating protein levels to gain an
accurate overview about MSR distribution in plant organs and tissues. Regarding other species,
data are still scarce at the protein level. Indeed, except the reports by In et al. [67] in rye leaves and
by Chételain et al. [68] in Medicago truncatula seeds, most studies are based on Northern, qRT-PCR or
B-glucuronidase (GUS) expression analyses. Similarly to what reported in Arabidopsis, genes coding
for plastidial isoforms are preferentially expressed in green organs. This is the case of pepper MSRB2,
its transcript level being much higher in leaf, flower, and stem than in root [56]. In young Glycine soja
seedlings, the messenger coding for plastidial MSRB5 is present in vascular tissues and two others
coding for plastidial isoforms (B1 and B2a) are preferentially found in leaf and stem [60]. Another
study in soybean indicated that four of the five MSRB genes are more expressed in leaf than in root
or seed [69]. Similar differential patterns were reported in monocotyledons. For example, in rice,
the MSRB5 transcript level is higher in leaf than in other organs [70], and MSRB1.1, which codes for a
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plastidial isoform, is much more expressed in leaf and flower than in root or stem [55]. In contrast,
the MSRA4.1 transcript is detected at a similar level in all organs, although the encoded protein
is localized in plastid [55]. Finally, an extensive qRT-PCR analysis in maize indicated that MSRA2
and A4 are mainly expressed in leaf and MSRA5.1 and A5.2 in seed [48]. Regarding MSRB genes,
MSRB1 and MSRB?2 are specifically expressed in leaf and MSRB5.1 and B5.2 in root [48]. In other
respects, one strawberry MSRA gene is expressed only in the receptacle of red mature fruit [71].
Consistently with this finding, the expression of one MSRA gene is strongly up-regulated in the last
stages of ripening and senescence in banana fruit [62]. In litchi fruit, the expression of MSRA1, A2,
and BI genes decreases as senescence proceeds during storage [61].

These data indicate that MSRs are present in all plant organs, but display distinct expression
patterns in many cases. They need to be deepened to determine whether transcript and protein
abundances are correlated and to delineate expression in specific tissues and organs such as floral
components, for which the knowledge is still scarce. By crossing the data related to subcellular and
organ localization, it turns out that several cytosolic MSRs are specifically expressed in root while
plastidial MSRs are preferentially found in aerial photosynthetic organs where photosynthesis takes
place. This could mean that the function of the latter is linked to this metabolism, the activity of which
can lead to the production of ROS altering redox homeostasis. On the other hand, and as mentioned
earlier, MSRs fulfill key roles during ageing in bacterial, yeast, and animal cells. The expression
patterns of plant genes reveal that plastidial MSRBs are more abundant in young leaves than in older
ones [50], and that other isoforms are specifically expressed in fruit and seed at different stages of the
ripening or maturation processes [61,62,68,71]. These findings are consistent with the participation of
MSRs in the control of ageing and senescence processes in plant organs.

3. Regulation of the Expression of MSR Genes in Photosynthetic Organisms

3.1. Effect of Environmental Conditions

In agreement with the biochemical function of MSRs in the maintenance of Met redox status,
the first microarray data gained in Arabidopsis revealed that environmental constraints leading to
oxidative stress result in increased expression of most MSR genes [46]. In the last years, the expression
patterns of these genes have been refined in various types of photosynthetic organisms in relation with
abiotic, but also biotic constraints. The data gained in higher plants are summarized in Table 1.

Consistently with the data reported in Arabidopsis, oxidative stress conditions generated by
manganese deficiency or copper excess in C. reinhardtii and U. fasciata algae lead to up-regulation of
MSRA genes [72,73]. In C. reinhardtii, the expression of three MSRB genes (1.1, 1.2 and 2.1) is induced
in very high light conditions and upon treatment with H,O, [74]. Data that are more meaningful
regarding the physiological factors regulating expression of MSR genes were gained in relation with the
activity of the photosynthetic chain. In U. fasciata, the transcript levels of MSRA and MSRB genes peak
following 1-h light exposure [75]. Most interestingly, the use of various inhibitors of the photosynthetic
electron chain revealed that the expression of these genes differentially depends on the redox status
of components belonging to the cytochrome b,f complex or downstream complexes. This strongly
supports the hypothesis that the photosynthetic activity level, which modulates plastidial redox
homeostasis, plays an essential role in pathways regulating the expression of MSR genes. As these
genes are nuclear-encoded, these pathways very likely involve retrograde signaling from plastid
to nucleus.

Numerous studies report that oxidative stress conditions are associated with up-regulation of
MBSR gene expression in higher plants (Table 1). Thus, MV treatment leads to increased transcript or
protein levels of tobacco MSRB3, tomato MSRA2, A4 and A5, rice MSRB1, rye MSRA, and Arabidopsis
MSRA4, MSRB7, and MSRBS [51,55,58,67,76,77]. More physiological constraints that impair the cell
redox homeostasis enhance MSR expression. For instance, copper excess leads to MSRB5 up-regulation
in rice [70]. In Arabidopsis, exposure to cadmium triggers the antioxidant defense system, notably
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the expression of most MSR genes, but also provokes a decrease in the abundance of plastidial
MSRBs [78,79]. In Brassica juncea, such a treatment results in a higher amount of cytosolic MSRA2 [80].
In other respects, increased amounts of plastidial MSRs (A4, B1 and B2) were observed in Arabidopsis
plants exposed to photooxidative stress conditions generated by high light and low temperature
conditions [50]. In rye, high light conditions induce the accumulation of a cytosolic MSRA protein [67].

Regarding other environmental constraints, many studies reported increased MSR expression in
conditions leading to osmotic stress such as water shortage, high salt, and low temperature (Table 1).
This was first established from microarray data in the Arabidopsis plant model [46,47]. In maize,
most MSR genes are up-regulated in root, stem and leaf in the presence of polyethylene glycol (PEG) or
NaCl with distinct kinetics depending on gene type and organ [48]. Consistently, in rice, MSRA4.1 and
MSRB1.1 expression is enhanced by mannitol, high salt and low temperature [55]. In other respects, a
higher MSRA protein abundance was observed in cold-hardened rye plants [67] and in maize seedlings,
low temperature induces the expression of MSRA5 in mesocotyl [81]. In soybean, Chu et al. [69]
reported differential expression of the five MSRB genes in response to drought and high salt. Most
importantly, they observed that three of them (MSRB2, B3 and B5) show increased transcript levels
in response to drought, but only in leaf and at distinct vegetative or reproductive stages. In tobacco,
MSRA4 expression is up-regulated by dehydration and cold, but not modified by high salt [59],
whereas that of MSRB3 is enhanced by cold and salt [58]. Finally, in tomato, MSRA3 and MSRA4 are
substantially up-regulated by mannitol, high salt, and low temperature [82]. Altogether, these data give
strong credence for essential functions of MSRs in plant responses to osmotic constraints. Accordingly,
in the Atriplex halimus halophyte species, cultivation in the presence of 300 mM NaCl increased
the abundance of plastidial MSRA concomitantly to a higher total MSR activity in a salt-tolerant
genotype compared to a salt-sensitive one [83]. However, in barley, an increased protein amount of
one MSR isoform was noticed using a proteomic approach in a salt-susceptible genotype compared
to a salt-tolerant one [84], and no difference was noticed in the amount of plastidial MSRs in two
cultivars exhibiting contrasted response to water deficit [85]. In other respects, exposure to carbonate,
which induces alkaline stress in addition to osmotic and ionic stresses, leads to the expression of most
MSRB genes in Glycine soja whether in leaf or in root [60].

In comparison, less is known regarding the expression of MSR genes in response to biotic
stress. The first evidence was provided in Arabidopsis plants that display a strongly increased
MSRA4 transcript level following infection by the cauliflower mosaic virus, but no change in response
to a virulent Pseudomonas syringae strain [49]. In papaya, infection by the ringspot virus leads to
up-regulation of MSRB1 expression in the late stages [54]. Most interestingly, some MSR genes could
be involved in plant immune responses. Thus, in poplar leaves, the abundance of a plastidial MSRB is
unchanged during infection by an incompatible rust M. larici-populina strain, whereas the protein level
increases in the presence of a compatible strain. In contrast, the amount of another MSRB strongly
decreases after infection either with compatible or incompatible fungi [50]. In pepper, the level of a
transcript coding for a plastidial MSRB isoform first strongly decreases following infection both with
compatible and incompatible Xanthomonas axonopodis strains, and then is restored to the initial level
only in the case of the compatible reaction [56]. In A. thaliana, avirulent and virulent P. syringae strains
lead to very distinct expression patterns for MSRB7 and MSRBS, both being much more strongly
up-regulated in the case of an incompatible reaction [86]. Moreover, an increased MSRA2 transcript
level was noticed early following infection of Arabidopsis seedlings by the parasite plant Orobanche
ramosa [87]. Altogether, these data indicate that MSRs likely participate in immunity mechanisms and
active defense against most types of biotic constraints, to which plants are exposed.
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3.2. Signaling Actors Involved in the Control of MSR Gene Expression

3.2.1. Involvement of ROS and Reactive Nitrogen Species (RNS) in MSR Gene Expression

Most, if not all environmental conditions, leading to the expression of MSR genes reported in the
previous section, involve the production of ROS due to metabolic impairment and subsequent changes
in cell redox homeostasis that are associated with specific ROS signatures [88]. Reactive nitrogen
species (RNS) constitute another type of oxidant molecules, tightly related to ROS, such as peroxynitrite
produced by the reaction of nitric oxide (NO) with superoxide. Both ROS and RNS are deleterious
at high level since they damage all macromolecules through oxidation, but fulfill critical signaling
functions at basal level in developmental processes and responses to environmental constraints [89,90].
ROS and RNS are produced in very specific subcellular cell compartments, and very likely do not
directly regulate gene expression at the transcriptional level due to their site of production within
cell, diffusion properties and half-life time [2]. They are assumed to initiate or transfer signaling
information through redox metabolic reactions with antioxidant molecules, lipids, and proteins [90,91].
Based on the increasing knowledge gained in bacterial, yeast, animal, and plant models, ROS/RNS
are now considered as signals shifting cell redox homeostasis and major drivers in responses and
adaptation to abiotic and biotic constraints [91,92]. For instance, the role of ROS is critical in the control
of cell death upon incompatible reaction in plants [93].

Thereby, ROS and RNS species are good candidates to control MSR expression in photosynthetic
organisms. Consistent with this hypothesis, Chang et al. [94] observed in Chlamydomonas distinct
expression patterns for five MSR genes in high light conditions, four being up-regulated (MSRA3, A5,
B2.1 and B2.2) and the fifth down-regulated (MSRA4). Using various ROS scavengers and generators,
they showed that these patterns are specifically linked to the ROS type. For example, hydrogen
peroxide and superoxide differentially modulate MSRB2.1 and MSRB2.2 expression, respectively.
Regarding RNS, a similar pharmaceutical approach in U. fasciata showed that NO induces acclimation
to high light concomitantly to upregulation of MSRA and MSRB expression [95].

In higher plants, exposure to MV leads to up-regulation of various MSR genes in many
species [51,55,59,67,76,82]. Treatment with H,O; leads to more complex data since a decreased MSRA4
transcript amount is noticed in tobacco seedlings [59] while the four tomato MSRA genes display
contrasted responses [82]. In Arabidopsis, two MSRA genes, out of the four tested, display enhanced
expression following H,O, treatment [96]. Accumulation of singlet oxygen, a ROS produced when
chlorophyll triplets excite O, induces MSRB7 expression in Arabidopsis [97]. In other respects, priming
with NO prevents up-regulation of MSR expression in cadmium-treated Arabidopsis plants, very likely
due to reduction in ROS production and limitation of oxidative stress [78]. Altogether, these data reveal
that ROS-related signals control the expression of MSR genes in higher plants. Although experimental
evidence remains scarce, RNS also very likely regulate MSR expression as illustrated by the strong
MSRB7 up-regulation in Arabidopsis plants treated with S-nitrosoglutathione, a reservoir for NO [98].

3.2.2. Involvement of Phytohormones in MSR Gene Expression

Tight and complex interplays between ROS-dependent transduction pathways and other
recognized signaling components like phytohormones, mitogen-activated protein kinases and calcium
ions are established [99]. With regard to MSR genes, this is illustrated by the analysis of linolenic
acid-responsive genes in Arabidopsis cell cultures subjected to osmotic stress [100]. Using a RNA-seq
approach, this study reported that MSRB7 and other antioxidant genes are strongly induced by
linolenic acid, which is released from plastidial membrane galactolipids and is a precursor of jasmonic
acid (JA). JA, together with derivatives such as methyljasmonate (MeJA), constitute a phytohormone
family derived from oxidized lipids (oxylipins) and mediating responses to conditions modifying the
redox homeostasis, notably biotic constraints [101]. In tomato seedlings treated with JA, the expression
of the four MSRA genes is either down-regulated or unchanged [82]. However, in Arabidopsis,
JA treatment increases the transcript level of two MSRA genes and decreases this level for two
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others [96]. In pepper, a strong decrease in MSRB2 transcript level was observed following exposure to
MeJ A and to salicylic acid (SA) [56]. SA, another key hormone involved in plant immune responses to
microbial pathogens [102], strongly triggers the expression of one MSRA gene in tomato, but decreases
the expression of another [82].

Among phytohormones, abscisic acid (ABA) is central to plant responses to osmotic constraints
such as drought or high salt partly through the transcriptional control of gene expression [103]. In many
plant species, up-regulation of MSR expression was reported upon these constraints (cf. Section 3.1).
Accordingly, exposure of plants to ABA triggers MSRA4 expression in Arabidopsis [96], MSRB2 in
soybean [69], and MSRB3 in tobacco [58]. Nevertheless, other MSR genes from these species and tomato
are unresponsive to ABA or their expression is down-regulated by this phytohormone [59,69,82,96],
revealing specific ABA-dependent patterns.

Table 1. Effects of various constraints and treatments on the expression of methionine sulfoxide reductases
(MSR) genes in higher plants. The table was built from data gained on plants exposed to the mentioned
constraints and treatments (in bold) either in vivo or in vitro. The cited reports aimed to investigate the
expression of one or more MSR (A or B) genes at the transcript or protein levels. 7, the expression of
at least one MSR gene is up-regulated; “\,, the expression of at least one MSR gene is down-regulated;
/' \, the expression of at least two MSR genes is modified (up or down).

Condition Variation in MSR Expression. Species References
Abiotic constraints
High light A, thaliana [76]
S cereale [67]
High light/low temperature A, thaliana [50]
Low temperature /" N. tabacum, S. lycopersicum [59,82]
0. sativa, S. cereale, Z. mays [55,67,81]
Water deficit 2 G. max, N. tabacum [58,69]
High salt (NaCl) A halimus, A. thaliana, N. tabacum, S. lycopersicum [58,59,82,83,96]
/" H. vulgare, O. sativa, Z. mays [48,55,84]
N\ G. max [69]
High carbonate /" G. soja [60]
Cadmium /N A. thaliana, B. juncea [78-80]
Biotic constraints
Virus A thaliana, C. papaya [49,54]
Bacteria A, thaliana [86]
N C. annuum [56]
Fungi N\ Populus x interamericana [50]
Parasite plants A thaliana [87]
Oxidative treatments
Methyl viologen " A. thaliana, N. tabacum, S. lycopersicum [51,59,76,82]
A O. sativa, S. cereale [55,67]
Hydrogen peroxide N\ S. Lycopersicum [82]
A thaliana [96]
Singlet oxygen A, thaliana [97]
S-nitrosoglutathione A A. thaliana [98]
Copper excess 0. sativa [70]
Hormone treatments
Abscisic acid /' N\ A. thaliana, G. max, N. tabacum, S. lycopersicum [58,59,69,82,96]
Jasmonic acid N\ A. thaliana, S. lycopersicum [82,96,100]
N C. annuum [56]
Salicylic acid N\ S. lycopersicum [82]
N C. annuum [56]
Ethylene S, lycopersicum [82]
M. acuminata [62]

Phytohormones are well known actors in the control of plant development. Most importantly,
ROS and thiol-based mechanisms are also essential signaling players allowing proper development
of plants in relation with varying environment and energy availability [10]. As mentioned in
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Section 2.2, some MSR genes are specifically or highly expressed in fruits, such as banana and
strawberry [61,62,71]. Climacteric fruits undergo ripening following harvest, a process during
which the phytohormone ethylene plays a critical role. Interestingly, in the climacteric banana fruit,
MSRA?7 expression is up-regulated during ripening and dramatically increased following ethylene
treatment [62]. Consistently, the MSRA?2 transcript level is strongly up-regulated in another climacteric
fruit, tomato, following treatment with ethephon, an ethylene-releasing compound [82]. In other
respects, the transcript amounts of three MSR genes decrease in litchi, a non-climacteric species,
along with the senescence process following harvest [61]. These findings suggest that the expression of
MSR genes depends on fruit developmental stage and is controlled via the action of phytohormones,
such as ethylene, which regulate maturation and senescence processes.

3.2.3. Conclusions

Based on all available data, we conclude that in higher plants ROS play a central role in the control of
the expression of MSR genes at the transcriptional level upon environmental constraints. This is consistent
with the role of MSR enzymes in the maintenance of protein redox status and the up-regulation of the
expression of MSR genes generally observed upon these constraints (Table 1). ROS transfer signaling
information through redox metabolic reactions with different compounds, and participate in transduction
pathways involving other actors such as phytohormones [10,90]. Interestingly, phytohormones play more
complex roles in regulating MSR gene expression, as mentioned above and shown in Table 1, probably in
relation with both environmental condition and development stage.

4. MSR Activity and MetO Content in Higher Plants

4.1. MSR Activity in Plant Extracts

Another question emerges from the subcellular distribution of MSRs: do they display similar
abundance and activity? The pioneer works by Sanchez et al., and Ferguson and Burke [43,104]
indicated that in various plant species a large part of the leaf MSR activity (85%) is localized
in the chloroplastic fraction, the remaining 15% being measured in the cytosol. Surprisingly,
the number of MSR isoforms is low in this compartment: 3 out of 14 in Arabidopsis. Using a genetic
approach i.e., mutants knockout for MSRB1/MSRB2 genes and/or knockdown for MSRA4 expression,
we confirmed this finding by showing that the two plastidial MSRBs account for the greater part of
leaf MSR capacity (75%), and that this capacity is further decreased in plants deficient in the three
plastidial isoforms [105,106]. These data reveal that MSRAs and MSRBs do not fulfil equivalent roles
in terms of activity and physiological function, at least in chloroplast, and suggest that the two MetO
diastereoisomers are not generated in a racemic proportion in planta [106]. The predominant plastidial
MSR capacity in leaf is very likely related to the fact that chloroplast is a major site of ROS production
because of the photosynthetic electron transfer chain activity in light conditions [66]. Interestingly,
the MSR activity is in the same range from 10 to 80 pmol Met-min~!-mg-prot~! in Arabidopsis
root, stem, leaf, flower bud, flower, green silique, and seed extracts ([68,105]; our unpublished
data). The contribution of each MSR isoform likely depends on organ type and physiological context.
Accordingly, the MSR capacity in Arabidopsis lines lacking plastidial MSRBs is much less decreased in
seed than in leaf [68,105] and the MSR activity in an Arabidopsis mutant lacking cytosolic MSRA?2 is
specifically and strongly decreased by 50% in the second part of the dark period compared to wild-type
(WT) [107]. Thorough measurements of MSR activity at the organ level in mutants knockout for the
various MSR genes would greatly help to delineate the physiological functions of all isoforms.

Relatively few data are available concerning the effects of external factors on MSR activity in plants.
Ferguson and Burke [108] measured the activity in various species subjected to high temperature
or water deficit and observed species-dependent changes. For instance, water shortage leads to
decreased and increased activity in cotton and pea, and in wheat, respectively. In Arabidopsis,
photooxidative constraints result in increased MSR activity in chloroplastic or leaf fractions [76,105],
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and treatments with NaCl or ABA, but not exposure to low temperature, provoke substantial reductions
in activity [96,105]. In wild soybean, moderately and strongly increased activities were noted upon
high salt (NaCl) or carbonate alkaline stresses, respectively [60]. In A. halimus, high salinity provokes a
noticeable increase in MSR activity in a tolerant genotype, but not in a sensitive one [85]. However,
in barley, no difference in activity was recorded in two contrasted cultivars for water shortage
tolerance [86]. In conditions of biotic stress, no significant change in MSR activity was observed
in tomato plants challenged with Phytophtora [56].

4.2. MetO Content in Plants

Regarding protein-bound MetO, the substrate of MSR, its proportion in relation to the total
quantity of Met and MetO is in the range from 5 to 20% in various species (pea, wheat, potato,
Arabidopsis) grown in optimal conditions [45,76,108]. However, much lower levels (less than 1.5%)
were also measured in Arabidopsis [52,105]. Interestingly, the MetO quantity varies during the
day/night cycle, with a 4-fold higher content in the middle of the light period [109]. Genetic studies
confirmed the biochemical function of MSRs via the determination of MetO content in extracts from
modified plants. Arabidopsis mutants deficient in various types of MSRBs or MSRAs exhibit a higher
MetO level compared to WT plants [45,52,76,105,109]. The increase in MetO proportion was recorded
mainly in plants subjected to environmental constraints such as high light or low temperature [52,105].
Consistently, Arabidopsis plants overexpressing plastidial MSRBs or cytosolic MSRB3 display a lower
protein-bound MetO level upon photooxidative constraints [52,76,105].

The consequences of environmental variations on MetO content in non-modified plants are
less simple to interpret. In various species subjected to high temperature or water deficit, no great
variation was noticed, except in pea plants exposed to high temperature where a strong decrease was
noticed [108]. In 6-week old Arabidopsis WT plants, we reported a decreased peptide-bound MetO
content upon high light and long photoperiod conditions, but no variation at low temperature [105].
However, other studies reported substantial increases in the peptide-bound MetO proportion in
Arabidopsis plants subjected to severe photooxidative stress [45,76], or during cold acclimation [52].

4.3. Signals Involved in the Control of MSR Activity and MetO Level

Taken collectively, these findings reveal that in physiological conditions MSR activity and MetO
content are regulated in a fine and complex manner in plant cells as a function of species type,
environmental condition and stress intensity. Higher MSR activity and MetO level are generally
recorded upon constraints leading to pronounced oxidative stress, consistent with the fact that Met
oxidation occurs in the presence of ROS excess, and is a marker of protein damage [2]. Accordingly,
a proteomic study of Arabidopsis catalase 2 knockout plants exposed to very high light, identified
more than 50 proteins displaying a higher MetO content compared to WT, due to deficiency in H,O,
scavenging [110]. However, another proteomic study on Arabidopsis cell cultures revealed that Met
oxidation in proteins could result from the action of non-oxidative signaling molecules [111]. Thereby,
it can be concluded that MetO formation in proteins even occurs in the absence of ROS excess during
environmental changes and is a very finely controlled PTM mediated by interplaying transduction
pathways and actors remaining to be unveiled.

5. Physiological Functions of Plant MSRs

5.1. Oxidative Treatments and Photooxidative Conditions

In animal, yeast and bacterial cells, many studies revealed the involvement of MSRs in the
responses to MV or H,O, [33,36,38]. In a first step, a similar physiological function has been searched
in photosynthetic organisms. The use of knockdown and overexpression C. reinhardtii lines showed
that two MSRB isoforms play specific protective roles against oxidative stress generated by H,O,
or high light [74]. Following exposure to MV, ozone or high light intensity, MSRA4-antisense
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or -overexpression Arabidopsis lines display poorly or better-preserved photosynthetic activity,
respectively, compared to WT [76]. Moreover, these phenotypes are associated with increased or
decreased MetO content, indicating that MSRA4 likely plays a role in the protection of photosynthetic
structures against oxidative damage. Consistently, based on chlorophyll content, ion leakage
and growth measurements, improved tolerance towards MV and H,O, treatments was noticed in
Arabidopsis seedlings overexpressing cytosolic MSRB7 or MSRB8 isoforms grown either on synthetic
media or on soil, while a greater sensitivity to these compounds was observed in deficient lines [51].
Tomato plants ectopically expressing Arabidopsis MSRBY also display increased tolerance to MV [51].
Interestingly, MSRB7- and MSRBS8-overexpressing Arabidopsis plants exposed to MV exhibit reduced
H,0; level and increased glutathione-S-transferase (GST) activity, clearly showing the integration of
MSRs in the antioxidant network. Based on the higher susceptibility to MV of Arabidopsis plants
lacking MSRB3, this isoform located in endoplasmic reticulum is also presumed to preserve cell
structures against oxidative damage [52]. In rice, decreased tolerance to MV and copper excess was
reported in plants lacking the MSRB5 isoform, with both treatments leading to severe oxidative
stress [70].

5.2. Abiotic Constraints

In natural environments, most abiotic constraints induce changes in cell redox homeostasis to a
lesser extent than those described above following exposure to strong oxidizing agents, which are not
relevant from a physiological point of view. The functions of MSRs in more meaningful conditions
are thus somewhat harder to determine, and their expression patterns are very helpful to progress in
this direction. Therefore, based on MSRB3 induction in A. thaliana at low temperature, Kwon et al. [52]
showed that a mutant deficient in this isoform loses the ability to tolerate freezing temperatures
following cold acclimation. Overexpression of a mutated active version of the MSRA4 gene, which is
induced by NaCl treatment, results in enhanced tolerance to high salt in in vitro grown seedlings [112].
Regarding tolerance to heavy metals, ectopic expression of Brassica rapa MSRA3 in Arabidopsis leads
to better growth of in vitro plantlets in the presence of 50 uM cadmium [113]. Other, less severe abiotic
constraints, but applied for a long time, have been reported to impair the growth of Arabidopsis lines
lacking MSR isoforms. Thus, plants deficient in both plastidial MSRB1 and MSRB2, display a rosette
weight reduced by ca. 25% compared to WT when grown at 10 °C for 18 days [105]. These plants also
exhibit substantially reduced growth when continuously cultivated in long day/high light conditions
compared to short day/moderate light [105]. In other respects, the growth of an Arabidopsis line
lacking cytosolic MSRA2 is impaired in short-day and not in long-day conditions [107]. MSRA2 may
limit the oxidative damage occurring in proteins at the end of a long dark period [105]. The long
duration—several weeks in these experiments [105,107]—allowed to uncover physiologically relevant
functions for plant MSRs, probably due to the fine and timely control of MetO formation in proteins as
a function of environment and developmental stage.

In species other than Arabidopsis, several MSRs fulfil essential roles in responses to osmotic
constraints. Thus, in rice, overexpression of plastidial MSRA4.1 is associated with improved
tolerance to high salt (300 mM NacCl), as inferred from photosynthetic activity and oxidative damage
measurements [55]. Furthermore, rice plants overexpressing pepper MSRB2 exhibit better tolerance to
water deficit than WT upon shortage and higher survival rate following re-watering [57,114]. In these
plants, microarray analysis indicated that genes coding for photosystem components are much less
down-regulated in drought conditions than in WT [57]. Regarding salt stress, few data are available
regarding the protective effect of MSRs. Recently in G. soja, their involvement was reported in a specific
constraint, i.e., high carbonate that leads to alkaline stress. Indeed plants overexpressing MSRBb5a.1
exhibit better tolerance to high carbonate either at the germination stage in vitro or during vegetative
growth on soil [60].
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5.3. Biotic Constraints

With regard to biotic constraints, two reports clearly provided physiological evidence for a role
of plant MSRs upon attack of fungi or bacteria. Overexpression in tomato of pepper MSRB2 results
in enhanced resistance to two Phytophtora species that cause severe diseases in Solanaceae [56].
In parallel, these tomato lines display reduced H,O, content following infection and are more tolerant
to oxidative stress generated by high light or MV. This study also showed that pepper lines silenced for
MSRB2 expression exhibit increased ROS production, accelerated cell-death in the case of incompatible
infection by a bacterial Xanthomonas race and increased susceptibility following infection by a virulent
strain [56]. Data confirming the essential roles of MSRs in immune responses were also recently
reported in Arabidopsis [86]. Compared to WT, knockout or overexpression lines for cytosolic MSRB8
display increased sensitivity or tolerance, respectively, to an avirulent strain of Pseudomonas syringae
while no modification in the responses of transgenic plants occur following infection by virulent
strains [86]. Altogether, these data demonstrate that plant MSRs fulfill critical functions in plant
immune mechanisms that could be explored for improving crop resistance.

