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Redox regulation of free amino acid levelsin Arabidopsis
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Abiotic stresses induce oxidative stress, which modifies the level of several metabolites including amino
acids. The redox control of free amino acid profile was monitored in wild type and ascorbate or
glutathione deficient mutant Arabidopsis plants before and after hydroponic treatment with various redox
agents. Both mutations and treatments modified the size and redox state of the ascorbate (AsA) and/or
glutathione (GSH) pools. The total free amino acid content was increased by AsA, GSH and H,0, in all 3
genotypes and a very large (3-fold) increase was observed in the GSH-deficient pad2-1 mutant after GSH
treatment compared to the untreated wild type plants. Addition of GSH reduced the ratio of amino acids
belonging to the glutamate family on a large scale and increased the relative amount of non-proteinogenic
amino acids. The latter change was due to the large increase in the content of alpha-aminoadipate, an
inhibitor of Glu transport. Most of the treatments increased the Pro content, which effect was due to the
activation of genes involved in Pro synthesis. Although all studied redox compounds influenced the
amount of free amino acids and a mostly positive, very close (r>0.9) correlation exists between these
parameters, a special regulatory role of GSH could be presumed due to its more powerful effect. This may
originate from the thiol/disulphide conversion or (de)glutathionylation of enzymes participating in the

amino acid metabolism.

Abbreviations — Aaa, a-aminoadipic acid; AsA, ascorbic acid; Cysta, cystathione; DHA,
dehydroascorbate; DTT, dithiotreitol; GSH, glutathione; GSSG, glutathione disulphide; NPPAs, non-
proteogenic amino acids; OAT, ornithine aminotransferase; PDH, proline dehydrogenase; P5CR,

pyrroline-5-carboxylate reductase; PSCDH, delta-1-pyrroline-5-carboxylate dehydrogenase; PSCS1, delta
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1-pyrroline-5-carboxylate synthase 1; PSCS2, delta 1-pyrroline-5-carboxylate synthase 2.

Introduction

Redox status has a major role in the regulation of metabolism and is controlled by metabolic processes at
the same time (Geigenberger and Fernie 2014). The proper redox status during growth and development
under optimal and adverse environmental conditions is maintained by the antioxidant system through the
removal of the excess of reactive oxygen species (ROS; Dietz 2008, Suzuki et al. 2012, Kocsy et al. 2013,

Considine and Foyer 2014). Accumulation of ROS, such as superoxide radical, hydrogen peroxide,
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hydroxyl radical and singlet oxygen in high concentration may cause serious injuries or even plant
Y ﬁ lethality under stress conditions (Bartosz 1997). However, a moderate increase in ROS content may have
positive functions as well since, as signaling molecules, they activate the defense mechanisms in plants.
Two main antioxidants are glutathione and ascorbate; they control the level of H,O, as the components of
the ascorbate-glutathione cycle (Foyer and Noctor 2011). In addition, both compounds are involved in the
regulation of growth and development (Noctor et al. 2012). These functions were confirmed in ascorbate-
and glutathione-deficient Arabidopsis mutants (vtc2-1, pad2-1) (Miiller-Moulé et al. 2004, Dubreuil-
Maurizi et al. 2011).

The relationship between the metabolism of the tripeptide GSH (y-Glu-Cys-Gly) and amino acids
was shown in transgenic poplar where overexpression of the gene encoding chloroplastic y-Glu-Cys
synthetase increased not only the GSH level, but also the concentration of several amino acids (Noctor
1998). In addition, induction of proline synthesis by transformation with the pyrroline-5-carboxylate
reductase gene (P5CR) in soybean was accompanied by reduced GSH levels (Kocsy et al. 2005). This
observation can be explained by the greater use of the common precursor, glutamate, for proline synthesis,
and it indicates the coordinated control of antioxidant and amino acid levels. The redox control of amino
acid levels was also shown in catalase-deficient Arabidopsis mutants in which the increase in H,O, level
was accompanied by greater concentration of several amino acids (Noctor et al. 2015).