It is worth mentioning that the plant pathogen Erwinia chrysanthemi when deficient for msrA
displays reduced pathogenicity, revealing the requirement of this gene for the full virulence of
the bacteria, likely via the participation in defense mechanisms against plant-produced ROS [115].
This finding and those reported on plant MSRs in compatible and incompatible reactions show that
MSRs are essential actors in defense mechanisms in both partners during the infection process. Further,
plant MSRs could even constitute targets of pathogens. Indeed, in papaya, the Nla-pro protein of
the papaya ringspot virus interacts with the preprocessed MSRB1 protein and prevents its import in
chloroplasts, thus possibly weakening antioxidant defenses of the host plant [54].

5.4. Involvement in Ageing Process

The participation of MSRs in ageing and lifespan control is well established in bacteria, yeasts,
and animals [33,37]. The only evidence in plants concerns seed viability. Seeds are in a natural
oxidative context leading to protein oxidation that at high level is deleterious and associated with
ageing. In two Medicago truncatula genotypes contrasted for seed quality, a strong positive correlation
was observed following controlled deterioration between the time to a 50% drop in viability and the
MSR capacity of mature seeds. A similar correlation was recorded in seeds of A. thaliana lines, altered
for MSR gene expression and capacity [68]. These data clearly reveal that the MSR repair system plays
a critical role in the establishment and preservation of longevity in plant seeds.

6. Mode of Action and Substrates of Plant MSRs

Upon environmental constraints and development (Figure 3), plant MSRs likely fulfil an
antioxidant function through MetO repair in proteins exhibiting accessible Met residues positioned
on their surface [22,38]. Besides, the increasing knowledge gained recently gives strong credence for
much more specific functions in the control of Met redox status in particular proteins involved in
signaling pathways. Therefore, the identification of MSR partners is a prerequisite for giving accurate
insight into the physiological roles of these reductases in plants. In recent years, in addition to targeted
approaches, several global strategies based on biochemical, transcriptomic, and proteomic methods
were set up to search for proteins interacting with MSRs, or displaying MetO residues, as well as genes
exhibiting modified expression in plants up- or down-regulated for MSR genes.
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Figure 3. Physiological functions of plant MSRs. The functions of MSRs in the responses to high light,
high salt, high carbonate, water deficit, low temperature, cadmium and in photoperiod adaptation was
shown in Arabidopsis [50,52,76,105,107,112,113] rice, [55,57,114] or Glycine soja [60]. The participation in
responses to biotic constraints was reported in Arabidopsis [86], pepper, or tomato [56] the involvement
in seed ageing in Arabidopsis and Medicago truncatula [68]. The presumed role in organ senescence and
fruit maturation is based on expression patterns and identification of possible partners in Aarabidopsis,
strawberry, litchi, and banana [50,61,62,71].

6.1. Strategies for Searching Plant MSR Targets

6.1.1. Proteins Displaying High Met Content

One of the first strategies to identify MSR targets in plants is based on the hypothesis that proteins
exhibiting a high Met percentage or Met-rich domains are good candidates. The Arabidopsis plastidial
small heat shock protein of 21 kDa (HSP21) possesses a unique 19-residue domain carrying six Met in
an amphipathic helix. In vitro, MSRA4 counteracts Met oxidation in HSP21, restores its oligomeric
conformation and maintains its chaperone-like activity [116]. Similarly, based on the high Met content
(4.6%) and on the fact that its homologue in Escherichia coli is a target of MSRs [117]. cpSRP54,
the chloroplast signal recognition particle of 54 kDa that addresses light-harvesting complex (Lhc)
proteins to thylakoids, was presumed to be a target of MSRs. Using recombinant forms, we showed
that oxidized cpSRP54 is a substrate for plastidial MSRBs [105]. Interestingly, the oxidized form of
the other component of the signal recognition particle, cpSRP43 that exhibits a lower Met content
(1.9%) is also reduced by MSRBs [105]. More recently, a thorough survey of genomic data allowed
identifying Met-rich proteins, MRPs, far more systematically in Arabidopsis and soybean. The search
based on two criteria, peptide length of at least 95 residues and Met content higher than 6%, resulted
in the isolation of 121 and 213 genes, respectively, coding for proteins meeting both conditions [118].
Of note, the function of 50% of encoded proteins is unknown. Such in silico approaches sound very
promising and powerful to search proteins harboring Met-rich domains and identify physiological
targets of MSRs.



Antioxidants 2018, 7, 114

6.1.2. Proteins Exhibiting Modified MetO Content in Response to Oxidative Treatments or
Signaling Molecules

The proteins carrying MetO residues are also likely to be MSR substrates. Unfortunately, there is
no efficient tool for rapidly isolating such proteins, notably due to the lack of highly reliable antibodies
specific to MetO [119] to set up immunological-based analyses at the proteome scale. In the plant field,
there is only one example reporting the use of these antibodies to search for MetO-containing proteins.
The comparison of Western patterns from rice plants either WT or overexpressing pepper plastidial
MSRB2 highlighted a higher signal level in the range of 40 kDa in WT. Mass spectrometry analysis
identified 3 proteins located in plastid: porphobilinogen deaminase (PBGD), dihydrodipicolinate
reductase I and ferredoxin-NADP reductase. Based on the MetO content of recombinant PBGD
following HyO, treatment and its ability to be reduced by pepper MSRB2, PBGD was proposed
as a physiological substrate of MSRs [57]. To overcome the low specificity of MetO antibodies,
other strategies based on redox proteomics were set up. Marondedze et al. [111] used titanium
oxide treatment in combination with dihydroxybenzoic acid to enrich MetO containing peptides.
They analyzed protein extracts of Arabidopsis cell suspension cultures treated with an analogue
of cyclic guanosine monophosphate (cGMP), and identified by tandem mass spectrometry 94 and
224 unique proteins carrying MetO strongly enriched following 30 and 60 min of treatment, respectively.
However, it is important to note that such a method of enrichment may provoke non-physiological
oxidation of Met [120]. Another approach based on tandem-mass spectrometry was developed to
isolate proteins differentially oxidized in WT and MSRB7-overexpressing Arabidopsis plants treated
with MV [121]. It consisted to treat the protein extract with cyanogen bromide that hydrolyses the
C-ter of Met, but not of MetO, before trypsin digestion and protein identification. This analysis
identified more than 30 proteins that could be MSR substrates in planta [121]. Another strategy to
identify proteins carrying MetO consists to take advantage of recombinant MSRs [110]. This combined
fractional diagonal chromatography (COFRADIC) is made of three steps: (i) HPLC-fractionation of
peptides; (ii) treatment of peptides with recombinant MSRs, which induces a hydrophobic shift in
MetO containing peptide; and (iii) refractionation and identification of shifted peptides. Using this
strategy, about 400 proteins carrying MetO were identified and differential oxidation was investigated
in extracts from WT and from catalase 2 knockout plants that over-produce H,O, at ambient CO,
concentration. Consistently, 51 proteins were significantly more oxidized at the level of Met in this
genetic background [110]. These three studies clearly show the power of redox proteomic to identify
potential physiological targets of plant MSRs at a large scale and indicate that these reductases very
likely possess a broad range of substrates.

6.1.3. Proteins Interacting with MSRs

Proteins that interact with MSRs are also appropriate candidates to be reduced by these enzymes.
Based on this hypothesis, we aimed at isolating plant MSR partners using affinity chromatography [122].
Using Arabidopsis recombinant MSRB1 and leaf extracts, we isolated 24 proteins, 13 being plastidial
and potential physiological substrates of MSRB1. The other 11 could interact with non-plastidial MSRB
isoforms. Several are actually substrates of MSRs when their recombinant forms are treated with H,O,
and others possess homologues in yeast or mammals known to interact with MSRs and/or to possess
Met sensible to oxidation, arguing for the relevance of the affinity-based strategy to target physiological
partners of MSRs in plants.

6.1.4. Genes Displaying Modified Expression in Lines Up- or Down-Regulated for MSR Expression

Proteins exhibiting differential abundance in plants down- or up-regulated for MSR expression
are speculated to be MSR partners due for instance to decreased stability resulting from change
in MetO content. Nonetheless, such proteins could participate in signaling pathways or metabolic
processes altered by changes in the Met redox status. Comparative analysis of extracts from salt-treated
WT or MSRA4-overexpressing Arabidopsis seedlings by two-dimensional electrophoresis coupled to
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mass spectrometry analysis identified five proteins with lower intensity in the modified line, among
which two HSP70 isoforms [112]. A similar approach, pointed 9 proteins, including six located in
plastid, that are more abundant upon cold-treatment in WT than in a MSRB3-deficient mutant [52].
Since MSRB3 is localized in reticulum endoplasmic, this isoform might participate in a transduction
pathway regulating plastidial metabolism. In other respects, micro-array analysis indicated that
overexpression of the pepper plastidial MSRB2 in rice plants preserves the expression of numerous
genes coding for photosynthetic proteins upon drought stress compared to WT [57].

Taken collectively, the data gained from different and complementary approaches for isolating
MSR partners and targets in plants have led to the identification of numerous potential substrates.
Nevertheless, most need to be validated from a biochemical point of view with regard to their capacity
to be reduced by MSRs using reconstituted systems and recombinant proteins [105,122]. Further,
investigations based on two-hybrid system in yeast and BiFC assays in plant cells will help to confirm
their ability to interact in vivo with MSRs [61,62]. These approaches will have to be completed by
redox proteome-scale analyses using plants modified for the expression of each MSR gene in relation
with organ development and environmental conditions.

6.2. Identity and Functions of MSR Partners or Possible Targets

From the data acquired using the various strategies described in the previous sections, we can
discuss how MSRs fulfill their functions in line with the identity of their proven or putative partners
and the phenotype of modified plants.

6.2.1. Translation and Folding of Proteins

The plastidial elongation EFtu factor interacts with MSRB1 [122], and is less abundant in cold
conditions in an msrb3 mutant than in WT [52]. Further, recombinant EFtu is actually a substrate of
MSRBs following treatment with HyO, [122]. Consistently with these findings, proteins involved in
translation are significantly enriched among the proteins prone to Met oxidation in cafalase 2-deficient
Arabidopsis plants [110]. Heat shock proteins (HSPs) or chaperones fulfill critical roles in proper
folding of proteins, particularly in stress conditions. HSPs were among the first plant proteins
presumed to be MSR substrates due to the presence of Met-rich domains in some like HSP21 [116].
Interestingly in Arabidopsis, other chaperone types are putative MSR targets, such as the chaperonin
603 and one heat shock cognate (HSC70-3) isolated using affinity chromatography [122], and one
HSP70, the abundance of which is decreased in MSRA4-overexpressing plants [112]. Further, HSP70,
HSP70B, and HSC70-2 are less oxidized at the level of Met in MSRB7-overexpressing plants [121].
As MetO is more hydrophilic than Met, MSRs would maintain the hydrophobic character of HSP
regions binding unfolded proteins, thus preventing their aggregation [123].

From these reports, we conclude that plant MSRs are essential components preserving the activity
of actors participating in proper elongation and folding of proteins. However, another hypothesis
could be put forward in the sense that MSRs might associate to the complexes ensuring proper protein
biogenesis and process, since yeast MSRs preferentially reduce MetO in unfolded proteins, protecting
them from oxidative unfolding [20].

6.2.2. Chlorophyll Metabolism and Photosynthetic Activity

Numerous proteins involved in photosynthesis are potential MSR substrates. For instance, the two
cpSRP43 and cpSRP54 components of the chloroplastic signal recognition particle, which targets
Lhc proteins to thylakoids, are efficiently reduced by plastidial MSRBs [105]. The porphobilinogen
deaminase catalyzes the polymerization of four monopyrrole units into a linear tetrapyrrole
intermediate necessary for the formation of chlorophyll and heme. The recombinant form of this
protein harbors two Met residues that are prone to oxidation upon H,O, treatment, and is reduced by
MSRs [57]. Non-targeted approaches confirmed the importance of MSRs regarding photosynthetic
structures. Among the 24 proteins interacting with Arabidopsis plastidial MSRBI, six are involved
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in photosynthetic processes: ATPase subunits, RuBisCO, RubisCO activase, phosphoribulokinase,
and glyceraldehyde-3-phosphate dehydrogenase B [122]. In other respects, in rice plants subjected
to water deficit, a much more pronounced down-regulation of the expression of photosynthetic
genes, such as those coding for photosystem I (PSI) subunits, was observed in WT than in
MSRB2-overexpressing lines [57]. The authors concluded that MSRB2 maintains chloroplast function
through the repair of Met upon water deficit and modulates retrograde signals involved in the
regulation of gene expression in nucleus. Based on these data in rice [57] and those showing that an
Arabidopsis mutant lacking plastidial MSRBs exhibits delayed growth and decreased photosynthesis
in high light or low temperature conditions [105], these roles appear essential under environmental
constraints impairing photosynthesis and plastidial redox homeostasis. From all these studies,
we conclude that MSRs likely preserve photosynthetic structures along the whole process from
pigment biogenesis and light capture to carbon assimilation.

In other respects, in cold conditions several photosynthetic proteins (RubisCO, sedoheptulose-1,
7-bisphosphatase, SBPase, and photosystem II oxygen-evolving complex subunits) are less abundant
in an msrb3 mutant than in WT [52]. These proteins are not targets of MSRB3 that is located in
endoplasmic reticulum. Similarly, RubisCO, SBPase, RubisCO activase, and carbonic anhydrase are
less oxidized at the Met level in Arabidopsis plants overexpressing cytosolic MSRB7 [121]. Thereby,
we can infer from these studies the occurrence of signaling crosstalk between cell sub-compartments
resulting from impaired Met redox status in endoplasmic reticulum or cytosol and controlling nuclear
gene expression and/or plastidial redox balance. In line with this conclusion, chloroplastic proteins
are more prone to Met oxidation compared to other compartments in an Arabidopsis mutant deficient
in catalase 2 displaying increased H,O, production in peroxisome [110].

6.2.3. Antixoxidant Mechanisms

As reviewed in Section 3, modifying expression of MSR genes is often associated with changes
in cell redox homeostasis. Thus, higher MetO levels are observed in Arabidopsis MSR-deficient
mutants particularly upon environmental constraints [52,105,109]. Moreover, the msra2 mutant exhibits
increased levels of protein nitration and glycation [109]. These findings demonstrate the integration
of MSRs in the cell antioxidant network and indicate that impairment of one specific MSR-based
repair system leads to general disturbance in the protein redox balance. This could originate from
altered activity of other antioxidant proteins due to change in their Met redox status. This hypothesis
is corroborated by the facts that two catalase isoforms interact with MSRB [122] and that Arabidopsis
plants over-expressing cytosolic MSRBs display upon oxidative stress modified activity levels of
peroxidase and catalase, and most importantly strongly increased GST activity [51]. This could indicate
protection of GSTs by MSRs. Consistently, one GST isoform exhibits reduced abundance in a mutant
lacking MSRB3 [52], and three GSTs are more subject to Met oxidation in a cafalase 2 mutant than in
WT upon high light [110]. Further, three GSTFs (2, 3 and 8) exhibit less oxidized Met residues in an
Arabidopsis line overexpressing MSRB7 exposed to MV [121].

GSTs form a complex family of enzymes detoxifying a broad range of molecules such as
secondary metabolites and exogenous substrates that are referred as xenobiotics, and include
herbicides [124-126]. Depending on their catalytic residues, GSTs catalyze glutathione conjugation,
perform deglutathionylation or bind non-substrate ligands. The higher GST activity in Arabidopsis
MSRB-overexpressing plants prompted Chan’s group [121] to investigate whether these enzymes
are efficiently repaired by MSRs. Recombinant GSTFs 2, 3 and 8 interact with MSRB7 in BiFC,
co-immunoprecipitation and yeast two-hybrid assays, and the activity of GSTFs 2 and 3 is restored
in vitro by MSRBY following oxidative treatment [121]. Moreover, plants overexpressing MSRB7
display a higher abundance of GSTFs 2 and 3 in oxidative stress conditions, revealing preserved protein
stability possibly through the maintenance of Met redox status. In full agreement, MetO formation due
to HyO, treatment affects the activity of two other GSTs (GSTF9 and GSTT23) [110] and H,O; leads
to preferential oxidation of Met14 in GSTT23, that could alter GSH binding and/or catalytic activity
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of the enzyme [127]. Moreover, Met oxidation in GSTF9 results in increased flexibility in the H-site
responsible of substrate binding and in lower enzyme activity towards hydrophobic substrates [128].
Taken collectively, these data give strong credence for a decisive role of plant MSRs in the redox
maintenance of GSTs. Whether MSRs fulfil a similar function towards other antioxidant/ detoxifying
enzymes remains to be unveiled. Such a function seems very plausible, since in other organisms MSRs
protect the activity of HyO,-scavenging enzymes [129].

6.2.4. Signaling in Relation with Calmodulin

Ca?* is a major signal carrier and messenger in eukaryotic cells, and different sensors recognize
specific calcium signatures caused by exogenous stimuli. Among them, the calmodulin (CAM) calcium
receptor is a key actor in animal and plant cells. CAM proteins display Met-rich pockets binding
partners harboring non-polar peptide sequences [130]. The Met redox status in these pockets is thus
critical for partner recognition due to the hydrophobic character of Met compared to MetO [131].
Accordingly, oxidized CAM and MSR exhibit high affinity and cooperative interaction in in vitro
assays [132]. Reversible Met oxidation finely tunes CAM-dependent signaling and modulates
interaction with CAM-binding proteins [133-136]. Besides, Met oxidation can also directly regulate
CAM-partners as inferred from the increased activity of CAM-dependent kinase II in msrA-deficient
mice [40]. All these findings clearly provide evidence for crosstalk between redox modification of Met
and calcium-dependent signaling pathways.

Compared to other organisms, plants possess much more CAM and CAM-like proteins
(ca. 50) that regulate numerous binding partners involved in developmental processes and stress
responses [137,138]. So far, the knowledge regarding their regulation via Met oxidation remains
scarce. Several proteins participating in Ca?*-dependent signaling are potential MSR substrates. Thus,
among the 13 soybean drought-induced genes encoding Met-rich proteins, five code for CAM-related
proteins [118]. In G. soja, the search of partners of a CAM-binding kinase led to the isolation of a MSRB
isoform (B5a) [60]. The interaction was confirmed in BiFC assays and Arabidopsis lines overexpressing
either MSRB5a or the CAM-binding kinase display enhanced tolerance to carbonate alkaline stress,
suggesting that both fulfil a related physiological function. Intriguingly, the interaction takes place
in the plasma membrane where the CAM-binding kinase is addressed, as well as MSRB5a when
expressed without its plastidial transit peptide [60].

In plants, CAMs control many developmental processes including senescence. In litchi fruit
pericarp, similar expression profiles were noticed for CAM1 and three MSR genes during storage [61].
CAM1 physically interacts with two MSRA isoforms and can be repaired by MSRs after oxidation.
Met oxidation in CAMI1 does not alter its ability to bind two senescence-related transcription
factors, but triggers their DNA-binding activity, revealing a possible role of MSRs in the control
of the expression of senescence genes [61]. Very similar results were obtained in banana fruit [62].
These recent data reveal that like in animal cells the regulation of Met redox status in CAM-related
proteins is likely a key step tuning their activity.

6.2.5. Proteins Responsive to Stress

Finally, most proteomic strategies highlight the importance of the control of Met redox status
in stress responsive proteins. Indeed, among the 121 and 213 Met-rich proteins in Arabidopsis
and soybean, respectively, many respond to drought or high salt and participate in regulation
of transcription, modification of proteins and transport of metals [118]. Consistently, among the
proteins exhibiting MetO following treatment of Arabidopsis cell cultures with a cGMP analogue,
proteins responsive to various stress conditions such as tubulin or aconitase, are substantially
enriched [111]. In MSRB7-overexpressing Arabidopsis plants, several proteins involved in stress
responses and signaling processes (annexin D1, tubulins, transducins) carry less MetO residues
than in WT [121]. Finally, in proteins subject to Met oxidation in an Arabidopsis catalase 2-deficient
mutant, those belonging to the gene ontology (GO) biological process “response to stress” are enriched
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compared to WT [110]. Among them, not only executors like oxidoreductases, but also regulators
involved in signal transduction like methylene-blue-sensitive 1 and mitogen-activated protein kinases
are found.

7. Conclusions

The knowledge about the physiological functions of plant MSRs has considerably evolved in
recent years, and their participation in defense mechanisms against abiotic and biotic constraints is now
well established (Figure 3). They can act in the preservation of proteins upon oxidative stress, but could
also be targets of pathogens as proposed by Gao et al. [54]. These data could open up avenues for
improving crop responses to environmental stress conditions. Moreover, another function related to the
control of longevity was unveiled in seeds subjected to adverse conditions [68], which is in agreement
with the data reported in other organisms. The MSR expression patterns observed in leaf and fruit as a
function of age or maturation stage, respectively, in various plant species prompt us to propose that
MSRs participate in the control of senescence and ageing processes in plant organs (Figure 3).

Most interestingly, the search of partners provided accurate information how plant MSRs could
fulfill their functions upon environmental constraints (Figure 4). Indeed, in addition to a global and
direct protective role against oxidative damage in proteins, for instance in photosynthetic structures,
MSRs on one hand could maintain the Met redox status preferentially in stress responsive effectors,
thereby preserving their activity as shown for GSTs and chaperones. On the other hand, they very likely
play key signaling roles in relation with Ca?*-, hormone- and phosphorylation-dependent cascades as
inferred from the identification of numerous MSR partners involved in these pathways [60-62,110,118].
The control of Met redox status by MSRs could be responsible for decoding ROS signatures and
transmitting information in non-redox signaling pathways. Consistently, oxidation of Met538 in
Arabidopsis nitrate reductase prevents in vivo phosphorylation of a nearby Ser residue, revealing
the control of oxidative signals such as MetO formation on the capacity of kinase substrates to
be phosphorylated due to modified recognition motif [139], MetO being more hydrophilic than
Met. The hypothesis that Met oxidation participates in the control of protein phosphorylation
is further supported by the fact that Met residues nearby phosphorylation sites are preferentially
oxidized in vivo under stress conditions in human proteins [140]. These data indicate that MSRs are
decisive components at the crosstalk of different transduction pathways within the complex signaling
network (Figure 4).

MSR CONTROL OF MET REDOX STATUS

Interplays with phytchormones,
CaZ+, phosphorylahon pathways

REPAIR OF CELL FUNCTIONS TRANSDUCTION OF SIGNALS
Antioxidant Protein Photosynthesis Responses Organ
systems processing to stresss development

Figure 4. Presumed modes of action of plant MSRs. The proposed functions of MSRs in repair
and preservation of antioxidant, protein processing, and photosynthetic systems and in signaling
transduction pathways are based on the phenotype of plants modified for MSR expression and on the
identity of their possible targets.

45



Antioxidants 2018, 7, 114

In addition to reductase activity, plant MSRs might fulfill other biochemical functions, since
some do not harbor any catalytic cysteine [32], and bacterial and animal MSRAs exhibit in vitro
methionine oxidase activity towards both free and peptide-bound Met [141]. Further investigation
is thus needed to decipher more precisely in planta the functions of each MSR isoform, notably by
identifying using redox proteomics the MetO-containing proteins in various genetic backgrounds and
environmental conditions. Another promising approach consists of determining the Met redox status
in vivo using redox fluorescent sensors like in bacterial and mammalian cells [14]. This will help with
monitoring the MetO level in various subcellular compartments and genetic backgrounds as a function
of environmental stimuli.
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Abstract: Cysteine and methionine residues are the amino acids most sensitive to oxidation by
reactive oxygen species. However, in contrast to other amino acids, certain cysteine and methionine
oxidation products can be reduced within proteins by dedicated enzymatic repair systems. Oxidation
of cysteine first results in either the formation of a disulfide bridge or a sulfenic acid. Sulfenic acid
can be converted to disulfide or sulfenamide or further oxidized to sulfinic acid. Disulfide can be
easily reversed by different enzymatic systems such as the thioredoxin/thioredoxin reductase and
the glutaredoxin/glutathione/glutathione reductase systems. Methionine side chains can also be
oxidized by reactive oxygen species. Methionine oxidation, by the addition of an extra oxygen atom,
leads to the generation of methionine sulfoxide. Enzymatically catalyzed reduction of methionine
sulfoxide is achieved by either methionine sulfoxide reductase A or methionine sulfoxide reductase
B, also referred as to the methionine sulfoxide reductases system. This oxidized protein repair
system is further described in this review article in terms of its discovery and biologically relevant
characteristics, and its important physiological roles in protecting against oxidative stress, in ageing
and in regulating protein function.

Keywords: protein oxidation; methionine oxidation; methionine sulfoxide reductases; oxidized
protein repair; ageing

1. Introduction

Enzymatically repair of protein oxidative damage is only possible for certain oxidation products of
the sulfur-containing amino acids, cysteine and methionine. In the case of cysteine, the major systems
involved in reversing the oxidation of disulfide bridges and sulfenic acid include the reduced forms
of small proteins such as thioredoxin and glutaredoxin. Methionine sulfoxide, on its turn, is reduced
back to methionine by the methionine sulfoxide reductases enzymes that are then recycled by the
thioredoxin/thioredoxin reductase system.

Thioredoxins (Trx) are small ubiquitous proteins with two catalytic redox active cysteines
(Cys-XX-Cys), which catalyze the reversible reduction of protein disulfide bonds. Subsequently,
oxidized thioredoxins are reduced back enzymatically by the NADPH-dependent thioredoxin
reductase (TR) enzymes, which together with NADPH and Trx constitute the thioredoxin system [1]
(Figure 1). Two Trx enzymes have been identified to date, Txrl, which is present in the cytosol
and can be translocated into the nucleus in oxidative stress conditions and Trx2, which is present
in the mitochondria. The antioxidant activity of these enzymes consists of providing electrons to
thiol-dependent peroxidases (Prx), allowing the recycling of these Prx enzymes for the continuous
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removal of reactive oxygen species (ROS) and reactive nitrogen species (RNS). Furthermore, Trx are
also involved in the protection against protein oxidative damages by reducing methionine sulfoxide
reductases (Msrs), enzymes capable of repairing oxidized methionines. In mammals, Trx also regulates
the activity of many redox-sensitive transcription factors, such as NF-kB, Nrf2 and p53 [1].

Glutaredoxins (Grx) are found in almost all living organisms and collaborate with thioredoxins
for the reduction of protein disulfides and S-glutathionylated proteins. Four Grx isoenzymes (Grx1,
Grx2, Grx3, and Grx5) exist in mammals. In terms of structure, they belong to the Trx superfamily
having a dithiol or monothiol active motive, Cys-XX-Cys or Cys-XX-Ser, respectively [2,3]. In contrast
to Trx, Grx are reduced back non-enzymatically by glutathione, which is recovered by the glutathione
reductase enzyme in the presence of NADPH (Figure 1). An exception was observed with the Grx2
isoenzyme, which was shown to be reduced by Trx2 in mitochondria [4]. The reduction of disulfides
and the participation on protein deglutathionylation state the importance of Grx enzymes in defense
against oxidative stress as well as in redox regulation of signal transduction [5,6].