Besides their use for protein synthesis, several proteinogenic amino acids play important role in
various physiological processes. Serine has a crucial role in plant development and metabolism (Ros et al.
2014) and in responding to biotic and abiotic stress effects (Ho and Saito 2001, Benstein et al. 2013). This
proteinogenic amino acid has catalytic function in enzymes, participates in biosynthesis of several

important biomolecules such as other amino acids, phospholipids and sphingolipids. Glutamate is another
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fundamental amino acid that has a central role in amino acid metabolism of plants because many other
amino acids, such as proline, arginine, ornithine, y-aminobutyric acid are formed from glutamate. These
reactions are catalyzed by multispecific aminotransferases (Forde and Lea 2007). A signaling function for

glutamate in plants was proposed; therefore, it can affect many physiological processes including the
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growth and development of plants (Forde and Lea 2007). Its involvement in stress response is indicated by

its increased level after water stress in rice (Yang et al. 2000), dehydration in Sporobolus stapfianus

(Martinelli et al. 2007) and high salt concentration in maize (Boldizsar et al. 2013). Proline has a dominant

role in the control of plant development, flowering, abiotic and biotic stress response and signaling

(Trovato et al. 2008, Hayat et al. 2012). Numerous reports have shown that proline content was increased

® by different stress factors such as drought, high salinity, high light, heavy metals, osmotic and oxidative

~ stress (Verbruggen and Hermans 2008). Proline is able to scavenge ROS and maintain the redox balance

in plant cells since proline biosynthesis from glutamate can serve as an alternative source of NADP" when

O the rate of Calvin cycle is reduced under stress situation (Szabados and Savouré 2010). In addition to the

L ﬁ proteinogenic amino acids, there are several non-proteinogenic amino acids (NPPAs) that play important

H roles in protecting against stress, signaling and nitrogen storage in plants (Vranova et al. 2010). NPPAs
also have antiherbivory, antimicrobial and allelochemical activity like toxins too (Bell 2003).

Although some of the cited data indicated the redox control of free amino acid levels, this regulation
was not tested in a complex system earlier. In the present study the proposed relationship between changes
in the ascorbate- and glutathione-dependent redox status and free amino acid levels was investigated by
the modification of antioxidant levels using the components of AsA-GSH cycle and a synthetic reductant,

dithiothreitol (DTT) in wild type Arabidopsis plants and mutants having reduced AsA and GSH levels.
Materials and methods

Plant material and growth conditions
QWild type Arabidopsis (Col-0) plants and glutathione-deficient (pad2-1) (Parisy et al. 2007) and
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ascorbate-deficient (vtc2-1) (Conklin et al. 2000) mutants were studied. The seedlings were grown in a
soil block (Jiffy, Jiffy Products S.L. Ltd.) in a photoperiod of 8 h, at 120 umol m* s, 23/22°C and
70/75% RH in a growth chamber. The 5-week old seedlings were transferred onto half-strength modified

Hoagland-solution. After a 5-day long adaptation phase, various reductants in 4 mM concentration (GSH,

CC

AsA, DTT) and an oxidant (hydrogen-peroxide in 10 mM concentration) were added to the nutrient
o solution. Based on our previous experiments in maize and wheat, these compounds are suitable for the
modification of the GSH-dependent redox environment (Kellds et al. 2008, Gulyas et al. 2014). Their

< concentrations used in the present experiments were determined in preliminary experiments in which a
concentration range (1-10 mM) with different treatment durations (1-7 d) was used. Previously, DTT was

used successfully as a very strong reductant in several redox experiments (Shaikhali et al. 2008, Gulyas et

al. 2014). After a 3-day treatment, samples were collected for biochemical analysis and gene expression

studies. There were 3 independent experiments with 3 parallel samples each. The induced redox changes

were monitored by measuring the amount of reduced and oxidized forms of glutathione and ascorbate by
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HPLC and the detection of hydrogen peroxide levels by spectrophotometer.

Determination of ascorbate

Shoot samples of 500 mg fresh weight were ground with liquid nitrogen in a mortar and extracted with 3
ml of 5% meta-phosphoric acid. In the supernatant, AsA content and total ascorbate concentration were
determined by HPLC using an Alliance 2690 system (Waters, Milford, MA, USA) equipped with a
photodiode array (PDA) detector (W996, Waters, Milford, MA, USA). For the latter analysis,
dehydroascorbate (DHA) was reduced with dithiotreitol (DTT) to ascorbic acid. The concentration of
DHA was estimated from the difference between the amount of total ascorbic acid and AsA (Soltész et al.

2011).

Analysis of glutathione

The plant material was ground with liquid nitrogen in a mortar after which 1 ml of 0.1 M HCI was added
to 200 mg plant sample. Total glutathione content was determined after a reduction with dithiothreitol and
derivatization with monobromobimane (Kocsy et al. 2000). For the detection of glutathione disulphide
(GSSG), the reduced glutathione (GSH) was blocked with N-ethylmaleimide and the excess of N-
ethylmaleimide was removed with toluene (Kranner and Grill 1996). GSSG was reduced and derivatized
as described for total thiols. The samples were analyzed by reverse-phase HPLC (Waters, Milford, MA,
USA) using a W474 scanning fluorescence detector (Waters). The amount of GSH was calculated as the

difference between the amounts of total glutathione and GSSG.