Protein-S, '\ /o Trx-S, NADP*
Protein-(SH), /\ Trx-(SH), NADPH + H*

A)

Protein-S,

Protein-SSG \/ Grx-S, \/ GSSH NADP*
Protein-(SH), /\ Grx-(SH), /\ — R

Protein-SH + GSH

)

Protein-MetO '\/ Mrs-S, \/ Trx-S, NADP*
Protein-Met /\ Msr-(SH), /\ Trx-(SH), NADPH + H*

Figure 1. The three major protein repair systems. (A) Thioredoxin (Trx) system participates on the
reduction of protein disulfide (Protein-S2); (B) Glutaredoxin (Grx) system reduces protein disulfide
(Protein-S2) as well as protein glutathione mix disulfide (Protein-SSG); and (C) Methionine sulfoxide
reductase (Msr) system reduces methionine sulfoxides (MetO).

Msrs in mammals constitute a group of four ubiquitous enzymes that catalyze the reduction of
free and protein-derived methionine sulfoxides (MetO) to methionine (Met). Two diastereoisomers
(rectus and sinister) of methionine sulfoxides can be formed upon protein methionine oxidation,
methionine-R-sulfoxide (MetRO) and methionine-S-sulfoxide (MetSO). MsrA, which is present in
the cytoplasm, in the nucleus and in the mitochondria reduces specifically the MetSO [7]. On the
other hand, the three MsrB are responsible for the reduction of MetRO. In terms of their intracellular
localization, MsrB1 is present in the cytoplasm as well as in nucleus, MsrB2 is only present in the
mitochondria and MsrB3 is present in the mitochondria as well as in the endoplasmic reticulum
of eukaryotic cells [7]. Msr enzymes possess one cysteine (a selenocysteine in the case of MsrB1),
in their catalytic site, responsible for MetO reduction and whose recycling involves the formation of
a disulfide bond with a second Msr cysteine. The disulfide bond can be further reduced restoring
Msr activity by the Trx system (Figure 1). Msr have been intensely studied for their antioxidant roles
as well as their protection against oxidative stress and apoptosis [8-10]. Furthermore, they have
been suggested as being involved in longevity modulation of some models organisms such as
D. melanogaster [11], C. elegans [12] and S. cerevisiae [13,14]. More recently, these enzymes have been
considered as regulators of protein function [15] and as being involved in redox regulation of cellular
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signaling [16]. These proteins as well as their functions are further described and discussed in the
following sections.

2. Methionine Sulfoxide Reductases Discovery

Due to the presence of a sulfur atom, methionine residues are very sensitive to oxidation leading
to a modification or loss of protein function when oxidized within proteins. First evidences of the
importance of keeping methionine in its reduced state for biological function appeared more than
70 years ago. Studying L. arabinosus, Waelsch and colleagues found that methionine oxidation of
glutamine synthetase inhibited the conversion of glutamic acid into glutamine, an essential step
for bacterial growth [17]. In addition, sporulation of B. subtilis was also described to be affected by
methionine oxidation [18]. Few years after the identification of the first deleterious effects of MetO,
a Msr activity, capable of reducing back MetO to Met was described, primarily in yeast [19], later in
bacteria [20] and in higher organisms, such as plants [21] and animals [22]. Msr activity was evidenced
in E. coli by their ability to grow in a culture medium with L-MetO as the only source of methionine,
thus capable of catalyzing the reduction of MetO [20]. In 1981, Brot and colleagues partially purified
one of the enzymes responsible for the reduction of MetO within proteins and showed it as essential
for restoring the activity of the ribosomal protein L12 in E. coli [23]. The enzyme, later called MsrA,
uses reduced Trx in vivo or dithiothreitol (DTT) in vitro as electron donor [24]. MsrA is a ubiquitous
protein, differentially expressed in mammalian tissues and capable of reducing a variety of substrates
such as free MetO and peptides or proteins containing MetO [25]. MsrA was found to be a stereospecific
enzyme only capable of reducing the MetSO diastereoisomer of MetO, with an increased specificity for
protein-bound MetO compared to free MetO [26,27].

Twenty years after the purification of MsrA, Grimaud et al. discovered that full reduction
of oxidized calmodulin can be done by the combined action of MsrA and another enzyme called
MsrB [28]. This new Msr is in fact responsible for the reduction of the MetRO diastereoisomer
within proteins, which is not reduced by MsrA [29,30]. MsrB, later called MsrB1, SelX or SelR in
mammals, was discovered in 1999 by Lescure and colleagues as a novel selenoprotein, but at this
time, its function was unknown [31]. MsrB exclusively acts on peptidyl-MetO [28]. Intrigued by this,
different authors have identified a novel Msr in E. coli, called fRMsr (for free MetRO reductase)
or MsrC, which activity is specific for free MetO, being unable to reduce MetO present within
proteins [30,32,33]. More recently, Gennaris and co-workers made another interesting discovery:
they found a new Msr system, named MsrPQ (MsrP for periplasm and MsrQ for quinone), present
in the envelope of E. coli bacteria, that, in contrast to the other known Msr, can reduce both MetO
diastereoisomers using electrons directly from the respiratory chain, thus independently from Trx [34].
A similar system may exist in eukaryotic subcellular oxidizing compartments, such as the endoplasmic
reticulum or lysosomes but, so far, fRMsr and MsrPQ systems were only found in prokaryotes or
unicellular eukaryotes.

3. Methionine Sulfoxide Reductases Phylogenetic, Tissue and Cellular Distribution

The phylogenetic distribution of Msr genes was revealed by genomic analyses made in different
organisms. These studies show the presence of MsrA and MsrB genes in all eukaryotes without
exception. Bacteria can possess only MsrA genes, the two Msr genes or a bifunctional MsrA/B fusion
gene [35]. This universal presence of Msr genes supports their essential roles for cell function, either
in protecting them against oxidative damages as well as in regulating protein function. The greatest
exception to the universal Msr representation among life domains is its absence in 12 archaea
representative genomes [35]. Several hypothesis for this, although none of them was already been
clearly proven, have been proposed: (i) the development of a functionally equivalent system; (ii) the
low O, solubility at high temperatures which would avoid ROS production within hyperthermophiles;
(iii) the observation of non-enzymatic MetO reduction at higher temperatures [36]; (iv) the existence
of protein structures that protect Met residues; (v) the presence of Msr-containing plasmids in these
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archaea; (vi) the discovery of fRMsr in some archaea including some of those lacking Msr genes [37]
or finally (vii) the existence of an efficient first line of defense against ROS production (catalase,
superoxide dismutases and Prx enzymes), which would create a low-ROS environment that diminishes
the frequency of protein oxidation.

The fact that no MsrB-containing organism exists without MsrA gene suggests to the authors that
these two genes evolved independently and that in these organisms, a greater abundance of the S
epimer of MetO may explain that MsrA protein was sufficient to perform this specific protein repair
process [35]. According to this hypothesis, MsrB may have evolved to play other redox functions,
increasing defenses against greater oxidative damage seen in more complex life forms such as animals
and plants. In addition, the organization of the two Msr genes also differs, this can explain the massive
MsrB gene duplication seen in the plant Arabidopsis thaliana: nine MsrB genes in contrast to five MsrA
genes [38]. In contrast to plants and algae [38], animals and bacteria contain fewer Msr genes: mammals
have one MsrA and three MsrB genes while E. coli, S. cerevisiae, C. elegans and D. melanogaster have only
one MsrA and one MsrB gene [29,39]. Such gene diversity underlines the biological importance of
this system and gene redundancy may be explained by the necessity for organisms to respond to the
modification of environmental conditions such as oxidative [10] or thermal stress [40,41].

In mammals, Msr enzymes are ubiquitously expressed [23,25], with the only exception of leukemic
cells that do not express MsrA [42]. Analyses of mouse, rat, and human tissues revealed a maximal
expression level of MsrA in kidney and liver, followed by heart, lung, brain, skeletal muscle, retina,
testis, bone marrow, and blood [25,42]. The highest Msr activities were found in rat kidney [43]
and human neutrophils [44], which in the case of neutrophils was later shown to be due mainly to
MsrB type [45]. In human skin, MsrA was shown to participate to tissue homeostasis and to be a
sensitive target for UV [46,47]. MsrA and all three MsrB proteins are expressed in melanocytes [48]
and keratinocytes [46]. A lower MsrA expression was found in dermal fibroblasts [46] while a greater
MsrA expression was found in sebaceous glands [49]. MsrB1 and MsrB3 were both expressed within
vascular endothelial cells [49].

Msr enzymes are differentially distributed in the mammal subcellular compartments (Figure 2),
which indicates that each Msr may have an organelle-specific role. MsrA is present in mitochondrial
matrix due to its N-terminal mitochondrial signal sequence [50] but was also found in rat liver cytosolic
fractions [51] and in the nucleus of mouse cells [52]. If its N-terminal peptide sequence was sufficient
for mitochondrial targeting, other structural and functional elements present in the MsrA sequence can
determine its intra-cellular distribution. Correctly folded MsrA is retained in the cytosol, while partially
misfolded MsrA appears to be targeted to the mitochondria [52]. An alternative first exon splicing
generating an additional MsrA form lacking a mitochondrial signal, which resides in cytosol and
nucleus, was also evidenced [53]. This protein produced by initiation at the second site has been shown
to be myristoylated and localized in the late endosomes [54].

For the MsrB family, the situation is more complex than for MsrA, due to the existence of
four proteins resulting from the transcription and consequent translation of three different genes.
The selenoprotein protein MsrB1 is present both in the nucleus and the cytosol, while MsrB2,
also known as CBS-1, is present only in the mitochondria due to the presence of a N-terminal signal
peptide [39]. Interestingly, MsrB3A and MsrB3B result from alternative splicing of the first exon of the
MsrB3 gene with MsrB3A displaying an endoplasmic reticulum signal peptide while MsrB3B showed
a mitochondrial signal peptide at the N-terminus, in addition to an endoplasmic reticulum retention
signal peptide at their C-terminus. In mouse, however, there is no evidence for MsrB3 alternative
splicing and the only MsrB3 protein is present in the endoplasmic reticulum, even though it has both
the endoplasmic reticulum and the mitochondrial signal peptides at its N-terminus [55].
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Figure 2. Subcellular distribution of methionine sulfoxide reductase enzymes in humans. MsrA and
MsrB1 enzymes are present in the cytoplasm and in the nucleus of human cells. MsrA together with
MsrB2 and MsrB3B enzymes can be found within mitochondria. The endoplasmic reticulum only
contains a MsrB type enzyme called MsrB3A.

4. Methionine Sulfoxide Reductases Sequence, Structure and Catalytic Activity

Sequence alignment between the primary structures of MsrA protein from different organisms
showed that there is a high homology among them, with E. coli and B. taurus MsrA having 67% and
88% sequence identity to human MsrA [56]. In addition, this alignment highlighted a conserved
active-site sequence GCFWG in all organisms studied. The strictly conserved cysteine within this
motif (Cys-51 in the case of E. coli MsrA, Cys-72 in the case of bovine MsrA and Cys-74 in the case of
human MsrA) is essential for the MsrA reducing activity (Figure 3). Moreover, three other cysteine
were shown to be conserved within 70% of all MsrA proteins: Cys-86, Cys-198 and Cys-206 in the case
of E. coli; Cys-107, Cys-218 and Cys-227 for bovine MsrA; and Cys-109, Cys-220 and Cys-230 in the
case of human MsrA [56]. Toward the C-terminus, the two last cysteines bracket a glycine-rich region
on MsrA sequence and may serve as additional recycling cysteine for the catalytic mechanism.

E. coli MsrA
"_'_) ) G/“F/l SANNES )“C,J /J 3. _‘")w_t./ Ty )‘ut/ /J
B. taurus MsrA

H. sapiens MsrA

HASEAAIAEASANASEAARE )

conserved motif recycling cys

Figure 3. MsrA conserved GCFWG motif. Schematic representation of the conserved MsrA active-site
sequence in E. coli, B. Taurus and H. sapiens, where the respective conserved cysteine is placed: Cys-51 in
the case of bacterial MsrA, Cys-72 for bovine MsrA and Cys-74 in human MsrA. Three other cysteine
residues were shown to be conserved: bacterial Cys-86, Cys-198 and Cys-206; bovine Cys-107, Cys-218
and Cys-227; and human Cys-109, Cys-220 and Cys-230; with the two last cysteines, toward the
C-terminus of each MsrA, being responsible for recycling of the catalytic cysteine.
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MsrA three-dimensional (3D)-structures obtained by X-ray crystallography from E. coli [57],
B. Taurus [58], M. tuberculosis [59] and P. trichocarpa [60] were also essential to determine the mechanistic
aspects of MsrA catalysis. MsrA folding belongs to an «/f3 class of proteins. The presence of the
catalytic cysteine in the N-terminal x-helix of the protein allows it to face MetO residues present in other
proteins, while the two recycling cysteines are buried in the C-terminal region of the protein. Analysis
of the 3D structures of the MsrA with MetO showed that the oxygen of the methionine sulfoxide is
strongly stabilized by a hydrophilic subsite composed of a network of hydrogen bonding interactions
including Tyr-82, Glu-94 and Tyr-134 in MsrA (numbers based on the E. coli MsrA sequence) [61].
Using NMR technology, a high degree of flexibility of the C-terminal region of oxidized MsrA was
evidenced, which favors the formation of an intramolecular disulfide bond between the two recycling
cysteines [62].

The catalytic mechanism for MsrA has been described by Boschi-Muller and colleagues in the
case of E. coli MsrA and by Lowther et al. for bovine MsrA [58,63]. Based on sulfenic acid chemistry,
these two groups proposed a reaction mechanism for MsrA catalysis consisting in several steps
(Figure 4). First, the catalytic Cys-51/72 will act as a nucleophilic agent attacking the sulfoxide moiety
of the substrate leading to formation of a sulfenic acid on the catalytic cysteine with the concomitant
release of 1 mol of methionine per mol of Msr. Subsequently, the recycling Cys-198/218 attack on
the sulfenic intermediate will create an intramolecular disulfide bond between the catalytic and the
recycling cysteine. In the case of another recycling cysteine, such as Cys-206 from E. coli and Cys-227
from B. taurus, there is subsequent nucleophilic attack of Cys-206/227 on Cys-198/218 creating a new
intramolecular disulfide bond between these two recycling cysteines. The last step involves reduction
of the disulfide bond by Trx in vivo or other reducing agents, such as DTT in vitro. Kinetic studies
showed that the rate of formation of the sulfenic acid is high while the recycling process, which reduces
back the oxidized catalytic cysteine, is overall rate-limiting [64]. Murine and human MsrA possess
the same mechanism of catalysis but in the case of other bacteria, such as N. meningitides [65] and
M. tuberculosis [59], MsrA proteins possess only one recycling cysteine equivalent to Cys-198 from
E. coli. Recently, MsrA has been shown to also have an oxidase activity towards methionines, producing
MetSO within proteins, including itself, or on free methionines [66], even in the presence of Trx [67].

The first protein showing a methionine-R-sulfoxide reductase activity was identified in E. coli
and was named MsrB. It has no similarity with MsrA, presents 43% sequence homology with PilB
from N. gonorrhoeae and contains a conserved signature sequence CGWP(S/A)F [28]. Indeed, the PilB
protein has a MsrA- and a MsrB-like C-terminal domains that function with opposite substrate
stereospecificity and a N-terminal thioredoxin-like domain that allows the regeneration of both
Msr active sites [30,68,69]. The 3D-structures from the MsrB domain of PilB obtained by X-ray
crystallography showed no similarity with the one from MsrA [68]. However, the active sites for
both enzymes show an axial symmetry as if they were reflecting each other in a mirror, which can
be explained by the stereospecificity of the two enzymes. This symmetry suggests a similar catalytic
mechanism for both enzymes and indeed, the two catalytic cysteines of PilB, Cys-495 and Cys-440,
function in a similar way to the E. coli MsrA Cys-51 and Cys-206: a nucleophilic attack by Cys-495 to
MetO leads to the production of a trigonal intermediary compound that after ionic rearrangement and
subsequent methionine release, will form a sulfenic acid on PilB Cys-495 [68]. As for MsrA, a series of
proton exchanging events occurs leading to the formation of a disulfide intramolecular bond, which is
consequently reduced by Trx [68].

MsrB1 is a mammalian MsrB enzyme that shows less homology with MsrBs from invertebrates,
with only 29% of similarity between the sequences of human MsrBl and the MsrB domain of
N. gonorrhoeae PilB [31]. The presence of the selenium atom in its active site is critical for the catalytic
function of this enzyme. In fact, the wild type selenoprotein MsrB1 is 800-fold more active than the
corresponding cysteine-MsrB1 mutant form [39]. Similarly, a cysteine to selenocystein mutation in
mammalian MsrB2 and MsrB3 resulted in 100-fold increase in the catalytic activity of the enzymes [70].
The incorporation of a selenocysteine into the primary sequence of MsrB1 protein is due to a SECIS
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(SelenoCysteine Insertion Sequence) element localized in the 3'UTR of MsrBl mRNA at a distance
from the UGA codon [31]. The presence of a recycling cysteine, present in the N-terminal region of the
MsrB1 protein is important for resolving the selenic acid intermediate formed during catalysis [70].
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Figure 4. MsrA catalytic mechanism. The nucleophilic attack of the MsrA catalytic cystein (Cys)-51 on
the sulfur atom of the methionine sulfoxide substrate leads to the formation of an unstable intermediate
(enzyme bound to the substrate). Bacterial MsrA is used in this representation. Ionic rearrangement

leads to the formation of a sulfenate ion with the concomitant release of the methionine molecule and
protonation of the sulfenate ion to produce a sulfenic acid intermediate on MsrA. The nucleophilic
attack of the recycling Cys-198 on the sulfur atom of the sulfenic acid intermediate leads to the
formation of an intramolecular disulfide bond. MsrA full native state recovery is achieved after another
nucleophilic attack of Cys-198 on Cys-206 generating a second intramolecular disulfide bond, which can
be reduced either by the thioredoxin (Trx)/thioredoxin reductase (TR)/NADPH regenerating system
or by dithiothreitol (DTT) [60,63].

MsrB2 was first identified in humans as a 21 kDa protein composed of 202 amino acids and
carrying the conserved MsrB sequence GTGWP [71]. It presents 59% homology with E. coli MsrB and
42% with the C-terminal domain of N. gonorrhoeae PilB. MsrB2 is four times less efficient than MsrA
for the reduction of a specific synthetic substrate. Similarly to MsrB1, MsrB2 possesses a CXXC motif
responsible for zinc binding. In contrary to other MsrB, the mammalian MsrB2 proteins do not contain
a recycling cysteine residue in the middle of the sequences and the sulfenic intermediate could be
directly reduced by Trx [70].

Another gene, that seems to be only present in mammals’ genome, encodes, by alternative
splicing, two proteins of the MsrB family, MsrB3A and MsrB3B [39]. As for the other MsrB proteins,
they contain a catalytic cysteine and the CXXC motif responsible for zinc binding. In terms of their
catalytic activity, these enzymes act similarly to the MsrB2 enzymes (Figure 5). Despite of the presence
of cysteine residues instead of selenocystein in their active sites, MsrB2 and MsrB3 exhibit good
catalytic efficiencies but that are slightly lower than MsrB1 [39,70].
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Figure 5. MsrB catalytic mechanism. In the case of MsrB1 (upper part of the figure), methionine
sulfoxide reduction starts with the nucleophilic attack of selenocystein (Sec) on the sulfur atom of
the substrate leading to the formation of an unstable intermediate. Ionic rearrangement leads to
the formation of a selenic acid intermediate with the concomitant release of a methionine molecule.
The nucleophilic attack of the recycling cysteine (Cys) on this selenic acid intermediate leads to
the formation of an intramolecular selenenylsulfide bond, which is subsequently reduced by the
thioredoxin (Trx)/thioredoxin reductase (TR)/NADPH regenerating system or by dithiothreitol (DTT).
In contrast, the sulfenic intermediate of MsrB2 and MsrB3 (lower part of the figure), formed on Cys after
methionine release, can be directly reduced to its fully active state by one of these mechanisms [68,70].

First studies on the biological reducing agents for MsrA revealed that reduced Trx, high levels of
DTT or reduced lipoic acid can reduce oxidized MsrA in vitro. If E. coli MsrA and MsrB and bovine
MsrA efficiently use either Trx or DTT as reducing agents, human MsrB2 and MsrB3 showed less than
10% of their activity with Trx as reducing agent when compared to the use of DTT [72]. This suggests
that in animal cells, Trx may not be the only reducing power for these two enzymes. Thionein,
the reduced metal-free form of metallothionein, and selenium compounds, such as selenocystamine,
could also function as reducing agents for human MsrB3 and MsrB2 [72,73]. Furthermore, it was found
that a few Msr such as A. thaliana MsrB1, Clostridium Sec-containing MsrA or the red alga G. gracilis
MsrA can be regenerated by Grx/glutathione system [74-77]. In the particular case of A. thaliana
MsrBl, the sulfenic acid is reduced by glutathione forming a glutathionylated intermediate that is
attacked by glutaredoxins [76]. However, the rate of the recycling process by the Grx system is at
least 10 to 100-fold lower compared to Trx acting in Msr with a recycling cysteine, suggesting that the
Grx system would not be used in Msr in which a disulfide bond is formed. In agreement with this
hypothesis is the fact that methionine auxotrophic E. coli is unable to grow in the presence of MetO
when the Trx1 gene is inactivated [78].

5. Methionine Sulfoxide Reductases in Protection Against Oxidative Stress

Several studies using different bacterial and eukaryotic models revealed that Msr enzymes and
methionine amino acids work together in cellular protection against oxidative stress. Surface-exposed
methionine residues in proteins are more easily oxidized by ROS, such as H,O,, chloramines or
HOCI, due to the presence of sulfur atoms. However, they are believed to be more resistant to
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oxidative inactivation [79], thus keeping protein structure and catalytic function. Through this
mechanism, methionines are proposed to act as a threshold barrier for other amino acid oxidation,
which would lead to loss of the protein activity [79,80]. Another mechanism through which methionine
can act as antioxidant amino acid, observed in E. coli [81], S. cerevisiae [82] and in mammalian
cells [83], is its misacylation, i.e., the incorporation of methionines by non-methionyl-tRNAs
during translation. To date, this translation infidelity was revealed to be specific to methionines
and its frequency of occurrence was shown to increase upon innate immune or chemically
induced oxidative stress [83], thus suggesting it plays a role in protecting against these kinds of
stresses. In agreement, some Met-mistranslated forms were observed in the catalytic domain of the
Ca?* /calmodulin-dependent kinase IT (CaMKII) under Ca?* stress, resulting in increased catalytic
activity as well as alterations of proteins subcellular localization [84].

The antioxidant protection conferred by methionine residues is also due to their cyclic reduction
by Msr enzymes, which by rendering methionines prone to new oxidation reactions, will lower ROS
levels [85]. In fact, the absence of MsrA expression leads to reduced E. coli as well as M. tuberculosis
viability when treated with H,O,, nitrite or S-nitrosoglutathione; effect that can be reversed by
transformation of the mutant strain with a plasmid containing the wild-type MsrA gene from the
respective bacteria species [86,87]. This MsrA protection against an oxidative stress state induced by
different oxidants has been also verified in other bacteria such as O. anthropi [88] and S. aureus [89].
Moreover, the presence of MsrA was relevant for survival of M. smegmatis within macrophages
producing high levels of ROS and RNS as a defensive response against those microorganisms [90].
Growth alteration and significant protein carbonyl accumulation were also observed in MsrA null
yeast mutants when submitted to HyO, treatment [91,92]. In agreement, overexpression of MsrA
in this eukaryotic species reduced the levels of free and protein-bound MetO leading to increased
resistance to toxic concentrations of HyO, [93]. Overall the studies indicate that bacteria and yeast are
dependent of MsrA to counteract the damaging effects of oxidative stress and consequently for their
survival in these conditions. In the case of S. cerevisiae not only MsrA, but also MsrB was shown to
protect against oxidative damages mediated by the toxic metal chromium [94].

Msr protection against oxidative stress is also notorious in higher organisms such as plants and
animals. During the dark periods when A. thaliana produces more H,O;, it has been shown that the
Msr system was important to prevent protein oxidative damage, thus minimizing protein turnover
in these conditions of limited energy supply [95]. MsrB3 was identified in a proteomic study as a
cold-responsive protein in Arabidopsis [96] as essential to reduce oxidized methionine and to lower
H,0; level that accumulates in the endoplasmic reticulum during plant cold acclimation [40]. In the
case of invertebrate animals, overexpression of MsrA in the nervous system of D. melanogaster was
shown to increase the resistance of these transgenic animals to paraquat-induced oxidative stress [97],
while the suppression of this gene in C. elegans resulted in worms more sensitive to paraquat treatment,
presenting chemotaxis and locomotor failure, partly due to muscle defects [12]. In line with these
results, the induction of MsrA by ecdysone, was also shown to protect Drosophila against HyO,-induced
oxidative stress [98].

In mammals, paraquat injection decreased the survival of MsrA~/~ mice comparing to MsrA*/*
or MsrA*~ mice [9]. MsrA null mutant mice present also higher level of protein carbonyls in the liver,
kidney [99] and heart, correlated with mitochondria morphological changes in this last tissue [100].
Regarding the heart, our laboratory observed that the modulation of Msr activity in rat hearts along the
course of cardiac ischemia/reperfusion may involve structural modification of the enzyme rather than
a modification of MsrA protein level [101]. Indeed, later it was shown that the MsrA cytosolic form
needs to be myristoylated in order to confer heart protection against ischemia/reperfusion damages,
suggesting that it must interact with a hydrophobic domain [102]. This protective role of MsrA against
ischemia/reperfusion injuries was also evidenced in mouse kidney, with increased oxidative stress
markers, inflammation and fibrosis observed in kidneys of MsrA~/~ mice after injury comparing
to wild type [103,104]. In agreement to what have been found in MsrA~/~ mice, increased GSH,
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protein and lipid oxidation were also found in the liver and kidney of the MsrB1 K.O. mice [105].
MsrBl1 is a selenoprotein, thus depending on selenium concentrations to be produced. Interestingly,
Jacob Moskovitz has found that MsrA K.O. mice submitted to a selenium deficient diet presented
decreased MsrB activity but also less Gpx and Trx activities in their brains [106]. MsrA or MsrB1
deficiency significantly accelerates acetaminophen-induced hepatic toxicity by aggravating GSH
depletion and lipid peroxidation [107].

The protective role of Msr enzymes against oxidative damages was also suggested by various
studies in different mammalian cell types in vitro, such as retinal pigment epithelial cells from
human [108], monkey [109], rat [110], or human lens cells [111]. Overexpression of MsrA in human
lens cells, for instance, gave them an increased resistance to HyO,-induced stress while MsrA gene
silencing led to an their increased sensitivity towards oxidative treatment and to a loss of viability
even in the absence of exogenously added stress [111]. On the other hand, silencing of all or individual
Msr genes led to increased oxidative stress-induced cell death indicating that MsrB are also implicated
in human lens epithelial cell viability in these conditions [112]. MsrB1 was the most studied MsrB in
human lens epithelial cells. Silencing of this Msr gene resulted in increased ROS levels, lipid oxidation,
ER stress, decreased mitochondrial potential and release of cytochrome ¢, ultimately leading to
caspase-dependent apoptosis [113-115]. Furthermore, peroxynitrite treatment to MsrB1-deficient
human lens epithelial cells will aggravate the oxidative damages and F-actin disruption, that normally
occurs after this nitric stress [116], suggesting that MsrB1 protects lens cells from F-actin nitration.
Using stable human embryonic kidney HEK293 clones with an altered Msr system due to silencing
the expression of MsrA, MsrB1, or MsrB2, our laboratory performed a proteomic analysis on the
Msr-silenced cells grown under basal conditions or submitted to oxidative stress, revealing that the
disruption of the Msr system mainly affects proteins with redox, cytoskeletal or protein synthesis,
and maintenance roles [117]. Interestingly, most of the proteins found altered in the Msr mutants were
also identified as potential Msr substrates and have been associated with redox or ageing processes in
previous studies. Furthermore, we and others have shown that human T lymphocyte cells presented
an increase resistance to H,O; or zinc treatments when transfected with MsrA and/or MsrB2 genes by
reducing the levels of intracellular ROS species and protein oxidative damages that would lead to cell
death [8,93,118]. The role for MsrA in the prevention against the accumulation of protein and cellular
oxidative damage provoked by H,O,-induced oxidative stress was also studied in fibroblast cells [119]
and was associated in these cells to MsrA-dependent differentially expression proteins implicated in
protection against oxidative stress, apoptosis, and premature ageing [120]. Even though overexpression
of MsrA in the endoplasmic reticulum of mammalian cells increases their resistance to oxidative and
endoplasmic reticulum stresses [121], the resistance to an endoplasmic reticulum stress is mainly
conferred by MsrB3 [41,122]. Finally, in human skin cells, the behavior of the MsrA enzyme seems to
be dependent on the type of ultraviolet (UV) exposure and the dose applied, suggesting a hormetic
response to environmental stress. In fact, low doses of UVA stimulate MsrA expression, while UVB
or high doses of UVA contribute to decrease MsrA expression and increase protein carbonyl [46,47],
a profile that can be prevented by pre-treating the cells with MsrA [123]. In melanocytes, the absence
of MsrA expression also increased sensibility to oxidative stresses and cell death even in the absence of
exogenous stresses [124].

Together, these studies suggest that methionine amino acid residues along with the Msr system
constitute a potent antioxidant ROS scavenging system, preserving macromolecules in their reduced
state and thus contributing to protein homeostasis and function while protecting different cell types
and organisms from different kinds of oxidative stresses.

6. Methionine Sulfoxide Reductases in Disease, Ageing and Longevity

Given that Msr system also protects proteins from irreversible oxidation as a result of a severe
oxidative stress and that protein carbonyls levels are usually referred as a marker of oxidative stress
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in pathophysiological conditions and during ageing, it is expected that Msr would be implicated in
diseases and in ageing process.

While it has been shown that oxidized proteins accumulate in tissues from patients
exhibiting age-related diseases such as Alzheimer’s, Parkinson’s, and Huntington’s diseases,
and cataracts [125,126], reduced MsrA activity was found in the brains of Alzheimer’s disease
patients [127]. In agreement with this is the fact that MsrA K.O. mice demonstrated behavioral
abnormality (tip-toe walking) consistent with cerebellar dysfunction [99], increased light scattering—a
common cataract symptom [128] and enhanced neurodegeneration with characteristic features of
neurodegenerative diseases [129]. Methionine oxidation in Met-35 of amyloid £3-peptide (A peptide)
is thought to be critical for aggregation and neurotoxicity [130] and it was shown that the absence of
MsrA modifies AP solubility properties and causes mitochondrial dysfunction in a mouse model of
Alzheimer’s disease [131,132]. In the case of Parkinson’s disease, oxidation of the methionine residues
in «-synuclein is thought to be the main reason of protein fibrillation causing the pathology [133].

The importance of Msr in age-related diseases and the accumulation of modified proteins
produced by the action of ROS as major hallmark of ageing, suggests that Msr would have also
an important role in ageing phenotype. Indeed, the accumulation of oxidatively modified proteins
during ageing has been largely attributed to declined efficacy of the systems involved in protein
homeostasis such as protein degradation and protein repair [134]. Again, our laboratory has shown
that MsrA is down-regulated in aged rats [135] and during replicative senescence of fibroblasts [136].
Both cytosolic and mitochondrial Msr activities were found to decline upon replicative senescence [137]
and increased MetO levels were found in membrane proteins of senescent erythrocytes [138] as well as
in senescent E. coli [139].

Several studies have been done to elucidate the implication of the Msr system in regulating
lifespan but they are still controversial. The first two groups having tried to test this hypothesis used
two different models: MsrA K.O. mice and MsrA overexpressing Drosophila [97,99]. Knockout of the
MsrA gene in mice reduced its lifespan by 40% [99] while, in contrast, its overexpression in Drosophila
accounted for a 70% extension in their healthy lifespan [97]. In both studies, MsrA-dependent lifespan
modulation was related to its role in protection against oxidative stress but later, another study showed
that while the lack of MsrA in mice increases sensitivity to oxidative stress, it does not diminish
lifespan [9]. While the discussion about the effects of Msr system on the late survival of higher animals
is still open, MsrA overexpression, however, was shown to increase lifespan of S. cerevisiae [13] whereas
its inhibition in yeast or in C. elegans is accompanied by a shorten lifespan [12]. Moreover, ectopically
expression of fRMsr in fruit flies, an enzyme lost during evolution, that reduces free MetO, increases
stress resistance and extends lifespan of animals [140].

Until now, overall these studies agreed that the importance of Msr system in ageing and
neurodegenerative diseases was dependent of its role as antioxidant enzyme protecting cells and
organisms from the deleterious effects of oxidative stress. The discovery that alternation between
methionine oxidation and reduction could serve as regulator of protein function, as reviewed below,
raises the hypothesis that the Msr role on ageing and survival could also come from these intracellular
signalling functions.

7. Methionine Sulfoxide Reductases as Regulators of Protein and Cellular Functions

Evidences that the cyclic interconversion between Met and MetO within proteins is implicated
in the regulation of cell signaling functions are gaining space in the field of Msr studies. In general,
it has been demonstrated that the oxidation of certain methionine residues in proteins induces mainly
the loss of their biological activity, while their reduction by Msr is capable of reversing it. The types
of proteins in which methionine oxidation has been involved in their function are very diverse:
proteases or protease inhibitors, metabolic enzymes, cytoskeleton proteins, cytokines, heat shock
proteins, hormones, heme proteins, proteins associated with neurodegenerative disorders, proteins
involved in immunodefences, as well as different bacterial proteins and snake toxins (see [141] for
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review). Among the more than 50 proteins reported to have altered activity due to formation of MetO,
only part of them was already described as being substrates of Msr enzymes either in vitro or in vivo
experiments. In this last section, we will address some examples of these Msr substrates.

The E. coli ribosomal protein L12 was the first characterized substrate of MsrA [23]. Oxidation
of three of its methionines by H,O, decreases its ability to bind to ribosomes and to interact with
other ribosomal proteins such as L10, impairing protein synthesis [142], while MsrA reduction of the
oxidized methionines abled L12 ribosomal protein to regain its activity [23]. Another E. coli protein
involved in protein machinery is the Ffh component of the ubiquitous signal recognition particle.
This protein contains a methionine-rich domain whose oxidation compromises Ffh interaction with
a small RNA. Oxidized Ffh is a substrate for MsrA and MsrB enzymes and reduction of Ffh MetO
residues allows the recovery of its RNA-binding abilities [143].

Regarding serine protease inhibitors, methionine oxidation was also associated with a loss of
function in al-antitrypsin [144] and «2-antiplasmin [145]. In particular, xl-antitrypsin protein is
important for lungs protection by preserving anti-neutrophil elastase activity, which is associated
with the risk of developing emphysema. Oxidation of two methionines of «l-antitrypsin causes a
loss of the anti-neutrophil elastase activity, which can be restored in part with the addition of MsrA
in vitro [146]. Moreover, methionine oxidation of Human Immunodeficiency Virus 2 (HIV-2) protease,
which cleaves proteins involved in the HIV-2 reproductive cycle, also inhibits its proteolytic activity
while the addition of only MsrA partially restores it [147]. Another important protein participating in
the immunological and oxidative stress response, the inhibitor of kappa B-alpha (IkBx), named for
its inhibition activity of the transcription factor nuclear factor-«xB (NF-kB), can also be oxidized on a
methionine residue thereby increasing its resistance to proteasomal degradation [148]. When IkBx
is oxidized by taurine chloride or chloramines, it cannot dissociate from NF-«B, thus preventing it
from nucleus translocation and subsequent activation of its target genes [149]. Inhibition of NF-xB
activation is prevented by MsrA [150]. Together, these findings could lead to new therapeutic strategies
in order to fight against diseases such as pulmonary emphysema, AIDS or immunological diseases
where NF-«kB play an important role.

Methionine oxidation and its Msr-dependent reduction was also shown to be important for the
regulation of cellular excitability, in particularly through the regulation of the voltage-gated and
the calcium (Ca%*)-activated potassium channels [151,152]. Another protein involved in cellular
excitability, and whose activity is regulated by Msr enzymes, is the Ca?*-binding protein calmodulin
(CaM) [153]. This protein detects the calcium signals in cells and coordinates energy metabolism,
which in turn produce superoxide in the mitochondria. CaM loses its conformational stability upon
Met oxidation [154] thus failing to activate the plasma membrane Ca%*-ATPase [155]. In contrast, its full
reduction by MsrA and MsrB leads to its binding to the inhibitory domain of the plasma membrane
Ca®*-ATPase, inducing helix formation within the CaM-binding sequence and releasing enzyme
inhibition [28,156]. Full reduction of CaM by MsrA and MsrB was also found to restore its binding to
B. pertussis adenylate cyclase [157]. Thus, one can think that upon oxidative stress, increasing levels of
cytosolic Ca®* are probably the consequence of the oxidation of specific methionines in CaM that is no
longer able to activate the Ca?*-ATPase in the plasma membrane. As a consequence, accumulation
oxidized CaM will result in down-regulation of cellular metabolism thus, controlling the generation
of ROS.

One of the CaM proteins targets, the Ca%t/ calmodulin-dependent protein kinase II (CaMKII),
is also regulated by methionine oxidation. Indeed, apart from Ca®*/CaM regulation or its
autophosphorylation at Thr-287, oxidation of one of its methionine residues leads also to its Ca?* /CaM-
independent activity [158]. This is consistent with the notion that Met oxidation does not invariably
induce enzyme inactivation. The same authors have shown that MsrA enzymes are essential for
reversing CaMKII oxidation in myocardium in vivo [158] and this oxidation of CaMKII mediates the
cardiotoxic effects of aldosterone, while MsrA overexpression reversed its effects [159].
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If Met oxidations are involved in the regulation of biological functions, we could think that they
cannot depend only on random oxidation by multiple forms of ROS. There should be also specialized
oxidases that catalyze the oxidation of specific protein targets. Indeed, Hung and colleagues have found
that a flavoprotein monooxidase (FMO) called Mical is able to bind to F-actin and to selectively oxidized
2 of its 16 methionine residues into the R stereoisomer of MetO, resulting on actin disassembly in vitro
and in vivo [160]. This Mical-dependent redox regulation of actin that can be reversed by MsrB1/SelR,
was involved in bristles formation in Drosophila [161], in membrane trafficking in bone marrow-derived
macrophages [15] and in lens epithelial cells [116]. In addition to the Mical enzyme, other mammalian
FMO mainly involved in oxidative xenobiotic metabolism in liver and kidney, have been shown to
exhibit methionine oxidase catalytic activity. In Aspergillus nidulans, FMO-mediated oxidation of a
specific methionine residue regulates the subcellular localisation of the transcription factor NirA [162].

The increasing work done in the reversibility of methionine oxidation in vitro as well as in vivo
led to the accepted view that this sophisticated redox based mechanism must be considered as other
post-translational modifications on proteins such as phosphorylation, acetylation or glutathionylation,
implicated in the regulation of many important protein and cellular functions.

8. Conclusions

In this paper, we have tentatively provided a comprehensive review of the Msr system in terms of
its discovery and biologically relevant characteristics as its important physiological roles in protecting
against oxidative stress, in ageing and in regulating protein function. Indeed, since the specific
reduction of L-methionine sulfoxide has been evidenced and the first Msr, now referred to as MsrA,
partially purified and characterized in 1981 [23], much progress has been achieved in terms of both
MsrA and MsrB, discovered 20 years later [28], gene organization and subcellular localization in
different species from bacteria to mammals, as well as their enzymatic and structural characterization.
Interestingly, the Msrs system is also connected to selenocysteine biology since mammalian MsrB1 is a
selenoprotein [39].

Beside restoration of protein structure and function through the selective reduction of MetO
within the polypeptide chain, protection against oxidative stress has been shown to also result from
the cyclic reduction of protein surface exposed MetO by Msr enzymes, acting as a protein built-in
antioxidant system [163].

Hence, methionine amino acid residues together with the Msr system constitute a potent ROS
scavenging system, preserving proteins in their reduced state and thus protecting different cell types
and organisms from oxidative stress, ultimately contributing to protein homeostasis and cell survival
in endogenous or exogenous stress conditions.

Since accumulation of oxidized proteins is one of the hallmarks of ageing and many age-associated
diseases, the fate of the Msr system has been investigated in these situations. The implication of the
Msr system in regulating lifespan of model organisms has been studied with either overexpressing or
knock-out strains for either MsrA and/or MsrB leading at first sight to somehow contradictory results
that may be due to the multifunctionality of the Msr system and the complex relationship between
longevity, protection against oxidative stress and redox regulation of signaling pathways.

Another important topic for which the Msr system has been implicated is the regulation of
protein function and hence cellular signaling. Methionine oxidation of the first identified protein
targets was mainly associated with a loss of function that was restored by the Msr system. However,
the activation of the CaMKII by methionine oxidation in the absence of Ca?*/CaM [158] has opened
up the possibility that the Msr system could also play an important role in the regulation of protein
function. The role of selective methionine oxidation of actin by monooxygenases that results in its
disassembly which is reversed by MsrB1 [162] have further strengthened the concept that methionine
oxidation and the Msr system indeed play a critical role in regulation protein function. Although,
a number of protein targets for methionine oxidation and its reversion by the Msr system has already
been identified, identification of new targets still needs to be achieved to appreciate the physiological
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relevance of this sophisticated redox based cellular regulatory system. Unfortunately, attempts to
raise specific antibodies aimed at detecting MetO in proteins, which would be of great value for
identifying protein targets, have been unsuccessful so far [164]. However, new alternative methods
such as these aimed at characterizing in vivo methionine oxidation using mass spectrometry based
and proteomics methods [165], and those aimed at determining the concentration of protein based
MetO using fluorescent biosensor technology [166] are expected to be of valuable interest for further
investigating the Msrs system and its role in redox biology.
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Abstract: Cold temperatures restrict plant growth, geographical extension of plant species,
and agricultural practices. This review deals with cold stress above freezing temperatures often defined
as chilling stress. It focuses on the redox regulatory network of the cell under cold temperature conditions.
Reactive oxygen species (ROS) function as the final electron sink in this network which consists of redox
input elements, transmitters, targets, and sensors. Following an introduction to the critical network
components which include nicotinamide adenine dinucleotide phosphate (NADPH)-dependent
thioredoxin reductases, thioredoxins, and peroxiredoxins, typical laboratory experiments for cold
stress investigations will be described. Short term transcriptome and metabolome analyses allow for
dissecting the early responses of network components and complement the vast data sets dealing
with changes in the antioxidant system and ROS. This review gives examples of how such information
may be integrated to advance our knowledge on the response and function of the redox regulatory
network in cold stress acclimation. It will be exemplarily shown that targeting the redox network
might be beneficial and supportive to improve cold stress acclimation and plant yield in cold climate.

Keywords: chilling stress; cold temperature; posttranslational modification; regulation; ROS;
thiol redox network; thioredoxin

1. Plant Response to Cold Temperature

Biological systems are unavoidably affected by changes in ambient temperature. Such temperature
effects particularly concern the temperature-dependent rates of spontaneous and enzyme-catalyzed
chemical and physical reactions, the structural and molecular dynamics, and strength of molecular
interactions. Each of these effects interferes with the state of metabolism and cellular signal
processing. Many plants have evolved the capacity to adapt to low-temperature climates and develop
locally distinct adaptive traits [1]. Thus, the response of photosynthetic metabolism to 4 °C varies not just
between different species, but also between differently adapted populations. Oakley et al. [1] demonstrated
this phenomenon with Arabidopsis from Italy and Sweden, and their crossing, by measuring the fast
recovery of non-photochemical quenching after 2 min of darkening. The cold-acclimation response
involves a profound reorganization of gene expression and posttranscriptional processes employing
abscisic acid (ABA)-independent and dependent pathways [2]. The fraction of unsaturated fatty acid
residues in cell membranes in particular linoleic acid (C18:2) increases at the expense of saturated
lipids during chilling stress acclimation [3]. The fatty acid desaturation increases the fluidity of the
membrane at a lower temperature and involves activation of fatty acid desaturases such as stearoyl-acyl
carrier-protein desaturase (SAD) [4]. In addition, higher amounts and often different types of sugars
and other osmolytes accumulate at low temperatures. Osmolyte accumulation is assumed to prepare
for dehydration stress during freezing-induced water deficit [5]. In addition, the antioxidant defense is
enhanced during cold stress acclimation [6,7]. In concert with reactive oxygen species (ROS) production,
the antioxidant system controls the redox regulatory network of the cell. Our review focuses on this
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aspect of chilling stress acclimation and is intended to synthesize a broader perspective on redox network
function and consequences.

2. Cold Stress Experiments in the Laboratory

Chilling stress occurs if non-primed plants or non-adapted plants, which are unable to be
hardened, are exposed to cold temperatures significantly below growth temperature. Table 1
summarizes eight experiments of recent years. The genetic model plants Arabidopsis thaliana, Oryza
sativa, and Sorghum bicolor, the genetic model Capsella bursa-pastoris, two Jatropha species with potential
in biofuel production, and the medicinal plant Calendula officinalis were grown at 20-28 °C during the
light phase and 18-28 °C during the night and then mostly transferred to 4 °C, or 10, 12, and 15 °C,
the latter for Capsella, rice, and soybean. Thus, the chosen temperature regimes covered down-shifts
between 14 and 24 °C and were scrutinized for 30 min [8] to 14 d [6]. It is noteworthy that recovery
from cold stress attracts increasing attention in Arabidopsis thaliana [6]. These authors recognized a
positive relationship between the speed of recovery from 14 d chilling treatment and the strength
of the plastid antioxidant system [6]. Thus, the Arabidopsis accessions N14, N13, Ms-0, and Kas-1,
which grow under quite low temperatures in nature, displayed a weaker expression of some plastid
antioxidant genes during the phase of 14 d cold treatment and simultaneously maintained a primed
state after transfer to normal temperature. Maintenance of a primed state has an advantage if periods
of chilling stress will return, but is disadvantageous for growth. Thus, maintenance of primed state
has a trade-off for fitness at elevated temperatures [6].
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3. Central Role of the Redox Regulatory Network in Stress Acclimation

All cells express a regulatory network of thiol-containing proteins which integrates information
from reductive metabolism and electron drainage from the network by ROS [14]. Targets of regulation by
thiol oxidation are metabolic enzymes of various pathways, signal transduction elements, transcription
and translation factors, and, thus, essentially all functional levels of the cell [15]. These target proteins
are reduced by the concerted action of redox input elements and redox transmitters.

Redox input elements transfer electrons from metabolism to the redox transmitters.
The nicotinamide adenine dinucleotide phosphate (NADPH)-dependent thioredoxin reductase A (NTRA)
functions as such redox input element in the cytosol by transferring electrons from NADPH to thioredoxin
(TRX). The same role is played by NTRB in the mitochondrion [16] and by NTRC in the chloroplast
and other plastids [17]. NTRC is a variant which carries a TRX domain in addition to the NTR domain.
An additional input element is the ferredoxin-dependent thioredoxin reductase (FTR) which transfers
electrons from the photosynthetic electron transport chain (ETC) to TRX [18].

Decisive elements in redox regulation are TRX which constitutes large families in plants comprising
proper TRX and TRX-like proteins. They function as redox transmitters. A genome-wide association
study (GWAS) with soybean accessions grown at 28 °C and transferred to 15 °C for cold stress
(Table 1) [13] discovered 143 genomic sites considered as promising for improving cold acclimation
of soybean. Soybean is a C4 plant which is chilling sensitive. The study focused on photosynthetic
performance during cold treatment and recovery. Among the identified genes of interest were two TRX
genes, Sb03g004670 and Sb06g029490, which may contribute to the cold acclimation variation among
the accessions [13]. These TRX-genes link cold stress to the regulation of the Calvin cycle [13,19,20].

Thiol peroxidases have a very high affinity to H,O,, alkylhydroperoxides and peroxynitrite
(ONOQO). This group of enzymes comprises peroxiredoxins (PRX) and glutathione peroxidase-like
proteins (GPX) and was suggested to control the spreading of peroxide signals in the cell. They act
as redox sensors [21,22]. Their affinity and abundance support their function as primary reactants
with peroxides. Recently, it was shown that the chloroplast 2-cysteine peroxiredoxin functions as
thioredoxin oxidase and thereby co-controls the activation state of target proteins of redox regulation,
such as malate dehydrogenase, phosphoribulokinase, and fructose-1,6-bisphosphatase [23]. Based on
this study on chloroplast 2-cysteine peroxiredoxin it may be hypothesized that other thiol peroxidases
play the same role in the redox regulatory network of plastids and other cell compartments.

The final electron acceptors of the network are peroxides which oxidize the redox sensors.
Generator systems are the photosynthetic and respiratory ETC, substrate oxidases in peroxisomes
and apoplast, and the NADPH oxidases in the plasma membrane [24]. Antioxidants counteract the
accumulation of ROS and, thus, lower the electron drainage from the network (Figure 1). Oxidation of
TRX by Oy, direct oxidation of target proteins by peroxides or other mechanisms likely contribute to
the oxidation of network components. But these mechanisms are poorly understood and may lack the
specificity which is needed for tailored responses.
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Figure 1. Basic structure of the redox regulatory network of the plant cell. Dependent on
its state, metabolism feeds regulatory electrons via input elements (NTR: Nicotinamide adenine
dinucleotide phosphate (NADPH)-dependent thioredoxin reductase) into the network. Redox
transmitters (TRX: thioredoxin; GR: glutathione reductase, GRX: glutaredoxin) transfer electrons to
regulated target proteins (FBPase: Fructose-1,6-bisphosphatase, MDH: malate dehydrogenase). Redox
sensors (GPX: glutathione peroxidase (like), PRX: peroxiredoxin) also drain electrons from the transmitters
in dependence on the ROS amount. The ROS amount is controlled by the activity of generator systems
such as photosynthetic and respiratory electron transport chains and oxidases (RBOH: NADPH oxidase;
GO: glycolate oxidase) and the decomposition of reactive oxygen species (ROS) by the antioxidant
system (APX: ascorbate peroxidase, DHAR: dehydroascorbate reductase, SOD: superoxide dismutase).
The proteins mentioned in the figure are typical representatives.

4. Variability of Cold Response Between Species

If the ambient temperatures drop significantly below growth temperature, an imbalance between
photosynthetic light and dark reactions is established, and the photosynthetic electron transport chain
releases more superoxide (O, ™) by electron transfer to oxygen as alternative electron acceptor. An Oy~
increase is observed during chilling stress, e.g., in Cynodon dactylon [25].

Several studies indicate that increased superoxide dismutase (SOD) activity likely is related to
chilling tolerance. SOD catalyzes the formation of hydrogen peroxide (H,O,) and H,O from two
superoxide molecules and two protons [26,27]. The response of SOD varies among species. Plants
contain several SOD genes which often show species- and stress-specific expression patterns [28].
However, activity measurements usually cannot easily discriminate among the isoforms of Mn-, CuZn-
and Fe-SOD. The transcript amounts and activity of SOD increase during low-temperature treatment
in Capsella bursa pastoris L. [9] and Calendula officinalis [10]. The SOD activity in Calendula officinalis

80



Antioxidants 2018, 7, 169

rises less than the transcript amount pointing to posttranscriptional regulation of synthesis or higher
protein degradation rates [10,29]. Likewise, the SOD activities of Phaseolus vulgaris [30], Cynodon
dactylon [25], and Withania somnifera [31] only increase slightly upon exposure to low temperature.
In the ecotype AGB025 of W. somnifera the SOD activity was even constant during the first three days
of low-temperature treatment. In a converse manner, the ecotype AGB002, which is known to be more
tolerant to chilling stress than AGB025, showed an increased enzyme activity [31].

Similar contrasting results were observed for two cell cultures derived from O. sativa subspecies
Japonica cv. Nipponbare and Indica co. 9311. The genotype Japonica known to be more adapted to
chilling temperatures showed induced SOD activity after 24 h of low-temperature treatment, whereas
the activity in Indica was constant during the 72 h of stress treatment [32,33]. The significant role of SOD
is plausible if considering the role of ROS in addressing the thiol network as discussed above. HyO,
acts as an efficient electron sink while O, does not, but rather may cause damage, e.g., by peroxidation
of lipids.

Unlike SOD, the catalase (CAT) activity in O. sativa Indica increased during the first 24 h
of cold treatment but later on, returned to control level. CATs are localized in the peroxisomes
and decompose H,O, released from peroxisomal oxidases like glycolate oxidase with its role in
photorespiration. CAT activity is important to minimize leakage of H,O, from the peroxisome to
the cytosol. The constitutively high SOD activity together with the transiently induced activity of
CAT, could tune the accumulation of HyO,. In contrast to Indica, Japonica rice showed a relatively
high, but constant, activity of CAT [32]. A similar increase of SOD and CAT activity was observed
C. bursa-pastoris [9], Citrullus lanatus [34], and C. dactylon [25]. Therefore, SOD and CAT activity
could play an important part during chilling stress, although some species like C. officinalis [10] and
P. vulgaris [30] fail to increase the activity of these enzymes. The increased CAT is likely important to
avoid accumulation of H,O; if its production increases under cold due to imbalances and changes
in metabolism.

The ascorbate-dependent Foyer—Halliwell-Asada cycle reduces H,O, to water and is located
in several subcellular compartments. This pathway relies on ascorbate peroxidases (APX) [27].
APX catalyzes the reduction of H,O, to water by using ascorbate as electron donor, which results in the
formation of dehydroascorbate (DHA). The produced DHA is recycled to ascorbate by dehydroascorbate
reductase (DHAR) using glutathione as reductant (GSH). Liberated oxidized glutathione (GSSG) is
regenerated by glutathione reductase (GR) using NADPH [26]. An ascorbate-independent water-water
cycle for H,O, reduction employs GPX and PRX which are found in plastids, mitochondria, and cytosol.
The thiol peroxidases are part of the thiol network as described above. The oxidized thiol peroxidase
reacts with an electron donor like TRX or glutathione with or without glutaredoxin (GRX) [35,36].

The APX activity decreased in C. bursa pastoris during cold treatment of 1 to 5 days duration.
This is quite unexpected in the light of high transcript levels observed during the first 24 h of
low-temperature treatment [9] and could be due to posttranscriptional regulation [37,38] or APX
inactivation by reaction with H,O, in the absence of ascorbate [39]. APX inactivation could be a
means to enable HyO, accumulation for signaling. Quantification of APX protein levels would help
to explain the weak correlation between transcript level and enzyme activity. To compensate for
the instability of enzymes and to increase the antioxidant capacity, a constant supply of de novo
synthesized proteins is needed [40]. This may explain why the transcript levels of the corresponding
antioxidant enzymes usually increase under stress, e.g., in C. officinalis where both the transcript
level and the activity of APX increased with prolonged time of low-temperature treatment [10].
APX activity also increased in cold-tolerant J. macrocarpa, whereas the APX activity decreased >6-fold
in the cold-sensitive J. curcas [11]. The ascorbate-dependent water-water cycle is supported by
stimulated ascorbate biosynthesis, strengthened glutathione homeostasis, enhanced sulphate reduction,
and TRX pathway [41].

Apparently, different species reveal partly controversial responses of components of the
antioxidant system. Considering the central role of redox homeostasis in cell function, this variation is
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surprising. Thus, the dependency of priming and resilience of the primed state on the strength of the
chloroplast antioxidant system offers an important explanation for this variation [6].

5. The Compartment-Specific Response of the Components of the Redox-Network to Cold in
A. thaliana

The enzymes of the redox-regulatory network are localized in different subcellular compartments
of the cell (Figure 2A,C). Frequently more than one isoform of the redox elements is present in the
different compartments. The three schemes assemble published transcript changes for the three
subcellular compartments cytosol, chloroplast, and mitochondrion during a time course of 24 h
cold treatment [8].

As outlined above, NADPH-dependent thioredoxin reductases (NTR) function as redox input
elements and isoforms are present in each compartment. The relative transcript amounts of the
cytosolic NTRA (Figure 2A), chloroplast NTRC (Figure 2B) and mitochondrial NTRB (Figure 2C)
slightly decreased during the 24 h of low-temperature treatment. NTRC, which regenerates oxidized
2-Cys-PRX in an NADPH dependent manner [17,73], showed a similar decrease in expression as
2-Cys-PRXB (Figure 2B). The redox transmitters TRX and GRX transfer reducing equivalents to target
proteins such as thiol peroxidases [74]. The downregulation of the h-type TRXs in the cytosol occurred
in a peculiar time-dependent manner. TRX-h3 was downregulated during the first 30 min, TRX-h9
after 1 h, followed by TRX-h4, TRX-h2 and TRX-h1 which only changed after 24 h of low-temperature
treatment (Figure 2A).

Transcript levels of most of the redox sensors GPX and PRX were also downregulated during
the low-temperature treatment. Small upregulation of cytosolic and mitochondrial GPX6 was an
exception. In comparison to the downregulated transcript level of the PRXs after short-term cold
stress, the transcript level of 2-Cys-PRXA, PRXQ, and PRXIIE increased after 14 days of cold stress
treatment [6]. Transcripts for other enzymatic antioxidants like APX, monodehydroascorbate reductase
(MDAR), dehydroascorbate reductase (DHAR) and SOD slightly decreased during the low-temperature
treatment, whereas an increase of transcript level was observed for sSAPX and MDAR after 14 days of
chilling stress [6]. Although the APX and SOD transcript levels decreased during the first 24 h of cold
treatment, the activity of both enzymes increased [75]. Later on after 4-8 days, APX and SOD activity
reached the activity of untreated plants. This could be due to posttranscriptional regulation [76].
It would be interesting to scrutinize the weak relationship of transcript levels and enzyme activity by
quantification of APX and SOD protein levels.

ROS are continuously generated in the photosynthetic and respiratory electron transport chain
and during photorespiration [77,78]. Previously, it was estimated that about 30% of the electrons of
the photosynthetic electron transport chain flow into ROS metabolism [79,80]. These figures were
recently challenged by Driever and Baker [81] who only detected low amounts of ROS generated
by the photosynthetic ETC. The authors proposed that this ROS releases feature signalling functions
rather than serving as a major alternative electron acceptor. Furthermore, ROS are generated under
normal conditions at low rates by NADPH oxidases (RBOH) [82]. The transcript amounts of REBOH
were downregulated, tentatively suggesting that the formation of ROS decreases at low temperatures.
However, the activity and the protein level of these enzymes will have to be analyzed, since transcript
levels poorly reflect the abundance or activity of their gene product [77].

In summary, it is striking that the main changes in transcript level only occurred after 24 h of
low-temperature exposure. There were some exceptions: APX2 is considered as a sensitive marker
of oxidative stress and is upregulated under conditions of excess excitation of the photosynthetic
apparatus [83]. Here, APX2 was upregulated 2.4-fold after 30 min and maximally 5.6-fold after 6 h of
cold treatment. Juszczak et al. [80] detected profound transcript changes after 14 d of cold treatment
showing the persistence of metabolic disturbance at low temperatures. Thus, a global transcriptome
analysis at later time points would be interesting to extend our analysis.
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Furthermore, the cytosolic redox-regulatory network was stronger regulated than that of the
chloroplast and mitochondria. The relatively small changes in transcript levels for chloroplast proteins
of the network could be due to the setup in this particular experiment, where the light intensity was
decreased from 150 pmol photons m~2 s~ during growth to just 60 pmol photons m~2 s~ during the
low-temperature treatment [8]. The lowering of the incident photosynthetic active radiation probably
minimizes the development of photoinhibition [84].

A. thaliana Col0 is sensitive to chilling stress and displays stunted growth, reduced metabolism
and low biomass accumulation at low temperature [75]. Therefore, the transcriptional downregulation
of the redox-regulatory network could participate in the chilling sensitivity of A. thaliana Col0.

6. Improvement of Cold Tolerance by Modulating the Redox-Network

Manipulation of the plant redox-network can enhance cold-stress tolerance [75,85-87]. Moon et
al. [87] showed that overexpression of NTRC under control of the cauliflower mosaic 355 (CaMV35)
promoter in A. thaliana enhances the tolerance to cold stress and freezing. These authors discussed
NTRC and that it might affect the formation of secondary structures of mRNA at low temperatures to
stimulate translation or protect nucleic acids against oxidative stress [87]. Since NTRC functions as a
redox input element, it would be interesting to study the impact of NTRC overexpression on the redox
network of the plastid including 2-Cys-PRX [17,82]. 2-Cys-PRXB, and NTRC showed similar decreases
in transcript levels during short-term chilling stress (Figure 2B).

Improved cold tolerance was observed in tomato (Lycopersicon esculentunt) overexpressing
tAPX [85]. The tAPX overexpressing lines also revealed disturbed GSH/GSSG ratios which could be
due to the impact of chloroplast redox state on GSH biosynthesis [88]. Furthermore, the high tAPX
level in the transgenic tomatoes resulted in a decreased photoinhibition of photosystem I and II under
chilling stress [85]. Increased NTRC and tAPX activity will shift the redox state of the chloroplast to a
more reduced state, either by stimulated feeding of electrons into the network (NTRC) or decreasing
the electron drainage to ROS.

Shafi et al. [75] transferred both Cu/Zn-SOD from Potentilla atrosanguinea and APX from Rheum
australe (with high similarity to the peroxisomal APX gene of A. thaliana) under control of the
355CaMV promoter into A. thaliana. Since P. atrosanguinea and R. australe grow in alpine climate,
the authors hypothesized that their enzymatic system might be better adapted to stress than A. thaliana.
Total soluble sugars and proline content increased in the transgenic line, which could help to maintain
the membrane integrity. As a result, the electrolyte leakage was decreased under cold treatment at
4 °C compared to the wildtype (WT) [75]. The accumulation of cytosolic O,®~ and H,O, should be
suppressed in these plants and, indeed, less ROS accumulated in the transgenic lines.

The overexpression of the cytosolic redox transmitter AtGRXS17 in tomato resulted in an
enhanced chilling tolerance [86]. The activities of SOD, CAT, and heme peroxidases were higher in the
AtGRXS17 overexpressing lines compared to the WT, while the transcript levels were almost identical.
These results indicate that the enhanced chilling tolerance mediated by AtGRXS17 is associated
with the activity and/or stability, rather than the transcript level, of the enzymes. Other reasons
for the enhanced chilling tolerance could be due to the increase in total soluble sugars, the reduced
accumulation of HyO,, and the reduced electrolyte leakage [85]. This particular GRX was previously
shown to link redox and ROS homeostasis with auxin signaling and development [89].

These findings demonstrate that improved cold tolerance can be engineered in plants by
manipulating elements of the redox-regulatory network and underline the significance of the network
in chilling stress acclimation.

7. Conclusions

The state of the thiol redox regulatory network is under the control of electron input by metabolism
and electron drainage to ROS. ROS amounts, in turn, are controlled by the activity of ROS generator
systems and antioxidant defense systems. Conclusive evidence shows that redox network elements
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control important features of the cold acclimation and recovery program. This review focused on the
thiol-disulfide network and its interaction with ROS and the antioxidant defense system. However,
other players, such as classical hormones including abscisic acid, salicylic acid, and oxylipins, interfere
with acclimation to chilling temperatures. More recently novel players were discovered to affect cold
acclimation. They include y-amino butyric acid and melatonin [90]. Keeping this in mind, a few
conclusions can be drawn for future directions.

M

©)

*)

®)

(6)

Cold stress acclimation experiments often focus on leaves and photosynthetic metabolism.
Response heterogeneity of different cell types has scarcely been addressed. Cell type-specific
transcriptome, proteome, and metabolome analyses should reveal how other cell types respond
to cold stress. But these approaches remain challenging and laborious.

Only a few methods allow researchers to address subcellular compartments. Transcriptome data
provide easy access due to the predicted and often proven subcellular localization of the encoded
gene products. This approach is straightforward and was applied here to the redox regulatory
network. It would be interesting to see this type of data processing more frequently. However,
the transcript amount is poorly linked to protein amount and activity. For a full understanding,
we need compartment-specific proteomics and enzyme activity tests.

Metabolite-profiling of non-aqueous tissue fractions is another method which provides access
to the major subcellular compartments. Non-aqueous fractions reflect the metabolic state of the
compartments in vivo and are obtained from previously frozen and freeze-dried plant material
like leaves [91]. This method was recently applied to cold-stress A. thaliana [92]. The latter study
did not include metabolites with direct significance in the redox regulatory network.
Subcellular and cellular specificity can be addressed by imaging technologies detecting specific
physicochemical properties such as Ca?*-activity, specific compounds or the redox state of the
glutathione system by using roGFP coupled to GRX [93]. The roGFP:GRX sensor can be targeted
to different cell compartments and should be used to explore the glutathione redox state in
dependence on cold stress intensity and duration.

To describe the state of the redox network in subcellular compartments, mathematical modeling
and simulation combined with redox-proteomics for validation will be required. A pioneering
modeling study presented a simulation of the fluxes through the ascorbate-dependent
water-water cycle [94] and most recently, the thioredoxin oxidase-dependent inactivation of
chloroplast enzymes was simulated [23]. Conceptually, cold stress appears to be an interesting
target for this kind of simulation and prediction.

The question of acclimation and damage during the cold period is certainly of significant interest.
However, the costs of priming and the speed of recovery likely play a major role when it comes
to fitness and competitiveness. Thus, the report by Juszczak et al. [6] deserves attention as it
provides clues on the advantages and disadvantages of expressing a strong antioxidant system.

Supplementary Materials: The following are available online at http://www.mdpi.com /2076-3921/7/11/169/s1,
Table S1: Time-dependent changes in transcript levels of the redox network components.
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Abstract: The redox regulation of proteins via reversible dithiol /disulfide exchange reactions involves
the thioredoxin system, which is composed of a reductant, a thioredoxin reductase (TR), and
thioredoxin (Trx). In the pyridine nucleotide-dependent Trx reduction pathway, reducing equivalents,
typically from reduced nicotinamide adenine dinucleotide phosphate (NADPH), are transferred from
NADPH-TR (NTR) to Trx and, in turn, to target proteins, thus resulting in the reversible modification
of the structural and functional properties of the targets. NTR enzymes contain three functional sites:
an NADPH binding pocket, a non-covalently bound flavin cofactor, and a redox-active disulfide in
the form of CxxC. With the aim of increasing our knowledge of the thioredoxin system in archaea,
we here report the high-resolution crystal structure of NTR from the methane-generating organism
Methanosarcina mazei strain G61 (MmNTR) at 2.6 A resolution. Based on the crystals presently
described, MMNTR assumes an overall fold that is nearly identical to the archetypal fold of authentic
NTRs; however, surprisingly, we observed no electron density for flavin adenine dinucleotide (FAD)
despite the well-defined and conserved FAD-binding cavity in the folded module. Remarkably,
the dimers of the apo-protein within the crystal were different from those observed by small angle
X-ray scattering (SAXS) for the holo-protein, suggesting that the binding of the flavin cofactor does
not require major protein structural rearrangements. Rather, binding results in the stabilization of
essential parts of the structure, such as those involved in dimer stabilization. Altogether, this structure
represents the example of an apo-form of an NTR that yields important insight into the effects of the
cofactor on protein folding.

Keywords: redox active site; thioredoxin; disulfide; flavin; NADPH; X-ray crystallography;
SAXS; methanoarchaea

1. Introduction

Thioredoxins (Trxs) participate in dithiol /disulfide exchange reactions that effect structural and
functional changes in target proteins via reversible change in the redox state of selected cysteine
(Cys) residues. Canonical members of the Trx family contain the common amino acid sequence
motif WCGPC in the active site with two strictly conserved Cys that target proteins capable of
reversibly forming a disulfide bridge. The Cys are reduced to the sulfthydryl form by a Trx reductase
(TR) [1]. In many cases, TRs are dependent on reduced nicotinamide adenine dinucleotide phosphate
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(NADPH) (NADPH-dependent TR or NTR). Based on phylogenetics, protein structure, and molecular
mechanism, two groups of NTRs are recognized: (i) Bacteria, plants, lower eukaryotes, and archaea
contain low-molecular weight (LMW)-NTRs of about 35 kDa with a non-covalently bound flavin
adenine dinucleotide (FAD) cofactor. These enzymes accept reducing equivalents from NADPH and
transfer them to a redox-active disulfide motif (CxxC) that subsequently reduces Trx to its sulfhydryl
form in a dithiol-disulfide exchange reaction. These transfer reactions involve a large conformational
rearrangement within the enzyme [2]; (ii) High-molecular-weight (HMW)-NTRs are enzymes of about
55 kDa present in eukaryotes that have developed an alternate mechanism for the transfer of reducing
equivalents to Trx. Also homodimers with a non-covalently bound FAD, these enzymes are fitted
with a third redox-active motif that contains either a Cys or selenocysteine at a mobile C-terminal tail.
They have the capacity to transfer reducing equivalents from the CxxC motif to the disulfide in Trx [3].

The structural dynamics and functional mechanisms of NTRs have been extensively studied in
bacteria and eukaryotes. In archaea, functional studies of the Trx system are available for several
species, including Aeropyrum pernix [4], Pyrococcus horikoshii [5], Methanosarcina acetivorans [6,7], and
Sulfolobus solfataricus [8]. The archaeal NADPH-linked Trx system is biochemically similar to that of
bacteria. However, dissimilarities were detected in Methanocaldococcus jannaschii [9] and Thermoplasma
acidophilum [10], where the thioredoxin system (TS) functions independently of NADPH. Here, the
coenzyme F420 provides reducing equivalents for M. jannaschii TR (MjTR). T. acidophilum TR (TaTR),
by contrast, is linked to NADH pyridine [10,11].

The present study was conducted (i) to apply in silico analysis for identifying members of the
TS in the mesophilic Methanosarcina mazei, and (ii) to determine the X-ray crystal structure of its NTR.
M. mazei is an anaerobic ecologically important methanoarchaeon with a broad substrate spectrum,
able to generate methane using Hp and CO,, methanol, or methylamines as well as acetate as an energy
and a carbon source [12,13]. It represents a model organism for the methanoarchaea.

2. Materials and Methods

2.1. MmNTR Protein Production and Purification

The full-length NTR of M. mazei strain G61 (MM2353) was cloned into pET28a, resulting in a
cleavable N-terminal 6xHis-tagged fusion protein. Protein was produced in BL21pRIL Escherichia coli
cells upon induction with 0.2 mM of isopropyl (3-D-1-thiogalactopyranoside (IPTG) at 22 °C. Cells were
disrupted by sonication in 20 mM Tris-HCl buffer, pH 7.6, containing 300 mM NaCl, 10% glycerol, and
1 mM phenylmethylsulfonyl fluoride. The crude extract was clarified by centrifugation at 40,000 x ¢ for
1h. The enzyme was purified using nickel-nitriloacetic acid (Ni-NTA) chromatography (GE Healthcare)
and digested with thrombin (EMD Chemicals, San Diego, CA, USA) in buffer, 20 mM Tris-HCI pH
8, 150 mM NaCl, and 2 mM CaCl,, at room temperature overnight. The last step of purification
involved gel filtration chromatography (Sephacryl S-300) using 10 mM Tris-HCI pH 7.6, 100 mM
NaCl, and 2 mM 2-mercaptoethanol buffer. For protein molecular weight estimation by size exclusion
chromatography, the column was calibrated with the Gel Filtration Standard mixture from Bio-Rad.

2.2. Protein Crystallization, Data Collection, and Structure Solution

One microliter of a 15 mg/mL protein solution in buffer, 10 mM Tris-HCl pH 8 and 50 mM NaCl,
was mixed with 1 uL of a solution containing 0.1 M sodium acetate, pH 4.8, and 1 M ammonium
chloride. Protein crystals appeared after 4 days of incubation at 25 °C on a sitting drop crystallization
plate. Crystals were transferred to a solution containing Paratone Oil before flash freezing. Diffraction
data were collected at a wavelength of 1 A on the X06DA beamline of the Swiss Light Source
synchrotron (SLS, Villigen, Switzerland). The diffraction data were processed and scaled using XDS
and XSCALE programs [14]. The MmNTR structure was determined using an approach integrating
molecular replacement using Phaser [15] and automated model building. Initially, a homology model
of the NADPH-binding domain was used as search tool. The template was generated by FFAS03
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server [16] based on the thioredoxin reductase structure of Thermoplasma acidophilum (Protein Data
Bank (PDB) code 3CTY) [10], freed of non-conserved loops and side chains. Phenix.autobuild [17]
was then used for automated model building of the FAD-binding domain. The final structure was
refined using the Phenix crystallographic software suite [17], alternating with visual inspection of the
electron density maps and manual modeling with Coot [18]. Data collection and refinement statistics
are summarized in Table S1. The structures were rendered using Pymol [19]. Atomic coordinates and
crystallographic structure factors have been deposited in the PDB under the accession code 4ZNO0.

2.3. SAXS

SAXS data were collected at the B21 beamline at the Diamond Light Source using an online
SEC-HPLC system coupled SAXS setup. In line SEC-SAXS was performed using an Agilent 1200
HPLC system equipped with a 2.4 mL Superdex 200 (GE Healthcare Life Sciences, Amersham, UK)
column. Forty-five microliters of a protein sample at 5 mg/mL were loaded onto the size exclusion
column equilibrated in 20 mM Tris-HCl pH 7.6, 150 mM NaCl, and 2 mM DTT. Data were collected
all along the chromatogram at 3 s per frame, and recorded on a Pilatus 2M detector with a fixed
camera length of 4.014 m, covering a scattering vector (q) range from 0.0032 to 0.38 A~1. The X-ray
wavelength was set at 1.0 A, equivalent to 12.4 keV. The scattering data were analyzed using the
programs Chromixs [20] and Crysol [21] of the ATSAS package [22].

2.4. The Protein Sequence Analysis and Structure Modeling

Homolog protein sequences were retrieved from the National Center for Biotechnology
Information’s database using the Blastp program [23]. Protein multiple sequence alignments were
performed with ClustalX [24]. Structural homology models were generated using Phyre2 [25] using
SaNTR (PDB code 4GCM) as a template (100% confidence, 45% identity; 99% coverage).

3. Results

3.1. Description of the M. Mazei Trx System

The sequence analysis of the genome of M. mazei Go1 revealed an open-reading frame (Locus tag
MM_RS12200) that encoded a protein annotated as NADPH-dependent thioredoxin reductase
(MmNTR). The amino acid sequence of the NTR-translated gene contained linear motifs for the binding
of FAD (GGGPAG) and NADPH (GGGNSA and HRRDHLK) and a CxxC redox motif (Figure 1A),
which are typically observed in NTRs [26]. A Blast search [23] of the non-redundant protein database
using the MmNTR sequence as input revealed closest amino acid sequence similarity to low-molecular
weight NTRs (Figure 1A). A comparison with the NTR enzyme from M. acetivorans C2A NTR (MaNTR)
showed 83% identity and 92% similarity at the protein sequence level. Two other archaeal TR proteins
have been included in the sequence analysis as they are of interest: the TR of M. jannaschii (MjTR)
that employs F420 as an electron donor [9], and the TR of T. acidophilum (TaTR), which was initially
described as a pyridine nucleotide-independent TR [10] and has recently been shown to display activity
with NADH (but not NADPH) as an electron donor [11]. The MjTR and TaTR sequences lack the
motifs necessary for NADPH coordination (the HRRxxxR motif in Figure 1A). Thereby, according to
the protein sequence comparison, MmNTR is classified as a canonical LMW-NTR.

Thioredoxins are described as proteins of about 88 amino acids with the canonical motif
WCGPC [27]. Using EcTrx as input in Blast homology searches [23], it was found that M. mazei
contains two Trxs, herein named MmTrx1 (MM_RS02345) and MmTrx2 (MM_RS05160) (Table 1 and
Figure 1B). MmTrx1 has a shorter sequence than canonical Trxs at its N-terminus, and its functional
annotation awaits further investigations. The MmTrx2 amino acid sequence contains several insertions
that provide the protein with additional structural elements compared to EcTrx; like the M. acetivorans
homolog [6] (Table 1), the MmTrx2 gene is located upstream of the gene encoding the membranous
CcdA oxidoreductase [28], suggesting a functional relation.
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Figure 1. Protein multiple sequence alignment of selected NADPH-dependent Trx reductase (NTR) (A)
and Trx (B). The positions of the conserved residues involved in FAD- and NADPH-binding are marked
in panel (A) in black and blue, respectively; the region implicated in FAD coordination is depicted
in red (see also Figure 3A below). The CxxC redox-active site motifs are shown in green in (A,B).
Asterisks and column colors are assigned according to the ClustalX program’s standard parameters.
The ruler below indicates the amino acid position in the alignment. On the right, the number of amino
acids for each Trx is stated. The figure includes the amino acid sequences from (A) Methanosarcina mazei
NTR (MmNTR), Methanosarcina acetivorans NTR (MaNTR), Staphylococcus aureus NTR (SaNTR),
Sulfolobus solfataricus NTR (SsNTR), Methanocaldococcus jannaschii TR (MjTR), Thermoplasma acidophilum
TR (TaTR), Escherichia coli NTR (EcNTR); and, (B) E. coli Trx (EcTrx), and five Trx sequences from
M. mazei MmTrx1-MmTrx5).

Table 1. The thioredoxin system composition in M. mazei and a comparison with the M. acetivorans system.

M. ,ll‘,/l_l :Zm Gene ID Catalytic Motif Mﬁ?:f;;zg?gs Reductant Rﬁi‘;ﬁ::?ﬁf
MmTrx1 MM_RS02345 WCGPC MaTrx2 unknown +
MmTrx2 MM_RS05160 WCGPC MaTrx6 unknown +
MmTrx3 MM_RS12205 WCTAC MaTrx7 NTR [6] +
MmTrx4 MM_RS11655 GCPKC MaTrx5 unknown -
MmTrx5 MM_RS10780 ACPYC MaTrx1 FDR [29] -

NTR, NADPH-thioredoxin reductase; FDR, ferredoxin:disulfide reductase.

A sequence analysis of the M. mazei G61 genome also identified atypical Trxs with varying
active sites. NTR was placed adjacent to the gene MM_RS12205 that encoded a predicted Trx protein,
herein called MmTrx3, with a WCTAC redox motif (Table 1 and Figure 1B); MmTrx3 is a homolog
of Trx7 from M. acetivorans (MaTrx7) that has been biochemically demonstrated to be reduced by an
NTR [6]. Other atypical Trxs include MM_RS11655 (MmTrx4) and MM_RS10780 (MmTrx5) with the
non-canonical catalytic motifs GCPKC and ACPYC (Table 1 and Figure 1B). Their respective homologs
in M. acetivorans (MaTrx5 and MaTrx1) failed to display insulin disulfide reductase activity and are
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of unknown function [7]. Recently, a ferredoxin:disulfide reductase (FDR) has been demonstrated
to reduce MaTrx5 [29]. FDRs are Fe-S enzymes present in a number of archaea and bacteria that are
related to the plant-type ferredoxin:thioredoxin reductase catalytic subunit (FTRc) [30]. Apparently,
the NTR and FDR systems are both functional in Methanosarcina [29,31,32].

3.2. Purification and Structural Features of MmNTR

According to the protein sequence, MmNTR has a theoretical molecular weight of 35 kDa.
A homogenous sample of MmMNTR protein was prepared using the protocol described in the Materials
and Methods section. The purified MmMNTR migrated as a single band with an apparent molecular
mass of 35 kDa in sodium dodecyl sulfate-polyacrilamide gel electrophoresis (SDS-PAGE) (Figure 2A).
The purified MMNTR eluted as a single peak during gel filtration chromatography. The deduced
molecular mass of 70 kDa indicates that MmNTR is a homodimer in solution (Figure 2B). The protein
displayed a yellow color, and showed an absorption spectrum typical of a flavoprotein with peaks at
about 274, 388, and 456 nm (Figure 2C).

A B C
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Figure 2. MmNTR was heterologously expressed in E. coli, and purified by affinity and size exclusion
chromatography. (A) A Coomasie-stained SDS-PAGE image of purified MmNTR. The molecular
weight markers are indicated on the left (100, 75, 50, 37, 25, 20, 15, and 10 kDa); (B) The size exclusion
chromatography (Sephacryl S300) elution profile for MmNTR; (C) The UV-visible absorption spectrum
of MmNTR in buffer, 10 mM Tris-HCI pH 7.6, 100 mM NaCl, and 2 mM 2-mercaptoethanol.

3.3. Apo-MmNTR is a Homodimer Composed of Two Domains

Protein crystals of MmMNTR were obtained, and the X-ray structure was solved and refined
to a resolution of 2.6 A (Table S1). The X-ray structure shows that MmNTR is a homodimer, in
agreement with the gel filtration data, with a structural organization that is analogous to other
LMW-NTRs. Monomers consist of two Rossmann-fold domains that functionally correspond to
FAD- and NADPH-binding domains [33] (Figure 3A). The FAD-binding domain is formed by two
discontinuous segments of the polypeptide chain (residues 1-111 and 245-307 in MmNTR), and adopts
a three-layer 3/ / x-fold with a central four-stranded (3-sheet flanked by a three-stranded [3-sheet and
three parallel o-helices. The NADPH-binding domain (residues 116-240) consists of a four-stranded
[-sheet with three parallel «-helices and a three-stranded 3-sheet at its flanks. The NADPH-binding
domain is inserted into the FAD-binding domain via two antiparallel strands, 3-7 (residues 112-114)
and 3-15 (residues 242-244) (Figure 3A). The redox motif CxxC (residues 132-136) is located on helix-
a3 within the NADPH domain, with the two Cys forming a disulfide bridge in the crystal (Figure 3A).

Remarkably, no electron density of FAD or any other molecule was found at the presumed
cofactor-binding pocket. The MmNTR structure thus represents the apo-form of the flavoprotein.
Attempts to obtain crystals of the FAD-containing enzyme, including the addition of FAD to the
crystallization drop, were unsuccessful. A search of structural homologues of the FAD domain of
MmNTR using the Dali server [34] revealed that it is highly similar to the FAD-binding domains of
other NTRs despite the absence of the cofactor. The FAD domain of MmNTR superimposes to the
FAD domain of NTR from Staphylococcus aureus (SaNTR; PDB code 4GCM) with a root mean square
deviation value of 1.7 A (Figure 3B). The largest structural variations were found in a region next to
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the FAD-binding pocket, the so-called FAD-loop, which encompasses residues Ile37 through Pro55
(Figure 3B, in red), that lacks a defined electron density in the apo-structure and is, therefore, omitted
from the final MmNTR model. The region constitutes a loop and a 3(10)-helix that covers the FAD
isoalloxazine ring on its si-face, and a loop involved in dimerization [33]. Because the majority of
FAD-contacting residues are strictly conserved in MmNTR (Figure 1A), a similar FAD binding mode is
anticipated for this enzyme.

A
FAD- il | NADPH-
binding domain binding domain
NADFH- A | FAD-
binding dumain binding demain

Figure 3. The crystal structure of MmNTR shown in a cartoon representation. (A) Monomers of
MmNTR homodimers fold into two domains: The FAD-binding domain and the NADPH-binding
domain. The Cys of the CxxC motif at the NADPH-binding domain are shown in sticks. The two
domains are connected by two beta-strands (-7 and 3-15) that facilitate the conformational flexibility
of the molecule. The redox-active disulfide faces inwards, where it would be accessible to reduction
by the flavin, and the NADPH-binding site exposed to the solvent. The missing parts of the final
model are indicated by dotted lines. (B,C) Fold comparison of FAD- and NADPH-binding domains,
respectively, of MmNTR (in blue) and SaNTR (PDB code 4GCM, in brown). No electron density of FAD
was found at the expected cofactor-binding pocket in MmNTR, despite the well-defined and conserved
FAD-binding cavity in the folded module. The FAD from SaNTR is drawn as sticks. The FAD-loop and
NADPH-binding motif are colored in red.

The NADPH-binding domain has no detectable pyridine nucleotide in the crystal structure, but
displays essentially the same fold as the equivalent domain in SaNTR (Figure 3C). The binding site of
the pyridine nucleotides in SaNTR includes a turn in a region containing conserved glycine amino
acids (Gly152-154; Figure 3C, in red), and is dominated by electrostatic interactions between the
cofactor phosphates and a cluster of arginine residues (motif HRRxxxR in Figure 1A). The lining of the
residues is similar, implying that the cofactor-binding sites of both enzymes are comparable.

3.4. Apo-MmNTR Monomers Adopt a Flavin-Oxidizing Conformation

The NADPH-binding domain is positioned in an orientation with respect to the FAD-binding
domain that exposes the NADPH-binding site to the bulk solvent and approaches the CxxC motif over
the re-face of the isoalloxazine ring of the presumed flavin cofactor. This arrangement corresponds
to the flavin-oxidizing (FO) conformation of NTRs that allows for the interaction of the disulfide
bridge of the CxxC motif with the isoalloxazine ring of the flavin in a conformation competent for
the reduction of the disulfide [35]. The two antiparallel beta-strands connecting the two domains
are conserved (Figure 3A), and motion of the NADPH-binding domain relative to the FAD-binding
domain is anticipated, as it required for the functional activity of the enzyme during the catalytic cycle.
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3.5. The Absence of the Flavin Cofactor Compromises Dimer Formation

A structural comparison of MmNTR with Escherichia coli (ECNTR) homodimers reveals a
significant difference at the dimer interface (Figure 4). In ECNTR, two-thirds of the dimer interface is
formed by interactions between the FAD-binding domains that involve primarily three x-helices and
two loops [36]. By contrast, the FAD-binding domains slide up to the dimer interface of MmNTR with
the consequent loss of a-helix contacts. This results in new interactions between the NADPH-binding
domain of one monomer with the FAD-binding domain of the opposite monomer (Figure 4 and
Figure S1). Subsequently, the two domains in MmNTR are differently positioned each to the other
with respect to canonical NTRs. This modification is likely a consequence of the loss of FAD, which
results in the structural destabilization of the region comprising residues 36 to 68 that disrupts the
dimer interface.

Figure 4. A structural comparison of the homodimer interface in (A) MmNTR, with the FAD- and
NADPH-binding domains in blue and yellow, respectively; and (B) ECNTR (PDB code 1TRB), with the
FAD- and NADPH-binding domains in magenta and orange, respectively. The interaction between
two monomers within the crystal lattice buries 1696.9 A% in MmNTR versus 2735.2 A2 in EcCNTR of
protein surface.

3.6. SAXS Reveals a Typical LMW-NTR Conformation of MmNTR

We further analyzed the structure of the enzyme using Size-Exclusion Chromatography coupled
to with Small Angle X-ray Scattering (SEC-SAXS). As shown in Figure 5, the simulated scattering
curve of the crystal structure fits the experimental SAXS data poorly (the curve was computed by
Crysol [21]). These discrepancies indicate that the structure of MmNTR in solution differs significantly
from the crystal model. Based on these results, a three-dimensional homology model for MmNTR was
generated with the modeling server Phyre2 [25] using the crystal structure of SaNTR as a template.
The theoretical scattering profiles calculated from the model fit the experimental SAXS curve quite well
(Figure 5), and confirm that MmNTR, when bound to FAD, acquires an archetypal FO conformation
in solution. These data confirm that MmNTR dimers in solution acquire the same structure as
canonical LMW-NTRs.
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Figure 5. The SAXS study of MmNTR. Experimental SAXS data (dots) overlaid with the theoretical
scattering curves that were computed from the crystal structure (dashed line) and the model
(continuous line).

4. Discussion

A genome-wide sequence analysis showed that the composition of the Trx system of M. mazei G61
is similar to that of other Methanosarcina [7], with two Trxs having the canonical WCGPC redox-active
motif as well as two Trx-related proteins of diverse features. Two different thiol reductases, NTR and
FDR, have been shown to function in the reduction of Trxs in M. acetivorans, but not of canonical Trxs.
This suggests the presence of other reduction pathways in this type of archaea. The elucidation of
alternative reduction systems requires further work; possibilities might include the Fe-S proteins that
have been detected in the genomes of Methanosarcina, including those that have been related to the
catalytic subunit of the FTR protein that is functional in plants [30].

The high-resolution structural analyses of various bacterial NTRs show that LMW-NTRs are
homodimers with two Rossmann-fold domains in each subunit [33]. One domain is responsible for
FAD coordination (the FAD-binding domain); a second domain carries the CxxC redox-active motif
and interacts with NADPH for transferring the reducing equivalents (the NADPH-binding domain).
The two domains are joined by two antiparallel beta-strands that coordinate the spatial movement
of one domain relative to the other during the catalytic cycle, in the so-called flavin-oxidizing (FO)
and flavin-reducing (FR) conformations [35]. The crystal structure obtained in this work shows
that MmNTR is a homodimer with two domains per monomer. Despite the lack of a cofactor,
MmNTR has a canonical NTR fold. Further, the absence of the flavin results in a locally disordered
conformation in a region of the protein that compromises dimer association, thus resulting in abnormal
monomer-monomer interactions.

The protein was crystallized in the FO conformation, with the CxxC motif forming a disulfide
bridge placed over the isoalloxazine ring of the assumed FAD. It is anticipated that MmNTR undergoes
a general rearrangement that leads to interdomain motion to permit the transfer of reducing equivalents
from NADPH to CxxC, and subsequently to Trx.

Our attempts to solve the holo-structure by X-ray crystallography have not been successful so
far due to loss of the flavin cofactor during crystallization. Therefore, we performed SAXS studies
to obtain structural information on the MmNTR holo-protein, concluding that the conformation of
MmNTR in solution is similar to canonical LMW-NTR proteins. The differences between the crystal
and the SAXS MmNTR structures might be attributed to the loss of the flavin cofactor, likely during
the crystallization process.
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5. Conclusions

We have presented a description of the thioredoxin system of M. mazei G61 and the structure
of apo-MmNTR obtained by X-ray crystallography and SAXS. Our results show that the structural
features of the LMW-NTR family of proteins are well-conserved in the MmNTR structure. The results
suggest a primary important role of FAD. The cofactor, which may have been lost during crystallization,
appears to function in protein folding since its absence impacts the ability of the enzyme to form the
physiological dimer interface. In future work, the three-dimensional structure of the holo-form of the
enzyme should provide more accurate data on the conformational organization of the redox-active sites.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/7/11/166/
s1, Table S1: Data collection and refinement statistics, Figure S1: Interaction between monomers in MmNTR.
The interface is stabilized by hydrophobic interactions, mostly between the side chain of aromatic residues,
including Tyr22, Tyr26, Phel61, Tyr301, and Trp264, among others. Hydrogen bonds have also formed between
the side chain of the residue Arg142 and the main chain of the residue Arg25, the side chain of Try22 and the main
chain of Ile135, as well as a salt bridge between the side chains of the residues Lys164 and Glu302.

Author Contributions: R.M.B., B.B.B., and M.B. conceived and designed the experiments; R.M.B. and M.B.
performed the experiments and prepared the article; and RM.B., R.A.S., B.B.B., and M.B. discussed and analyzed
some of the data obtained during the experiments. All authors read and approved the final manuscript prior
to submission.

Funding: This research was funded by Ministerio de Ciencia, Innovacion y Universidades grant
number BFU2016-80343-P.

Acknowledgments: We thank Ms. Elena Andrés Galvan and Ms. M. Gloria Gonzélez Holgado for excellent
technical assistance; and the beamline staff at the Diamond Light Source and Swiss Light Synchrotron for their
assistance in data collection. We thank Dr. José M. de Pereda for scientific discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jacquot, J.-P.; Eklund, H.; Rouhier, N.; Schiirmann, P. Structural and evolutionary aspects of thioredoxin
reductases in photosynthetic organisms. Trends Plant Sci. 2009, 14, 336-343. [CrossRef] [PubMed]

2. Lennon, BW.,; Williams, C.H. Reductive half-reaction of thioredoxin reductase from Escherichia coli.
Biochemistry 1997, 36, 9464-9477. [CrossRef] [PubMed]

3. Fritz-Wolf, K.; Kehr, S.; Stumpf, M.; Rahlfs, S.; Becker, K. Crystal structure of the human thioredoxin
reductase-thioredoxin complex. Nat. Commun. 2011, 2, 383. [CrossRef] [PubMed]

4. Jeon, S.-].; Ishikawa, K. Identification and characterization of thioredoxin and thioredoxin reductase from
Aeropyrum pernix K1. Eur. ]. Biochem. 2002, 269, 5423-5430. [CrossRef] [PubMed]

5. Kashima, Y; Ishikawa, K. A hyperthermostable novel protein-disulfide oxidoreductase is reduced by
thioredoxin reductase from hyperthermophilic archaeon Pyrococcus horikoshii. Arch. Biochem. Biophys. 2003,
418, 179-185. [CrossRef] [PubMed]

6.  McCarver, A.C.; Lessner, D.J. Molecular characterization of the thioredoxin system from Methanosarcina acetivorans.
FEBS J. 2014, 281, 4598-4611. [CrossRef] [PubMed]

7. McCarver, A.C.; Lessner, EH.; Soroeta, ].M.; Lessner, D.]. Methanosarcina acetivorans utilizes a single
NADPH-dependent thioredoxin system and contains additional thioredoxin homologues with distinct
functions. Microbiology 2017, 163, 62-74. [CrossRef] [PubMed]

8. Grimaldi, P; Ruocco, M.R; Lanzotti, M.A.; Ruggiero, A.; Ruggiero, I.; Arcari, P.; Vitagliano, L.; Masullo, M.
Characterisation of the components of the thioredoxin system in the archaeon Sulfolobus solfataricus.
Extremophiles 2008, 12, 553. [CrossRef] [PubMed]

9.  Susanti, D.; Loganathan, U.; Mukhopadhyay, B. A novel F420-dependent Thioredoxin Reductase gated
by low potential FAD: A tool for redox regulation in an anaerobe. J. Biol. Chem. 2016, 291, 23084-23100.
[CrossRef] [PubMed]

10. Hernandez, H.; Jaquez, O.; Hamill, M.; Elliott, S.; Drennan, C. Thioredoxin reductase from Thermoplasma
acidophilum: A new twist on redox regulation. Biochemistry 2008, 47, 9728-9737. [CrossRef] [PubMed]

9



Antioxidants 2018, 7, 166

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Susanti, D.; Loganathan, U.; Compton, A.; Mukhopadhyay, B. A reexamination of thioredoxin reductase
from Thermoplasma acidophilum, a thermoacidophilic euryarchaeon, identifies it as an NADH-dependent
enzyme. ACS Omega 2017, 2, 4180-4187. [CrossRef] [PubMed]

Deppenmeier, U.; Johann, A.; Hartsch, T.; Merkl, R.; Schmitz, R.A.; Martinez-Arias, R.; Henne, A.; Wiezer, A.;
Baumer, S.; Jacobi, C.; et al. The genome of Methanosarcina mazei: Evidence for lateral gene transfer between
bacteria and archaea. J. Mol. Microbiol. Biotechnol. 2002, 4, 453-461. [PubMed]

Thauer, RK.; Kaster, A.-K.; Seedorf, H.; Buckel, W.; Hedderich, R. Methanogenic archaea: Ecologically
relevant differences in energy conservation. Nat. Rev. Microbiol. 2008, 6, 579. [CrossRef] [PubMed]

Kabsch, W. Integration, scaling, space-group assignment and post-refinement. Acta Cryst. D 2010, 66,
133-144. [CrossRef] [PubMed]

McCoy, Al.; Grosse-Kunstleve, RW.; Adams, PD.; Winn, M.D.; Storoni, L.C.; Read, R.J. Phaser
crystallographic software. J. Appl. Cryst. 2007, 40, 658-674. [CrossRef] [PubMed]

Rychlewski, L.; Jaroszewski, L.; Li, W.; Godzik, A. Comparison of sequence profiles. Strategies for structural
predictions using sequence information. Protein Sci. 2000, 9, 232-241. [CrossRef] [PubMed]

Adams, P.D.; Afonine, P.V.; Bunkoczi, G.; Chen, V.B.; Davis, LW.; Echols, N.; Headd, J.J.; Hung, L.W.;
Kapral, GJ.; Grosse-Kunstleve, RW.; et al. PHENIX: A comprehensive Python-based system for
macromolecular structure solution. Acta Cryst. D 2010, 66, 213-221. [CrossRef] [PubMed]

Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Cryst. D 2010, 66,
486-501. [CrossRef] [PubMed]

The PyMOL Molecular Graphics System, Version 1.8; Schrodinger, LLC: New York, NY, USA, 2015.
Panjkovich, A.; Svergun, D.I. CHROMIXS: Automatic and interactive analysis of chromatography-coupled
small-angle X-ray scattering data. Bioinformatics 2018, 34, 1944-1946. [CrossRef] [PubMed]

Svergun, D.; Barberato, C.; Koch, M.H.J. CRYSOL—A program to evaluate X-ray solution scattering of
biological macromolecules from atomic coordinates. J. Appl. Cryst. 1995, 28, 768-773. [CrossRef]

Konarev, P.V,; Petoukhov, M.V.; Volkov, V.V.; Svergun, D.I. ATSAS 2.1, a program package for small-angle
scattering data analysis. J. Appl. Cryst. 2006, 39, 277-286. [CrossRef]

Altschul, S.F.; Madden, T.L,; Schaffer, A.A.; Zhang, ].; Zhang, Z.; Miller, W.; Lipman, D.J]. Gapped BLAST and
PSI-BLAST: A new generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389-3402.
[CrossRef] [PubMed]

Thompson, ].D.; Gibson, T.J.; Plewniak, F.; Jeanmougin, F.; Higgins, D.G. The CLUSTAL_X windows interface:
Flexible strategies for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 1997,
25,4876-4882. [CrossRef] [PubMed]

Kelley, L.A; Mezulis, S.; Yates, C.M.; Wass, M.N.; Sternberg, M.J.E. The Phyre2 web portal for protein
modeling, prediction and analysis. Nat. Protoc. 2015, 10, 845. [CrossRef] [PubMed]

Gustafsson, T.; Sandalova, T.; Lu, J.; Holmgren, A.; Schneider, G. High-resolution structures of oxidized and
reduced thioredoxin reductase from Helicobacter pylori. Acta Cryst. D 2007, 63, 833-843. [CrossRef] [PubMed]
Holmgren, A. Thioredoxin. Annu. Rev. Biochem. 1985, 54, 237-271. [CrossRef] [PubMed]

Cho, S.H.; Collet, ].F. Many roles of the bacterial envelope reducing pathways. Antioxid. Redox Signal. 2013,
18, 1690-1698. [CrossRef] [PubMed]

Prakash, D.; Walters, K.A.; Martinie, R.].; McCarver, A.C.; Kumar, A.K.; Lessner, D.J.; Krebs, C.; Golbeck, J.H.;
Ferry, J.G. Toward a mechanistic and physiological understanding of a ferredoxin:disulfide reductase from
the domains Archaea and Bacteria. J. Biol. Chem. 2018, 293, 9198-9209. [CrossRef] [PubMed]

Balsera, M.; Uberegui, E.; Susanti, D.; Schmitz, R.; Mukhopadhyay, B.; Schiirmann, P.; Buchanan, B.
Ferredoxin:thioredoxin reductase (FTR) links the regulation of oxygenic photosynthesis to deeply rooted
bacteria. Planta 2013, 237, 619-635. [CrossRef] [PubMed]

Kumar, AK.; Kumar, R.S.; Yennawar, N.-H.; Yennawar, H.P,; Ferry, ].G. Structural and biochemical
characterization of a Ferredoxin:Thioredoxin reductase-like enzyme from Methanosarcina acetivorans.
Biochemistry 2015, 54, 3122-3128. [CrossRef] [PubMed]

Wei, Y,; Li, B.; Prakash, D.; Ferry, ].G.; Elliott, S.].; Stubbe, J. A ferredoxin disulfide reductase delivers electrons
to the Methanosarcina barkeri class 11 Ribonucleotide Reductase. Biochemistry 2015, 54, 7019-7028. [CrossRef]
[PubMed]

Kuriyan, J.; Krishna, T.S.R.; Wong, L.; Guenther, B.; Pahler, A.; Williams, C.H.; Model, P. Convergent evolution
of similar function in two structurally divergent enzymes. Nature 1991, 352, 172-174. [CrossRef] [PubMed]

100



Antioxidants 2018, 7, 166

34. Holm, L.; Laakso, L.M. Dali server update. Nucleic Acids Res. 2016, 44, W351-W355. [CrossRef] [PubMed]

35. Lennon, B.W.; Williams, C.H., Jr, Ludwig, M.L. Twists in catalysis: Alternating conformations of
Escherichia coli thioredoxin reductase. Science 2000, 289, 1190-1194. [CrossRef] [PubMed]

36. Williams, C.H., Jr. Mechanism and structure of thioredoxin reductase from Escherichia coli. FASEB ]. 1995, 9,
1267-1276. [CrossRef] [PubMed]

(D © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ " article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

101



antioxidants ﬁw\n\py

Review

Involvement of Glutaredoxin and Thioredoxin

Systems in the Nitrogen-Fixing Symbiosis between
Legumes and Rhizobia

Geneviéve Alloing !, Karine Mandon ', Eric Boncompagni !, Francoise Montrichard 2 and
Pierre Frendo 1*

L Université Cote d’Azur, INRA, CNRS, ISA, France; Genevieve.Alloing@unice.fr (G.A.);
mandon@unice.fr (K.M.); Eric. BONCOMPAGNI@univ-cotedazur.fr (E.B.)

2 IRHS, INRA, AGROCAMPUS-Ouest, Université d’Angers, SFR 4207 QUASAY, 42 rue Georges Morel,
49071 Beaucouzé CEDEX, France; francoise.montrichard@univ-angers.fr

*  Correspondence: frendo@unice.fr

Received: 29 October 2018; Accepted: 1 December 2018; Published: 5 December 2018

Abstract: Leguminous plants can form a symbiotic relationship with Rhizobium bacteria, during
which plants provide bacteria with carbohydrates and an environment appropriate to their
metabolism, in return for fixed atmospheric nitrogen. The symbiotic interaction leads to the formation
of a new organ, the root nodule, where a coordinated differentiation of plant cells and bacteria
occurs. The establishment and functioning of nitrogen-fixing symbiosis involves a redox control
important for both the plant-bacteria crosstalk and the regulation of nodule metabolism. In this
review, we discuss the involvement of thioredoxin and glutaredoxin systems in the two symbiotic
partners during symbiosis. The crucial role of glutathione in redox balance and S-metabolism is
presented. We also highlight the specific role of some thioredoxin and glutaredoxin systems in
bacterial differentiation. Transcriptomics data concerning genes encoding components and targets of
thioredoxin and glutaredoxin systems in connection with the developmental step of the nodule are
also considered in the model system Medicago truncatula—Sinorhizobium meliloti.

Keywords: thioredoxin; glutaredoxin; legume plant; symbiosis; redox homeostasis; stress

1. Introduction

Most terrestrial plants establish symbiotic relationships with fungi or bacteria that provide
nutrients for their growth [1,2]. Nitrogen and phosphorous are critical determinants of plant growth
and productivity. Amongst the plant families, leguminous plants can achieve a nitrogen-fixing
symbiosis with soil bacteria of the family Rhizobiaceae to reduce atmospheric nitrogen (N3) to
ammonia [3]. The ability to reduce Nj is restricted to bacteria and archaea which produce the
enzyme nitrogenase. Legumes are an economically important plant family, for their contribution
to animal and human nutrition on one hand, and for their ecosystemic services in cropping systems
on the other hand, by participating to nitrogen enrichment of soils and thereby to a reduced use of
nitrogen fertilizers. The study of these symbioses is therefore a major challenge to promote a more
environmentally-friendly agriculture.

The nitrogen-fixing symbiosis (NFS) between rhizobia bacteria and legumes leads to the formation
of new root organs, called nodules [4,5]. The development of the nodule requires many crucial steps to
achieve the fixation of atmospheric nitrogen. The first step is the cross recognition between bacteria
and the plant partner. This recognition involves the nodulation (Nod) factors produced by the bacteria
that play a major role in the symbiotic specificity between the two partners. In parallel to bacterial
recognition, Nod factors promote the development of a new meristem in the plant root that leads to the
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establishment of the root nodule. Subsequently, the formation of infection threads allows the transport
of bacteria from the surface of the root to the plant cells that will host bacteria, in an endosymbiotic way.
The accommodation of numerous bacteria inside plant cells and nitrogen fixation requirements involve
modifications of the cellular structure and physiology of both partners for maintaining the symbiotic
interaction. These modifications are achieved through differentiation of the plant cells which includes
cell enlargement, DNA endoreduplication, and significant reprogramming of cellular structure and
metabolism [6]. Cellular and biochemical changes are also observed during the differentiation of
bacteria into Np-fixing bacteroids. Amongst them, a high aerobic metabolism provides ATP and
reductants necessary to sustain nitrogenase activity, whereas the nitrogen-fixing enzyme is irreversibly
inactivated by oxygen. Thus nitrogen-fixation efficiency depends on oxygen protective mechanisms
involving the formation of an oxygen barrier cell layer around the infected cells and the production of
a symbiotic hemoglobin, called leghemoglobin. This later is involved in the protection of nitrogenase
from denaturation, and in the supply of ample amount of oxygen to bacteria for respiration. The
supply of energy from the plant to nitrogen-fixing bacteroids, and the export of ammonia from the
bacteroids to the roots also require major metabolic adaptations in the nodules. In conclusion, the
nodule functioning depends on a strict regulation of the development and the metabolism of plant
and bacteria cells.

The nodules are considered as “indeterminate” or “determinate” according to their mode of
development [7]. In the determinate nodules, such as those of soybean (Glycine max), the nodular
meristems are transiently active. This results in spherical nodules, containing cells with a similar
developmental state to each other. In the indeterminate nodules, such as those formed by pea (Pisum
sativum), alfalfa (Medicago sativa) or barrel medic (M. truncatula), the meristems persist throughout the
plant’s life, giving an elongated nodule. Consequently, the functional nodule presents three zones:
(I) the meristematic zone, (II) the infection zone, and (III) the N,-fixing zone (Figure 1A,B). At later
stage, there is a rupture in the symbiotic interaction, which occurs in the senescence zone (zone IV).

Figure 1. The indeterminate root nodule structure in Medicago truncatula. (A) Longitudinal section of
indeterminate nodule 3 weeks post infection (wpi) with the apical meristem (I), the infection zone (II),
and the nitrogen-fixing zone (III). (B-D) Longitudinal section of wild-type nodules 3 wpi analyzed by
confocal microscopy with S. meliloti DNA stained with SYTO9 (green) and plant nuclei stained with
propidium iodide (red) [8]. (C) The size of plant cells and of plant cell nuclei increases during cellular
differentiation and intracellular bacterial infection occurs in zone II. (D) The nitrogen-fixing cells in
zone III are fully packed with numerous elongated endosymbiotic bacteria called symbiosomes. Bars:
(A) 200 pm; (B) 100 um; (C) 10 pm; (D) 50 pm.
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As mentioned above, the meristematic cells of the nodule destined to house the rhizobia undergo
several DNA endoreduplication cycles. The endoreduplication (up to 64 C) is accompanied by an
expansion (up to 80 times) of the infected cells (Figure 1C) [9,10]. These transformations are associated
with metabolic changes allowing the bacteria reception and the assimilation of reduced nitrogen.
Bacteroid differentiation depends on the host plant [11]. In some legumes such as soybean, the
bacteroid morphology is little affected in comparison to the free-living bacteria. In contrast, in other
legumes, such as faba bean (Vicia faba), pea or the Medicago genus, bacteroids present an extreme
morphological change with an elongated phenotype (5 to 10 times longer than the free-living cells)
(Figure 1D). This change is coupled with endoreduplication of the bacterial genome, and irreversible
terminal differentiation, preventing subsequent bacterial multiplication. Transcriptomic analyses of the
host plants, inducing (M. truncatula) or not (Lotus japonicum) the terminal bacterial differentiation, have
allowed the identification of plant factors involved in this process. These factors, called Nodule Specific
Cysteine Rich (NCR) peptides, are defensin-like peptides specifically expressed in the nodule [12].
This family of peptides has been extensively described in M. truncatula, and several homologs have
been found in M. sativa and P. sativum [6]. The NCR peptides produced by the host plant are targeted to
the bacteroids through the secretory pathway. In vitro treatment of S. meliloti culture with certain NCR
peptides induces some aspects of terminal differentiation such as bacterial membrane permeabilization,
cell division inhibition, genome endoreduplication, and bacterial elongation. In addition, mutants of
M. truncatula deficient in two NCR peptides, NCR169 and NCR211, develop non-functional nodules [13,14].

Regulation of the cellular redox state represents a major regulatory component of the
nitrogen-fixing symbiosis. During the last twenty years, analysis of numerous redox components of
the nodules has shown their specific involvement in the functioning of the root nodule. Amongst
them, some NADPH oxidases, which are involved in the production of reactive oxygen species (ROS),
have been shown to regulate the symbiotic interaction throughout the lifetime of the nodule from
its installation to its senescence [15]. Similarly, enzymes implicated in the steady state of nitric oxide
(NO), a growth and metabolic regulator in plants, control nodule development and functioning [16].
Antioxidant components of the cells involved in the regulation of the cellular redox state also participate
in the nodule development [17,18]. In this review, we will present an overview of the work performed
on the glutaredoxin and thioredoxin systems, which regulate the redox state of the proteins, in the
nitrogen-fixing symbiosis in both symbiotic partners.

2. The Glutaredoxin and Thioredoxin Systems of Plant Partner

2.1. The Glutaredoxin System

Glutaredoxins (Grxs) are small redox enzymes of approximately one hundred amino-acid residues
that use glutathione (GSH) as a reducer, that is maintained in a reduced state by glutathione reductase
(GR) and NADPH. The GSH synthesis has been extensively studied in leguminous plants [17].
In legumes, the structural homolog, homoglutathione (hGSH; yGlu-Cys-pAla), may partially or
completely replace GSH [19-21]. Both compounds can be found at concentrations of 0.5-1.5 mM in
nodules [22], similar to the estimated levels of 1-3 mM GSH and 0.4-0.8 mM hGSH in the chloroplast
stroma [23] or in the cytosol [24]. However, the (h)GSH content is much higher in nodules than in
roots due to the structural modifications of nodule cells with an increased cytosol volume compared
to root cells (see Figure 1). (h)GSH synthesis derives from sulfur (S) metabolism which has been
studied in N, fixing nodules of L. japonicus [25]. The high adenosine 5'-phosphosulfate reductase
activity, the strong S-flux into cysteine and derivatives, and the up-regulation of the expression
of several rhizobial and plant genes involved in S-assimilation showed the important function of
nodules in S-assimilation [25]. Moreover, the higher thiol content observed in roots and leaves of
N,-fixing plants in comparison to uninoculated plants could not be attributed to local biosynthesis,
showing that nodules are an important site for production of reduced S for the plants [25]. The
S-metabolism of nodules is reduced in plants nodulated by mutant rhizobia unable to reduce N,
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indicating a strong interdependency between N-fixation and S-assimilation [25,26]. Sulfate transport
is also modified in the nodule. Nodule-specific sulfate transporters have been identified [27]. Some
of them are located on the peribacteroid membrane and allow the transport of inorganic sulfur to
the bacteroid [28,29]. In soybean, this transport has been shown to be crucial for nitrogen-fixing
efficiency. We have analyzed the transcriptome of M. truncatula using sulfate transporter as a key word
in the symbimics website (https:/ /iant.toulouse.inra.fr/symbimics/), which allows to compare the
expression of genes in roots and nodules and to define the level of gene expression in the different
nodule zones (Table 1). In M. truncatula, 22 putative sulfate transporter genes were identified. The
expression of some of them (Medtr3g087730, Medtr5g061860, Medtr6g086170, Mt0062_10115) were
significantly upregulated in nodules compared to roots. Transcriptomic analyses in the M. truncatula
Gene Expression Atlas (https:/ /mtgea.noble.org/v3/) showed that Medtr5g061860 and Medtr6g086170
expression were correlated with the nitrogen fixation efficiency as treatment of plants with nitrate,
which reduces the nodule nitrogen fixation, led to a reduction of less than 20% of the expression of
these genes as compared to control nodules.

The synthesis of GSH in plants and other organisms is accomplished in two sequential reactions
catalyzed by y-glutamylcysteine synthetase (YECS) and glutathione synthetase (GSHS), both showing
a strict requirement for ATP and Mg?* [23]. In legumes, the synthesis of hGSH is also carried out in two
steps, involving the same YECS enzyme and a specific homoglutathione synthetase (hGSHS), which
exhibits a much higher affinity for 3-alanine than for glycine [19,20,30,31]. Site-directed mutagenesis
of soybean and M. truncatula hGSHS has conclusively shown that two contiguous amino acid residues
in the active site (Leu-487 and Pro-488, positions that are Ala in GSHS) mainly determine the substrate
preference for 3-alanine over glycine [20,32]. The GSHS and hGSHS genes share high homology (~70%
amino acid identity) and are located in tandem on the same chromosome in the model plant legumes M.
truncatula [20] and L. japonicus [21]. These findings are consistent with the hypothesis that the tGSHS
gene derives from the GSHS gene by a duplication event occurring after the divergence between the
Fabales, Solanales, and Brassicales [20]. Despite this close relationship, the two genes are differentially
regulated in plant organs. This can be exemplified with studies performed on the two model legumes.
Thus, M. truncatula produces exclusively GSH in the leaves and both GSH and hGSH in the roots and
nodules, whereas L. japonicus produces almost exclusively hGSH in the roots and leaves, but more
GSH than hGSH in the nodules. In legumes, the thiol contents are positively correlated with the GSHS
and hGSHS activities and in general with their mRNA levels [21-33].

The concentration of (h)GSH and the Nj-fixing activity in nodules are positively correlated
during nodule development [34]. The two parameters decline with aging [35,36] as well as during
stress-induced senescence [37—41]. These findings suggest that (h)GSH is important for nodule activity,
a hypothesis that was tested by modulating the nodule content of (h)GSH using pharmacological and
genetic approaches. The application of buthionine sulfoximine (a specific inhibitor of YECS) or the
expression of (h)GSHS in antisense orientation caused depletion of (h)GSH in M. truncatula roots [42].
The (h)GSH synthesis deficiency in roots decreased substantially the number of nascent nodules and
the expression of some early nodulin genes [42]. These results, along with the proposed role of GSH in
meristem formation in Arabidopsis thaliana [43-45], suggest that (h)GSH is required for the initiation
and maintenance of the nodule meristem. The transcriptomic analysis of (h)GSH-depleted plants
during early nodulation revealed downregulation of genes implicated in meristem formation and
upregulation of salicylic acid-related genes after infection with S. meliloti [46]. The enhanced expression
of defense-related genes provides a partial explanation for the negative effects of (h)GSH depletion on
the symbiosis. The role of (h)GSH was also analyzed in the nitrogen-fixing zone. Downregulation of
the YECS gene by RNA interference using the nodule nitrogen-fixing zone-specific NCR001 promoter
resulted in significantly lower biological nitrogen fixation (BNF) associated with a significant reduction
in the expression of nodule specific genes. This lower (h)GSH content was correlated with a reduction in
the nodule size. Conversely, YECS overexpression using the same promoter resulted in an elevated GSH
content associated with increased BNF and significantly higher expression of the sucrose synthase-1
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and leghemoglobin genes. Taken together, these data show that the plant (h)GSH content of the nodule
nitrogen-fixing zone modulates the efficiency of the BNF process, demonstrating their important role
in the regulation of this process [47]. All these data show the importance of sulfur metabolism and
more particularly of (h)GSH in the development and functioning of nodules.

Amongst the multiple roles of (h)GSH, these thiols serve as reducing power for Grxs. Numerous
Grxs are present in plants. To date, no physiological analysis was performed to investigate the
importance of Grxs in the nitrogen-fixing symbiosis. M. truncatula genome analysis using BLAST and
publication data mining [48,49] allowed us to find thirty-six genes encoding putative Grxs of class I, II,
and III (Table 2). Gene expression analysis in roots and nodules did not allow us to find class I and
class II Grxs significantly upregulated in nodules compared to roots. In contrast, two Class III Grxs
(Medtr2g014760, Medtr1g088910) are upregulated in nodules compared to roots suggesting that they
play a significant role in nodule development or functioning. Nevertheless, three class III Grxs are
also significantly downregulated in nodules compared to roots and multiple Class III Grxs are not
expressed in roots and nodules. Taken together, these results showing the significant modification of
the expression of multiple Grx genes suggest that redox regulation of nodule metabolism is extensively
modified compared to roots.

Table 1. Expression of plant sulfate transporters in M. truncatula nodules. Gene accession numbers
are indicated in the table. Gene annotation is based on candidate orthologs and interprodomain
signature. The different columns correspond to root and nodule whole organ analysis (Root and
Nodule) and to the nodule zones: meristematic zone (I), distal infection zone (IId), proximal infection
zone (IIp), infection/fixation interzone (IZ II-11I), and nitrogen-fixation zone (III). The numbers in the
different columns correspond to Total Reads RiboMinus ™ rRNA depletion. All RNA-seq read values
were normalized [50]. The total reads are reported from the symbimics bioinformatics website. The
full organs are nitrogen starved Roots and 10-day old nodules. The red and blue colors correspond,
respectively, to higher and lower significant differences between the organs (roots and nodules) and
between the different nodule zones. The statistical differences are reported from the symbimics
bioinformatics website.

Gone Name — Toot Nodule I Z

Sulfate transporter
Medtr7g095430 1307 1297 7 2
Medtr4g084620 298 176 13 9

4 9
29

Mt0062_10115 54 [N 30

Medtrdg011970 633 1052 307

Medtr33087730 4 118

Medtr5g061860 87 4

Medtr6g086170 45 14

Medtr33073730 220 2 4 1 1 0
Medtr53061880 200 15 14 2 3 3
Medtr2g102243 322 19 18 1 1 0
Medtr23008470 1406 1 1 1 7 8
Medtr3g087740 2150 854 19 17 16 4 13
Mt0050_00072 0 0 0 0 0 0 0
Medtrdg084640 0 0 0 0 0 0 0
Mt0008_01149 0 0 0 0 0 0 0
Mt0008_11083 0 0 0 0 0 0 0
Medtrdg063825 0 6 1 0 0 0 0
Mt0006_10002 1 0 2 3 0 0 0
Medtr2g082610 3 5 1 2 0 0 0
Medtr3g073780 9 1 0 0 0 0 1
Medtr1g071530 345 184 2 2 0 1 1
Medtr74022870 464 449 48 52 17 20 39
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Table 2. Expression of glutaredoxins in M. truncatula nodules. Gene accession numbers are indicated
in the table. Gene annotation is based on candidate orthologues and interprodomain signature. The
different columns correspond to root and nodule whole organ analysis (Root and Nodule) and to
the nodule zones: meristematic zone (I), distal infection zone (IId), proximal infection zone (Ilp),
infection/fixation interzone (IZ II-III) and nitrogen-fixation zone (III). The numbers in the different
columns correspond to Total Reads ribominus. All RNA-seq read values were normalized [50]. The
total reads are reported from the symbimics bioinformatics website. The full organs are nitrogen
starved Roots and 10 days old nodules. The red and blue colours correspond respectively to higher
and lower significant differences between the organs (roots and nodules) and between the different
nodule zones. The statistical differences are reported from the symbimics bioinformatics website.

Gene Name Putative Redox Site ~ Root Nodule _

Glutaredoxins

Class I
Medtr7g035245 YCPFC 2612 2354 [NGEENN 163 156 238 167
Medtr1g069255 WCSYC 121 153 54 41 135 109 92
Medtr3g077560 YCGYC 1314 366 2 1 1 2 0
Medtr3g077570 YCGYC 201 148 27 16 3 3 15
Medtr2g038560 YCPYC 1573 1200 425 682 837 509 297
Medtr5g021090 YCPYC 1284 1444 76 97 63 72 50

Class IT
Medtr2g103130 QCGFS 1332 1390 380 266 323 [SEGNN 302
Medtr4g079110 GCCMS 968 1834 62 36 1 0 0
Medtr7g079520 QCGFs 771 640 170 143 103 107 62
Medtr4g088905 KCGFS 1444 1940 277 252 194 97 105
Medtrdg016930 LCGSF 124 218 57 66 70 65 71

Class III
Medtr7g026770 TCCMC 13 13 e s 0 0 0
Medtr3g104510 SCCMC 16 32 1 3 | 24 58 9%
Medtr1g088910 SCYMC 62 [ 2 0 0 0 0
Medtr1g015890 SCCMC 144 340 100 |[NES7NSGZN 164 258
Medtr2g090755 GCCMS 78 10 4 1 2 3
Medtr23014760 GCCLC 71 - 33 19 8 4 10
Medtr1g088925 SCCLC 474 1 1 1 0 0 0
Medtr1g088920 LCCLC 460 3 1 0 0 0 0
Medtr7g108200 SCCLC 1650 308 2 1 0 0 0
Medtrdg119030 SCCMS 0 0 0 0 0 0 0
Medtr2g048970 SCCMS 0 0 0 0 0 0 0
Medtr2g019950 SCGMS 0 0 0 0 0 0 0
Medtrdg119050 SCCMS 0 0 0 0 0 0 0
Medtr7g108250 TCCLS 0 0 0 0 0 0 0
Medtr7g108220 SCYMC 0 0 0 0 0 0 0
Medtr7g108250 TCCLS 0 0 0 0 0 0 0
Medtr74022690 SCCMC 0 0 0 0 0 0 0
Medtr5g077550 DCCFS 0 0 0 0 0 0 0
Medtr1g088905 TCCLS 0 0 1 0 0 0 0
Mt0001_10735 SCCMS 0 1 0 0 0 0 0
Medtr74022710 SCCMC 0 0 1 0 0 0 0
Medtr7g022550 SCCMC 0 0 1 0 0 0 0
Medtr7g108260 TCPMS 2 4 0 0 0 0 0
Medtr2g019900 SCCMC 16 84 0 0 0 0 0
Medtr7g108210 SCYMC 30 30 1 0 0 0 0

2.2. The Thioredoxin System

The other biochemical system involved in the thiol-dependent redox regulation of enzyme activity
is the thioredoxin system. Thioredoxins (Trxs) are small proteins similar to Grxs that reduce disulfide
bounds. Oxidized Trxs are in turn re-reduced by NADP-dependent Trx reductases (TR) and NADPH
or ferredoxin in plastids. Nonetheless, a few members of the Trx family use, as Grxs, glutathione as a
reducer [51,52]. Trxs are able to reduce directly some of basic metabolic enzymes such as ribonucleotide
reductase, and enzymes involved in the antioxidant systems such as peroxiredoxins (Prx), glutathione
peroxidase (Gpx), and methionine sulfoxide reductase (MSR). In plant tissues, several groups of Trxs
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have been identified. The Trxs f, m, X, y, and z are localized in the plastids, Trxs o are addressed to the
mitochondria and the Trxs h mainly accumulate in the cytoplasm [53]. Cytosolic Trxs h can also be
transferred in nucleus in cells suffering oxidative stress [54]. Nucleoredoxins were also described as
other redoxins located in the nucleus [55]. In legumes, the Trx family has been analyzed in detail in M.
truncatula [52,56] and L. japonicus [57]. The analysis of Trx expression in L. japonicus showed that there
is a differential expression pattern of the different isoforms in leaves, root, and nodules. However, no
isoform seems to be significantly more expressed in nodules than in roots and leaves. In soybean, a Trx
h expressed in infected cells of mature nodules is able to protect a yeast Trx mutant against hydrogen
peroxide (HyO,) [58]. This Trx is crucial for nodule development and functioning as RN Ai-mediated
repression of the Trx gene severely impaired nodule development [58]. Nodulin-35, a subunit of
uricase, was found to be a target of this thioredoxin suggesting a novel role of Trx in the regulation of
enzyme activities involved in nodule nitrogen fixation [59]. In addition to all the classical types of Trxs
found in plants, M. truncatula contains a novel type of Trxs, called Trxs s, comprising four isoforms
which are associated with symbiosis [56,60]. No orthologs were found in A. thaliana, L. japonicus or
soybean suggesting that the Trxs s isoforms could be unique to certain legume species. Trx s1 and s3,
are induced in the nodule infection zone where bacterial differentiation occurs. Trx s1 is targeted to the
symbiosomes, the Np-fixing organelles. Trx s1 interacted with NCR247 and NCR335 and increased
the cytotoxic effect of NCR335 in S. meliloti. Trx s1 silencing impairs bacteroid endoreduplication and
enlargement, two features of terminal bacteroid differentiation, and the ectopic expression of Trx s1
in S. meliloti partially complements the silencing phenotype. Thus, Trx sl is targeted to the bacterial
endosymbiont where it controls bacteroid terminal differentiation [60].

Gpxs and Prxs are also present in root nodules. In plants, most Gpxs reduce hydroperoxides
using Trxs and TR, instead of GSH and GR, as a reducing system [61]. This is also true for Gpx1 in
M. truncatula [62]. Based on genome analysis, six Gpxs were reported in L. japonicus [63]. Except the
LjGpx4, the other isoforms were expressed in nodules with a higher level for LiGpx1 and LjGpx3 [63,64].
The two Gpx were Trx-dependent phospholipid hydroperoxidases and were upregulated in response
to NO for LjGpx1 and in response to cytokinine and the ethylene precursor ACC for LjGpx3 [64]. Both
genes were highly expressed in the nodule zone containing the bacteria, and the LjGpx3 mRNA was
also detected in the cortex and vascular bundles. Immunogold localization of Gpx allowed to localize
LjGpx1 in plastids and nuclei and LjGpx3 in the cytosol and the endoplasmic reticulum [64]. Based on
yeast complementation experiments, both enzymes protect against oxidative stress, salt stress, and
membrane damage suggesting that both LjGpxs perform major antioxidative functions in nodules,
preventing lipid peroxidation and other oxidative processes at different subcellular sites of vascular
and infected cells [64].

There are four types of Prxs in plants (1-CysPrx, 2-CysPrx, PrxIl, and PrxQ). Based on genome
analysis, seven Prxs were reported in L. japonicus [63]. Eight transcripts were detected: Lj1CPrx,
LjPrxQla, and LjPrxQ1b which derive from the gene LjPrxQla with an alternative splicing, and
Lj2CPrxA, Lj2CPrxB, LjPrxIIB, LjPrxIIE, and Lj1CPrxIIF [63]. The expression profiles in the different
plant tissues did not allow the detection of a Prx isoform which would be more expressed in the
nodules. Nevertheless, reduction of PrxIIB and PrxIIF expression levels were associated to the nodule
senescence process in bean nodules [65]. In contrast, whereas the level of PrxIIF protein remains
constant in senescent nodules, the level of PrxIIB decreases in senescent nodules [65]. Similarly, the
decrease of the putative PrxIIA content and a constant level of the mitochondrial PrxIIF protein were
observed in senescent nodules compared to mature nodules [66]. Trx also serve as electron donors
for MSRs that repair oxidized proteins. To our knowledge, no experiment was performed to analyze
the roles of MSRs in root nodules. We have analyzed the transcriptome of M. truncatula searching for
methionine sulfoxide in the symbimics website and BLAST sequence alignment program to validate
the putative identity of the sequences. The comparison of gene expression in roots and nodules, and in
the different nodule zones allowed the detection of a significant upregulation of Medtr3g051460 in the
infection zone and the nitrogen-fixing zone compared to the uninfected nodule zone I. Apart from
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this isoform, no clear difference in transcript level was observed for the seven other genes. Functional
analysis of this enzymatic family awaits to be performed in root nodules.

3. The Glutaredoxin and Thioredoxin Systems of Bacterial Partner

Rhizobial genomes contain the genes of Grx and Trx systems (http://genome.annotation.jp/
rhizobase). We summarize recent data on these systems emphasizing how they contribute to the
efficiency of nitrogen-fixing symbiotic interaction.

3.1. The Gutaredoxin System

In most bacteria, the glutaredoxin system consists of GR, which catalyzes the NADPH-driven
reduction of glutathione disulfide (GSSG) to GSH, which in turn reduces Grx. The two steps of GSH
biosynthesis are catalyzed by YECS and GSHS, encoded by the gshA and gshB genes, respectively.
The GSH recycling from GSSG is performed by a GR encoded by the gor gene. Studies of rhizobial
mutants affected in GSH metabolism demonstrate the central role of GSH pool in free-living cells and
in planta. In all cases, gshB inactivation alters the fitness of free-living bacteria, and gshB mutants
develop poorly effective symbiosis with their plant partners. For example, the growth of a S. meliloti
gshB mutant is altered in minimal medium whereas a gshA mutant does not grow under the same
conditions, showing that GSH is essential and can be partially replaced by y-glytamyl-cysteine [67].
The two mutants experience oxidative stress as both exhibit higher catalase activity, a biochemical
marker of oxidative stress, when compared with the wild-type strain. M. sativa plants inoculated with
the gshA mutant did not produce nodules, while gshB inactivation triggered a delayed nodulation
phenotype and the development of abnormal, early senescing nodules associated with 75% reduction
in the nitrogen-fixation capacity of bacteroids. A gshB mutant of Rhizobium tropici has a reduced ability
to compete against the wild-type strain for nodule occupancy on common bean, while a Rhizobium etli
gshB mutant has a delayed nodulation phenotype when inoculated onto bean [68,69]. Plants infected
by either one of the other gshB mutant develop ineffective nitrogen-fixing nodules with obvious signs
of early senescence. Nodule phenotype is associated with enhanced levels of superoxide anion in the
case of R. tropici infection, showing that GSH-deficient bacteroids face an environmental oxidative
stress [68]. In the same way, a gshA mutant of Bradyrhizobium japonicum gives rise to nodules with a
strong nitrogen-fixation deficiency during interaction with soybean [70]. There are, however, variations
in GSH requirement among rhizobial species since another Bradyrhizobium-legume interaction develops
effective nodules independently of the bacterial GSH pool. The gshA mutant of Bradyrhizobium sp.
SEMIA 6144 indeed induced functional nodules with peanut (Arachis hypogaea L.), even though GSH
depletion affects nodule occupancy capacity and growth of the free-living bacterium in normal and
stressful conditions [70]. Overall, the homeostasis (both level and redox status) of GSH in bacterial
cells is important for nodule development, and this is also exemplified by the symbiotic deficiency of
S. meliloti gor mutant [71]. The lack of GR in gor mutants causes a decrease in the GSH/GSSG ratio,
triggering oxidative stress with an increased expression of catalase genes, and an enhanced sensitivity
to oxidants. In planta, the gor mutant is affected in its ability to compete for nodule occupancy and
displays a reduced nitrogen-fixing phenotype [71]. Altogether, these different studies highlight the
major role of rhizobial GSH in regulating the intracellular redox environment and protecting cells
against ROS.

Besides its role in redox balance, the GSH pool in nodules might also be crucial in regulating
metabolic pathways. The R. etli gshB and gor mutants were shown to be affected in GIn uptake in
free-living bacteria [69]. Similarly, a gshB mutant of Rhizobium lequminosarum is impaired in symbiosis
with P. sativum and presents a defect in the uptake of several carbon source compounds in free-living
bacteria [72].

Glutathione is involved in the maintenance of cellular redox homeostasis in particular as a
reductant for Grxs. The function of bacterial Grxs during rhizobium-legume symbiosis has been
investigated in S. meliloti. The genome of this bacterium encodes three Grxs, the dithiol SmGrx1
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(CGYC redox active site), the monothiol SmGrx2 (CGFS redox active site), and the atypical SmGrx3
which carries two domains, an N-terminal Grx domain with a CPYG active site and a C-terminal
domain with a methylamine utilization protein (MauE) motif. Both SmGrx1 and SmGrx2 orthologs
are ubiquitously present in bacteria while SmGrx3 orthologs are found only in cyanobacteria and
some proteobacteria [73]. Biochemical and genetic analyses established that the three proteins have
distinct properties [73]. SmGrx1 was shown to play a key role in protein deglutathionylation: on
one hand SmGrx1 recombinant protein displayed an efficient degluthationylation activity, on the
other Smgrx1 inactivation in free-living bacteria led to a higher level of glutathionylated proteins.
The Smgrx1 deficient mutant undergoes a severe growth defect under non-stress conditions and an
increased sensitivity to HyO, treatment. During the interaction with M. truncatula the Smgrx1 mutant
induces abortive nodules, containing bacteria unable to differentiate into bacteroids following release
inside plant cells. This original symbiotic phenotype suggests that the control of protein and redox
homeostasis by Grx1-mediated protein deglutathionylation is crucial for bacteroid differentiation.

Data obtained with SmGrx2 provide the first demonstration of Grx involvement in bacterial iron
metabolism [73]. Smgrx2 inactivation in free-living bacteria results in the decreased activity of Fe-S
cluster containing enzymes, suggesting that SmGrx2 participates to Fe-S cluster assembly machinery.
A deregulation of RirA (Rhizobial iron regulator)-dependent genes, and an increase of the total
intracellular iron content, was also observed in the Smgrx2 mutant. During the interaction between
S. meliloti and M. truncatula, Smgrx2 inactivation affects nodulation efficiency and the nitrogen-fixation
capacity of bacteroids; Smgrx2 bacteroids are fully differentiated, in contrast to those of Smgrx1. The
nitrogen-fixation deficiency of mutant bacteroids could result from a direct effect on nitrogenase which
contains many Fe-S clusters. Indeed, the nitrogen-fixing enzyme consists of two Fe-S cluster-containing
proteins, the dimeric Fe protein that serves as the electron donor for N; reduction and as the site
of ATP hydrolysis, and the heterotetrameric MoFe protein where substrates are reduced. The Fe
protein contains a Fe-S cluster while the MoFe protein contains two unique metal clusters, the [8Fe:7S]
P-cluster and the FeMo cofactor described as a [Mo:7Fe:9S]:C-homocitrate entity [74]. Consistently, a
mutant in sufT, involved in Fe-S cluster metabolism, also has a lowered nitrogen fixation capacity [75].

Concerning SmGrx3, the same approaches used to analyze SmGrx1 and SmGrx2 function were
performed. Whereas a SmGrx3 recombinant protein presents a low degluthationylation activity,
a Smgrx3 mutant did not display defective phenotype in the free-living and symbiotic states. The
biological function of SmGrx3 still remains to be elucidated.

In conclusion, SmGrx1 and smGrx2 play distinct, critical roles in the control of S. meliloti
physiology. The growth and symbiotic defects of grx mutants also indicate that Grx and Trx systems
are not functionally redundant in S. meliloti, in contrary to the thiol-redox systems of E. coli [76]. The
question arises as to whether these properties can be generalized to other rhizobial Grxs and deserves
more studies.

3.2. The Thioredoxin System

The thioredoxin system consists of NADPH, the flavoprotein Trx reductase (TR), and Trxs. A
very limited number of studies have investigated the role of thioredoxin system in rhizobia. Trx-like
proteins were initially described as playing an important role in symbiosis. In S. meliloti CE52G,
inactivation of a trx-like gene involved in melanine production increased the sensitivity of free-living
bacteria to paraquat-induced stress and affected the nitrogen fixation capacity of bacteroids [77].
In R. leguminosarum, a mutant deficient in the Trx-like TIpA, involved in cytochrome c biogenesis, was
unable to form nitrogen-fixing nodule [78]. TlpA was recently shown to act as a reductant for the
copper metallochaperone Scol and cytochrome oxidase subunit II CoxB [79].

In S. meliloti as in E. coli, the canonical Trx system contains two Trxs, TrxA and the product of
SMc03801 (TrxC in E. coli), and one TR (TrxB). Recent results showed that TrxB recombinant protein
efficiently reduces Trx s1, a host-plant thioredoxin specifically addressed to the microsymbiont, which
is able to reduce NCR and is involved in bacteroid differentiation [60]. These data suggest that TrxB
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is implicated in the redox regulation of differentiation by reactivating Trx s1 but further studies are
required to characterize the physiological role of TrxB during symbiosis.

3.3. Transcriptional Regulation of Trx and Grx Systems in S. meliloti

Various gene expression studies underline the importance of rhizobial Trx and Grx systems during
symbiosis; we will focus on S. meliloti for which most of the results were obtained.

A high expression level of Trx/Grx component genes was observed in bacteroids from different
zones of the M. truncatula nodules ([50]; Table 3). Some of these genes belong to stress response
regulons, markedly required for S. meliloti survival in host cells.

Regulation of the S. meliloti GSH metabolic pathway involves the activity of LsrB, a transcriptional
regulator required for efficient alfalfa nodulation [80]. LsrB belongs to the LysR family of bacterial
transcriptional regulators including the oxidative stress regulator OxyR [81]. An IsrB deletion mutant
has a reduced pool of GSH, and LsrB inactivation accordingly results in the decreased expression of
genes involved in GSH metabolism (gshA, gshB, gor) both in free-living and in planta [82,83]. The
regulator was shown to directly activate the expression of gshA, and to respond to cellular redox
changes via the three reactive cysteines in the substrate-binding domain [83]. LsrB also positively
regulates the expression of genes involved in lipopolysaccharide biosynthesis [84]. Nodules induced by
mutants defective in LsrB undergo premature senescence coupled to impaired bacteroid differentiation
and ROS accumulation, which could be partly due to GSH deficiency [83]. Several genes of the Trx/Grx
systems belong to the RpoH1 regulon. RpoH1 is one of the 14 alternative sigma factors encoded in
the S. meliloti genome. The presence of multiple RpoHs in S. meliloti and other alpha proteobacteria
is correlated with a diverse lifestyle. RpoH1 regulates gene expression in response to acidic pH
stress [85,86], heat shock, and stationary phase [87], and was also involved in maintaining the redox
status of the cell challenged with HyO, [88]. A rpoHI mutant is capable of eliciting the formation
of nodules on alfalfa plants, but shows poor survival after its release in plant cells and barely fixes
Nj [89]. In addition to environmental stresses encountered both in free-living state and in planta, the
S. meliloti microsymbiont is challenged with hundreds of peptides secreted by the host-plant, and
largely involved in controlling bacterial populations during nodule development and functioning [90].
Transcriptome analyses of cultures challenged with two cationic NCR peptides exhibiting antimicrobial
activities, NCR247 and NCR335, showed upregulation of genes involved in stress adaptation such as
Smgrx1 and trxA [91], see Table 3. This effect might be mediated via RpoH1, as the rpoH1 gene itself
was induced by NCR treatment [91].

Other, still unknown transcription factors and signals are likely also to be involved in the
regulation of Grx/Trx systems, and other regulatory mechanisms as well. For example, the expression
of gshB and Smgrx2 is very low in zone III whereas the activity of GSHS and SmGrx2 is required in this
zone, indicating that post-transcriptional regulation mechanism(s) could play a significant role.

Some well-known target proteins of Trx or Grx have a high expression level inside the nodules
and might contribute to their optimal development (Table 3). Ribonucleotide reductase (RNR) plays a
central role in DNA replication and repair by catalyzing production of deoxyribonucleotides from the
corresponding ribonucleotides. Both Trx and Grx were identified as being dithiol electron donors for
the E. coli RNR [92]. There are three major classes of RNRs based on the metallocofactors necessary
for nucleotide reduction. S. meliloti requires a cobalamin-dependent class II RNR for symbiosis with
M. sativa [93]. This RNR is most likely involved in DNA synthesis during bacteroid differentiation,
when cells undergo endoreduplication, and later in DNA repair within differentiated bacteroids. The
nrd] gene encoding RNR has a maximal expression in zone III, suggesting that the level of RNR
synthesis and DNA repair mechanisms are tightly linked in bacteroids. Trxs are also involved in
protein repair by providing the electrons to peptide methionine sulfoxide reductases (MsrA /MsrB),
which catalyze the reduction of methionine sulfoxides (S- and R-MetSO diastereosisomers respectively)
back to methionine [94]. Three msrA and three msrB genes are present in the genome of S. meliloti.
The highest level of msrA/msrB expression in nodules is observed in the differentiation and nitrogen
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fixation zones, a feature probably correlated to an increased methionine oxidation once bacteroid
differentiation has begun. Most msrA/msrB genes are controlled by RpoH1, which underlines the
coordinated expression of genes encoding components of Trx system and their targets.

Table 3. Expression of S. meliloti genes from the Grx and Trx systems in M. truncatula nodules and
regulation in free-living bacteria. Gene accession numbers are indicated in the table. Gene annotation
is based on candidate orthologs and interprodomain signature. The values corresponding to gene
expression in root nodules are, from left to right, total reads from laser-capture microdissection (LCM)
and their distribution in each zone (%), as reported by Roux and colleagues [50]. All RNA-seq read
values were normalized. The full organs were 10-day old nodules. 1Z, interzone; ZIII, zone III; FI,
fraction I; FIId, distal fraction II; FIlIp, proximal fraction II.

Bacterial Gene Expression in M. truncatula Nodules

S. meliloti Genes Total Transcription Indu.cTng References
reads %Fl  %Flp %FId  %IZ  %FII Factors Conditions
LCM
Grx system
SMc00825 (gshA) 3819 16 22 30 16 16 LsrB GSSG [82,83]
SMc00419 (gshB) 6433 8 9 24 53 6 LsrB, RpoH1 [82,87]
SMc00154 (gor) 4477 19 12 28 24 17 LsrB, RpoH1 [82,87]
SMc02443 (Smgrx1) 9123 7 6 20 16 51 RpoH1 low pH [86]
NCR247, NCR335 [91]
SMc00538 (Smgrx2) 10138 24 24 21 22 9
SMa0280 (Smgrx3) 1571 17 18 22 22 21 HS [87]
Trx system
SMc02761 (trxA) 5519 13 10 19 21 37 RpoH1 HS [87]
NCR247, NCR335 1]
SMc03801 2780 20 18 31 14 17 RpoH1
SMc01224 (trxB) 5394 18 17 28 13 24 RpoH1 low pH, HS [86,87]
Grx/Trx targets
SMc02885 (msrAl) 2016 11 8 17 32 33 RpoH1 low pH, HS [86,87]
NCR247, NCR335 1]
SMc02467 (msrA2) 1690 5 14 22 43 16
SMa1896 (msrA3) 551 20 12 26 20 21 RpoH1 HS [87]
NCR247, NCR335 [o1]
HyO, [88]
SMc00117 (msrB1) 729 24 13 19 23 20 RpoH1 HS [87]
SMa1894 (msrB2) 107 0 14 17 24 45 RpoHI1 HS [87]
NCR247, NCR335 1]
H,0, 88]
SMc01724 (msrB3) 795 0 19 23 18 40
SMc01237 (nrd]) 33647 9 7 4 4 76
SMb20964 1308 29 9 9 7 45 OxyR H,0, [88]

GSSG, glutathione disulfide; HS, heat shock.

S. meliloti encodes thiol-base peroxidases of distinct families, one typical 1-Cys peroxiredoxin
(product of SMb20964), and two organic hydroperoxide resistance thiol peroxidase paralogs from the
OsmC/Ohr family [95]. Whereas Ohr proteins used a lipoylated protein as reductant, the bacterial
1-Cys or 2-Cys peroxiredoxins can use Trx or GSH as reductants to support small alkyl peroxide
or HyO, reductase activity [96,97]. The S. meliloti 1-Cys peroxiredoxin is upregulated in cultures
challenged with H,O, via an OxyR-dependent mechanism [88]. The corresponding protein has been
identified in nodules [98] and transcripts were detected in bacteroids mostly in zone III [50], suggesting
a role in nodule functioning. In R. etli, the typical 2-Cys peroxiredoxin PrxS uses the thioredoxin system
for HyO, reductase activity. The R. etli double mutant prxS-katG, deficient for both peroxidoxin and
catalase-dependent H,O, reduction, induced nodules with reduced nitrogen-fixation capability [99].

In conclusion, these data suggest the existence of a complex oxidative stress response network
involving Grx and Trx to control protein redox state, and which allow bacteria to adapt to the host
cell environment.

4. Conclusions

During the last years, many advances have been made in the characterization of redox regulatory
systems and their roles in the two partners of nitrogen-fixing symbiosis (Figure 2). The development
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of genomic and transcriptomic analyses allowed to better characterize the gene families involved in
redox metabolism and to define their expression regulation. A new research track was also opened
with the redox regulation of the cross-talk between plant and bacteria, exemplified by Trx s1. However,
these advances are revealing the complexity of the regulatory mechanisms and an increased number of
key regulatory actors, as illustrated by the amazing high number of Grxs and Trxs in the plant partner.
Characterizing the most promising candidates represents an important task both at the scientific level
and in terms of work amount. Moreover, many lines of research remain to be opened. One of them is to
assemble the different pieces of the “redox puzzle”, taking into account the redox post-transcriptional
regulation signals including oxidation, nitrosylation, and glutathionylation. In this perspective, the
development of redox proteomics and laser microdissection will allow the large-scale identification of
proteins that are modified in response to specific stimuli in specific cell types. Another crucial task
would be the use of this huge amount of knowledge to improve the resistance of nitrogen fixation
efficiency to abiotic stresses. Intensive farming leads to a significant increase in surfaces affected
by drought or salinity, which particularly impairs nitrogen fixation. In the context of sustainable
agriculture, the use of redox components as markers for symbiotic efficiency or as genetic material to
improve plant breeding or bacterial inoculum is of crucial importance.

Glutamate + cysteine

|

y-glutamyl-cysteine

Glycine/p-alanine Redox homeostasis
/ Carbon source uptake
NADPH (h)GsH Nodulation
GR — Nitrogen fixation
Gy i
(h)GssG Redox homeostasis
—— Iron metabolism
TR, ed 6 Bacteroid differentiation
Tmmm"" Nitrogen fixation
NADP+ .y g L.
™ Bacteroid differentiation
"o
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Figure 2. An overview of the physiological importance of Trx and Grx networks in rhizobium-legume
symbiosis. Redox networks of glutaredoxin and thioredoxin systems in the two symbiotic partners is
shown. The roles of (h)GSH, Grxs, and Trxs (grey squares) are indicated for bacteria (brown arrow)
and for plants (green arrow). See text for details.
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Abstract: A large number of plastidial thioredoxins (TRX) are present in chloroplast and the
specificity versus the redundancy of their functions is currently under discussion. Several results
have highlighted the fact that each TRX has a specific target protein and thus a specific function. In
this study we have found that in vitro activation of the fructose-1,6-bisphosphatase (FBPase) enzyme
is more efficient when f1 and f2 type thioredoxins (TRXs) are used, whilst the m3 type TRX did not
have any effect. In addition, we have carried out a two-dimensional electrophoresis-gel to obtain
the protein profiling analyses of the trxf1, 2, m1, m2, m3 and m4 Arabidopsis mutants. The results
revealed quantitative alteration of 86 proteins and demonstrated that the lack of both the f and m type
thioredoxins have diverse effects on the proteome. Interestingly, 68% of the differentially expressed
proteins in trxfl and trxf2 mutants were downregulated, whilst 75% were upregulated in trxm1, trxm2,
trem3 and trxm4 lines. The lack of TRX fI provoked a higher number of down regulated proteins.
The contrary occurred when TRX m4 was absent. Most of the differentially expressed proteins fell
into the categories of metabolic processes, the Calvin—Benson cycle, photosynthesis, response to
stress, hormone signalling and protein turnover. Photosynthesis, the Calvin-Benson cycle and carbon
metabolism are the most affected processes. Notably, a significant set of proteins related to the answer
to stress situations and hormone signalling were affected. Despite some studies being necessary to
find specific target proteins, these results show signs that are suggest that the f and m type plastidial
TRXs most likely have some additional specific functions.

Keywords: thioredoxins; plastidial; specificity; function; proteomic; photosynthesis; Calvin cycle

1. Introduction

Thioredoxins (TRXs) are small proteins (12-14 kDa) present in every organelle with the
canonical redox active site WC(G/P)PC and a conserved tertiary structure, which modify their target
proteins through the post-translationally reduction of disulphide bonds [1,2]. In the chloroplast, the
ferredoxin/thioredoxin system (FTS), composed of ferredoxin (Fdx), ferredoxin thioredoxin reductase
(FTR), and TRYX, is responsible for the reduction of target proteins involved in a wide range of
processes [3]. TRXs have been classified into different groups depending on their primary structures,
biochemical properties, and sub-cellular localizations. So far, about 20 TRX types have been identified
in plants [4]. This diversity suggests a functional specificity for the different isoforms present in plants,
rather than a redundancy. For many years, the best-known plastid TRXs have been of the f and m
type [5-8]. The Arabidopsis thaliana genome contains two TRX f (TRX f1 and f2) and four TRX m (TRX
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m1, m2, m3 and m4). One of the most important biological processes in chloroplasts, the Calvin-Benson
cycle, is controlled by TRX f, with the reduction mechanism of the fructose-1,6-bisphosphatase
(cFBPase) being well known [9]. On the other hand, the m type TRXs, originally described as
reducers of the malate dehydrogenase (MDH), are more related to photosynthesis [10-12]. However,
in recent years, many other processes in the chloroplast, such as starch metabolism, photosynthetic
electron-transport chain, oxidative-stress response, lipid biosynthesis, nitrogen metabolism, protein
folding, and translation [13,14] have been highlighted to be regulated by plastid TRXs. Additionally,
other studies have shown evidence of new roles for the plastidial TRXs in heterotrophic tissues, such
as roots or flowers [15]. Therefore, it is evident that the importance of the redox regulation through
thiol/disulphide interchanges mediated by the thioredoxins happens in almost all the processes of
these organelles. For several years, numerous studies have focused on plastidial TRXs, however,
from a functional point of view, the information is rather scarce and the debate regarding functional
specificity versus redundancy is still open. Technical advances in the coming years will probably allow
us to discover many other target proteins.

In order to identify specific functions, the extended use of mutated TRXs for the in vitro target
search has proved to be a powerful method that has generated valuable knowledge [16]. However, as
we were unable to preserve the in vivo conditions which avoid non-specific TRX-target interactions,
the sequence similarity shown among TRX isoforms represents a clear disadvantage for the study of
functional specificities. Therefore, to shed more light on possible functional specificities of plastid TRXs
we have carried out a novel approach consisting of a wide protein-profiling analysis of Arabidopsis
trxfl, trxf2, trxml, trxm2, trxm3 and trxm4 knock-out/down mutants compared with the wild-type
plants Columbia 0 (Col0) and Landsberg erecta (Ler). Despite this, more specific studies are necessary,
our results suggest that the plastid TRXs we have analyzed are more functionally specialized than
expected as we go on to describe in this paper.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

Arabidopsis thaliana wild type plants (ecotype Columbia (Col0) and Landsberg erecta (Ler)), trxf1
(SALK line SALK_128365), trxf2 (Gabi-kat line GK_020E05), trxm1 (SALK line SALK_087118), trxm2
(SALK line SALK_130686), trxm3 (ET_3878, background Ler), trxm4 (SALK line SALK_032538) were
grown in soil in a growth chamber at 22 °C under long-day conditions (16 h light/8 h dark) and with
photosynthetically active radiation of 120 pmol photons m~2 s~ 1. The observed phenotypes, described
previously by [17], similar to the wild type lines, were caused by the disruption of the TRX genes.
Rosettes from 25 day-old plants were immediately transferred to liquid nitrogen before storage at
—80 °C. Expression level was performed by semiquantitative polymerase chain reaction (PCR) analysis
using specific oligonucleotides (Table S1) following instructions of Barajas et al. [15].

2.2. Protein Extraction, Solubilisation

Protein extraction from a pool of a minimum of 6 rosette plants was performed by using
trichloroacetic acid TCA-acetone-phenol protocol [18]. The final pellet was suspended in 600 pL of
protein solubilization buffer (9 M urea, 4% 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
hydrate (CHAPS), 0.5% TritonX100, and 100 mM dithiothreitol (DTT)). Protein content was quantified
by the method of Bradford [19], using bovine serum albumin (BSA) as standard. Three technical
replicates of the quantified protein were performed per sample [20].

2.3. Isoelectrofocusing, 2-D Electrophoresis, Gel Staining, Image Capture and Analysis

IEF, 2-D electrophoresis, gel staining, image capture, protein spot digestion and MALDI
(Matriz-Assisted Laser Desorption/Ionizacion)-TOF (Time of flight) were analyzed in the Universidad
of Cérdoba UCO-SCAI proteomics facility (Cérdoba, Spain), a member of Carlos III Networked
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Proteomics Platform, ProteoRed-ISCIII. The methodology of Soto et al. was followed [19] as below.
Isoelectrofocusing (IEF) was carried out on Precast 17 cm IPG pH 5-8 linear gradient (Bio-Rad, Hercules,
CA, USA) strips. The strips were allowed to rehydrate in a PROTEAN IEF Cell (Bio-Rad) for 14-16 h
at 50 V and 20 °C with 315 uL of protein solubilization buffer containing 400 ug of proteins. The
proteins were separated in the pH range 4-7 by using IEF in three-step procedure as follow, 15 min
at 500V, followed by 2 h at 10,000 V and a final step of 10,000 Vh to complete 60,000 Vh. The strips
were immediately run after focusing. The strips were equilibrated after immersion for 20 min first
in 375 mM Tris-HCI, pH 8.8, with 6 M urea, 2% sodium dodecyl sulfate (SDS), 20% glycerol, and
2% DTT, and then in the same solution containing 2.5% iodoacetamide as a substitute of DTT. After
transferring the strips onto vertical slab 12% SDS-polyacrylamide gels (Bio-Rad PROTEAN Plus
Dodeca Cell), the electrophoresis was run at 55 mA /gel until the dye front reached the bottom of
the gel [20]. The gels were silver-stained as described by Yan et al. [21] or with coomassie brilliant
blue G-250 (Sigma, (Sigma-Aldrich Chemical Co, St Louis, MO, USA). Gel images were captured,
digitalized (Molecular Imager Pharos FX™ Plus multi Imager System, Bio-Rad), and analyzed with
PDQuest™ 2-D analysis software (Bio-Rad laboratories, Hercules, CA, USA), and as a minimum
criterion for presence/absence, ten-fold over background was used. Significant spots were excised
automatically using ProPic) (Genomics Solutions Inc., Ann Arbor, USA), stored in milli-Q water
until Matrix-Assited Laser Desorption/lonization—Time-Of-Flight (MALDI-TOF/TOF) analysis. The
protocols for digestion were performed as described previously [22]. For the MAILDI-TOF analysis,
a combined Peptide Mass Fingerprinting (PMF) search Mass Spectrometry (MS plus MS/MS) was
performed using GPS ExplorerTM software v 3.5 (Applied Biosystems, Waltham, Massachusetts, MA
USA) over non-reductant NCBInr database using the MASCOT search engine (Matrix Science, London;
http:/ /www.matrixscience.com) following parameters reported previously [22].

3. Results

Differentially Regulated Proteins from Rosettes of trxfl, trxf2, trxm1, trxm2, trxm3 and trxm4 Mutants

The trxm1 and trxm4 mutants were described previously [23,24] as well as trxm3 [25], trxfl [26,27]
and trxf2 [26]. Figure 1 shows that there is no detected TRX expression in trxfl, trxml, trxm3 and
trem4, with these lines being considered as knockout ones, whilst a slight level of transcripts can
be observed for trxf2 and trxm?2 as it was described. The level of expression of all the mutants was
clearly sufficiently low to validate the results obtained. The proteomic approach was performed to
study protein profiles in these plastidial TRX f and m mutants. For this, the total protein extracts
from rosettes of 25 dpg plants of the mutant lines trxfl, trxf2, trxml, trxm2, trxm3 and trxm4 and of
the wild type lines Col0 and Ler were analyzed in the “Unidad de Protedmica of the Universidad of
Cérdoba” (Cérdoba, Spain). An optimal concentration and purity degree of the protein extracts were
reached for a high level of separation of the peptides using two dimensional (2-DE) electrophoresis.
Figure 2 shows the spots corresponding to the peptides of up- and down-regulated proteins in
rosettes from trxfl and trxf2 (Figure 2A), trxm1, trxm2 and trxm4 (Figure 2B), and trxm3 (Figure 2C),
mutants in comparison with Columbia (Col0) and Landsberg erecta LE (Tables 1-3. The master gels
from each three replicates gel mutant lines were obtained and normalized by using the software
PDQuest® (Bio-rad). Three replicates gel of Col0 control was developed for each TRX type (f and m),
as Ler for trxm3 (Figure 2). Also, PDQuest® (Bio-rad) was used to select, in each gel of the mutant
lines, those spots where the expression was down regulated or up regulated when compared to the
same spot located in the gels of the control plants. The proteins contained in the spots were picked,
digested and the peptides identified by MS (Table S2). The comparison with databases allowed
us to identify the proteins that could contain the different peptides. Out of the 200 analyzed and
resolved spots, a total of 86 differentially expressed proteins were identified (Table S2). The trxf1
and trxf2 mutants had a proportionally larger number of down regulated proteins (15 out of 20 and
13 out of 21, respectively), whilst the trxm mutants had a larger number of up regulated proteins
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(16 out of 26 in trxml, 18 out of 23 in trxm2, eight out of 10 in tram3, and 21 out of 25 in trxm4)
(Figure 3A). Despite the sequence similarities between the TRX f1 and 2, in the trxfI and trxf2 lines nine
proteins showed a different regulation (Table 1): glutamate-glyoxylate aminotransferase 1 (GGAT1),
aminomethyltransferase, 5-methyl tetrahydropteroyl triglutamate-homocysteine methyltransferase 1,
ribulose-bisphosphate carboxylase oxygenase (RUBISCO) activase, 3-D-glucopyranosyl abscisate
B-glucosidase, glyceraldehyde-3-phosphate dehydrogenase (GAPC2), monodehydroascorbate
reductase, V-type ATP synthase, and Chaperonin 60 subunit 31. Nevertheless, apart from these
differences, 10 out of 24 (41.7%) of the analyzed proteins were down regulated in both mutant lines
while four out of 24 (16.7%) were up regulated. Data analysis revealed that the largest number of
down regulated biological processes corresponded to the trxf mutants (Figure 3B). The other m type
TRXs mutants mostly showed up regulated processes, especially trxm2, trxm3 and trxm4 (Figure 3B).
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Figure 1. Thioredoxins (TRXs) f and m transcript levels in trxf and trxm mutants.
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Figure 2. DE images from rosette of trxfl, 2, m1, m2, m3 and m4 mutants. 2-D images of total proteins
from rosettes of trx f1 and 2 (A), m1, m2 and m4 (B), and m3 (C) mutants in comparison with Col0 or
Ler (LE). Numbers correspond to the protein spots identified by MALDI-TOF/TOF analysis (Table S2).
The figure shows the representative experiments carried out with some examples of proteins identified
in each gel.
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Table 1. Differentially expressed proteins identified by MS in the trxfl and trxf2 mutants, organized
inthe functional category, the gene code and the subcellular localization and whether the protein
has been reported as a Thioredoxins (TRX) target. The color code indicates fold change in
protein abundance.

Functional Category Protein Gene ID Location T::I'{g):t Spot trxfl  trxf2
Glutamate-glyoxylate Ag23310  Per. - 16
aminotransferase 1
Aminomethyltransferase Atlg11860 Mit. - 8 _
Glutamate-glyoxylate
Amino acids aminotrangsfﬁrasye 2 Atlg70580 Per. : 2 -
metabolism
5-methyltetrahydropteroyltrigluta-
mate-homocysteine At5g17920 Per. - 33
methyltransferase 1
5-methyltetrahydropteroyltrigluta-
mate-homocysteine At3g03780 Cy. - 12
methyltransferase 2
RUBISCO large subunit AtCg00490 Ch. Yes 5 ]
Calvin-Benson cycle Transketolasel At3g60750 Ch. Yes 20 ]
RUBISCO activase At2g39730 Ch. Yes 27 |
ATP synthase subunit AtCg00480 Ch. Yes 15 ]
ATP synthesis ATP synthase subunit ot AtCg00120 Ch. Yes 424 N
ATP synthase subunit 1 AtMg01190 Mit. Yes 25 ]
PSII stability /assembly factor -
At5g23120 Ch. - 9
Photosynthesis HCF136 &
Ferredoxin-NADP reductase 1 At5g66190 Ch. - 17 _
B-D-glucopyranosyl abscisate At1g52400 ER . 3 -
ABA signalling B-glucosidase
Myrosinase 2 At5g25980 nd. Yes 22
Triosephosphate isomerase At3g55440 Mit. - 31 ]
Glycolisis Glyceraldehyde-3-phosphate
dehydrogenase C2 (GAPC2) Atlgl3440 Cy- B % -
5 Jacalin-Related lectin At3g16470 n.d. - 7
tress response
Monodehydroascorbate reductase ~ At1g63940  Ch., Mit. Yes 29 ]
Protein biosynthesis Elongation factor Tu Atdg20360 Ch. Yes 6 ]
ATP hydrolysis V-type ATP synthase At1g78900 V. - 2 _
. . PSII stability /assembly factor
PSII biogenesis HCF136 At5g23120 Ch. - 30
Refolding activity Chaperonin 60 subunit 81 At1g55490 Ch. - 13 |
Tricarboxylic acid cycle Malate dehydrogenase 1 At1g53240 Mit. 35 ]

<38 08 4174

Protein abundance change relative to the control (Col0).

Ch., chloroplast; Mit., mitochondria; Per., peroxisome; Cy., cytosol; V., vacuole; ER, endoplasmic reticulum; n.d.,
not determined. Proteins with a Confidence Interval C.1.% > 95% are shown. According to Montrichard et al.
(2009) [1], reported thioredoxin targets are shown. NADP: nicotinamide-adenine-dinucleotide phosphate;
HCEF: high chlorophyll fluorescence; ABA: absicic acid; PSII: photosystem II; RUBISCO: ribulose bisphosphate
carboxylase/oxygenase.

The four trxm mutant lines only shared one differentially expressed protein (3 carbonic anhydrase
2), while the trxm1, trxm2, and trxm4 lines shared up to 13 differentially expressed proteins (39.4%,
Tables 2 and 3). However, some of the differentially expressed proteins identified were up regulated in
one mutant line but down regulated in another one, as in the case of the ferredoxin-NADP reductase 1
or the chlorophyll a-b binding protein 2. Interestingly, nine proteins underwent similar changes in
these three trxm lines, eight up-regulated and only one down-regulated (ferredoxin-NADP reductase
2). Some interesting proteins up-regulated, affecting key pathways, were the two chloroplast isoforms
of glyceraldehyde-3-phosphate dehydrogenase GAPB and GAPA2 and the mitochondrial enzymes
serine hydroxymethyltransferase 1 and glycine dehydrogenase 1 (amino acid metabolism). Regarding
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carbon fixation, the RUBISCO large subunit was down regulated in trxm1 and up regulated in trxm4,
whereas its regulator RUBISCO activase was up-regulated in frxm2, trxm3, and trxm4. Interestingly, no
photosynthetic genes were differentially expressed in the trxm3 mutant; nevertheless, the up-regulation
of photosystem II stability/assembly factor HCF136 in the trxm1, trxm2 and trxm4 mutant lines
is significant.

Table 2. Differentially expressed proteins identified by MS in the trxm1, trxm2, and trxm4 mutants,
organized in the functional category, the gene code and the subcellular localization and whether the
protein has been reported as a TRX target. The color code indicates fold change in protein abundance.

Fémctional Protein GeneID  Location TRX Spot trxm1 trxm2 trxm4
ategory Target
Transketolase At3g60750 Ch. Yes 33 I
RUBISCO large subunit AtCg00490 Ch. Yes 28
Calvin-Benson Fructose-bisphosphate aldolase 2 At4g38970 Ch. Yes 59,103 _
cycle RUBISCO activase At2g39730 Ch. Yes 65 I
Glyceraldehyde-i’)-pl'(\;o;ll:;gate dehydrogenase B At1g42970 Ch. Yes 68 _
)
Glyceraldehyde—&p(hcols%%lrzt)e dehydrogenase A2 Atgl2900  Ch. Yes 54,72 _
Serine hydroxymethyltransferase 1 At4g37930 Mit. Yes 101
Glycine dehydrogenase (decarboxylating) 1 At4g33010 Mit. - 100
Amino aFids Probable phosphoglycerate mutase 2 At3g08590 Mit. - 47 I
metabolism
Glutamate-glyoxylate aminotransferase 1 At1g23310 Per. Yes o7 I
maenomoeymenempamener s o v oo [
Chlorophyll a-b binding protein 2 At1g29920 Ch. Yes 42 _
Ferredoxin-NADP reductase 1 At5g66190  Ch. - 4 I | ]
Chlorophyll a-b binding protein At2g34420  Ch. - 56 [
Photosynthesis Oxygen-evolving enhancer protein 2-1 At1g06680  Ch. Yes 57 I
Oxygen-evolving enhancer protein 1-2 At3g50820 Ch. Yes 41 _
Ferredoxin-NADP reductase 2 At1g20020 Ch. - 104 _
Uncharacterized protein At2g37660 Ch. - 40 _
Stress response Heat shock 70 kDa protein 3 At3g09440 N. - 46 I
Monodehydroascorbate reductase 1 At3g52880 Per. Yes 70 _
PsIt Photosystem II stability /assembly factor HCF136 ~ At5g23120 Ch. - 67 I
stabilization /repair Protease Do-like 1 At3g27925  Ch. - 3 I
Protein transport Chaperone protein ClpC1 At5g50920 Ch. - 37 ]
ATP synthesis ATP synthase subunit beta AtCg00480 Ch. Yes 93 N
Glycolysis Glyceraldehyde-B-ka:;);(p:k;ate dehydrogenase Atlg13440 cy. Yes 53 _
C:;Zgg’ﬁ;fe Chloroplast stem-loop binding protein of 41kDab ~ At1g09340  Ch. - 64 _
Carbon utilization {3 carbonic anhydrase 2 At5g14740 Ch. - 55 _
Lipid degradation GDSL esterase/lipase ESM1 At3g14210 N. - 105 _
Protein refolding Chaperonin 60 subunit beta 2 At3g13470 Ch. Yes 9% N
Polyketide cyclase/\ dehyfirase anld lipid transport Atdg14500 Mit. ~ 61 _
superfamily protein
Unkown Uncharacterized protein At2g37660 Ch. - 40 _
Uncharacterized protein At5g05113 Mit. - 74 _
Disease resistance protein (NBS-LRR class) family ~ At5g40060 nd. - 75 _
0308 0708 T LI 1818

Protein abundance change relative to the control (Col0). _

Ch., chloroplast; Mit., mitochondria; Per., peroxisome; Cy., cytosol; V., vacuole; N., nucleus; n.d., not determined.
Proteins with Protein Scores C.I1.% > 95% are shown. According to Montrichard et al. (2009) [1], reported thioredoxin
targets are shown. ESM1: epithiospecifier modifier 1.
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Table 3. Differentially expressed proteins identified by MS in the trxm3 mutant, organized in the
functional category, the gene code and the subcellular localization and whether the protein has been
reported as a TRX target. The color code indicates fold change in protein abundance.

Fémctional Protein Gene ID Location TRX Target Spot trxm3
ategory
Calvin-Benson RUB