M easurement of hydrogen per oxide content

Hydrogen peroxide content was determined by FOX1 method as described previously (Kellos et al. 2008).

Deter mination of protein and free amino acid content
The total protein content was estimated according to the method of Bradford (Bradford 1976) using
bovine serum albumin as standard as described earlier (Soltész et al. 2011).

For the measurement of amino acids, shoot samples of 500 mg fresh weight were crushed in liquid
nitrogen and extracted with 2 ml cold 10% trichloroacetic acid for 1 h with gentle agitation on a shaker (C.
Gerhardt GmbH & Co. KG, Germany) at room temperature. Each sample was filtered through a 0.2 um
pore membrane filter (Sartorius AG, Germany). The biochemical analysis was carried out on an automatic
amino acid analyzer (Ingos Ltd., Czech Republic) equipped with an Ionex Ostion LCP5020 cation-
exchange column (22 cm x 0.37 cm). The free amino acids were separated by stepwise gradient elution
using a Li'-citric buffer system (Ingos Ltd., CzechRepublic). Colorimetric detection was accomplished at

570 nm and 440 nm (for Pro) after post-column derivatization with ninhydrin reagent.
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Gene expression studies

Total RNA was extracted with Direct-zol™

RNA Miniprep Kit (Zymo Research) according to the
manufacturer’s instructions. Reverse transcription was performed using M-MLV Reverse Transcriptase
and Oligo (dT) 15 primer (Promega) as described by the manufacturer. The gene expression levels were
determined with real-time qRT-PCR using a CFX96 thermocycler (Bio-Rad) with custom-made primers
(Appendix S1.). The samples originated from 3 independent experiments with 3 repetitions each. The
relative quantities of the individual transcripts were calculated with the AACt method using the Actin2
(Wang et al. 2014) housekeeping gene (TAIR ID: AT3G18780.2) for normalization (Livak and
Schmittgen 2001). As the mutations did not affect the expression level of the investigated genes except for

P5CS2 (delta 1-pyrroline-5-carboxylate synthase 2) and P5CR in vtc2-1, so all the other data were given

as values relative to their own control in every genotype.

Statistical analysis

Data from three independent experiments were evaluated and standard deviations are indicated on the
figures. Statistical analysis was performed by using one-way analysis of variance (SPSS program). Least
significant difference method was used for post hoc analysis. The relationships between the various

parameters were checked by correlation analysis (Excel program).
Results

Changesin the amount and redox state of ascor bate and glutathione

Compared to the wild-type plants, (Col-0) the AsA-content in the AsA-deficient vic2-1 mutant was lower
by 75% under control conditions as expected (Fig. 1a). Interestingly, it was restored to control levels
detected in Col-0 when treated by GSH, and the other treatment also increased its amount but up to
smaller degree. In addition, the GSH treatment also increased the AsA levels in the other two genotypes
and H,0, in pad2-1 compared to Col-0 control. Although GSH also increased DHA levels in Col-0 and
vtc2-1, this change was not significant (Fig. 1b). The AsA/DHA ratio was lower in vic2-1 after all of the
treatments than in Col-0 control (Fig. 1c). This ratio was also reduced by GSH in Col-0. In Col-0 all the
treatments, except for H,O,, decreased GSH concentration compared to the untreated control (Fig. 1d). In

the GSH-deficient pad2-1 mutant, the GSH content was lower by 82% than in Col-0 under control
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conditions. This difference only slightly changed after the AsA, DTT and H,O, treatments. However,
treatment with GSH restored the GSH content to the levels detected in Col-0 control. GSSG content was
increased in every genotype by GSH and in Col-0 by AsA compared to the Col-0 control (Fig. 1e). The
GSH/GSSG ratio was lower in pad2-1 and greater in vtc2-1 under control conditions compared to the Col-
0 (Fig.1f). It was decreased significantly by GSH and AsA in all 3 genotypes and by DTT and H,0O; in
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Col-0 compared to the Col-0 control.

Changesin hydrogen peroxide content
After all treatments, except for DTT, the amount of H,O, was greater in pad2-1 than in Col-0 control
(Appendix S2). In the other two genotypes there was no significant difference compared to the Col-0

control.

Effect of redox treatments on total soluble protein concentration

The amount of total soluble protein was greater in pad2-1 and vtc2-1 plants than in Col-0 under control
conditions (Appendix S3). Its level was increased by all treatments except for DTT in Col-0 plants and for
GSH and H,0, in vic2-1 mutant compared to the untreated Col-0 plants. The protein content was
decreased by H,0, in vic2-1 and by GSH in pad2-1 mutant compared to the Col-0 control plants.

Effect of the redox compounds on free amino acid levels

In our experiments, concentrations of 28 free amino acids were measured. Without treatments, mutant
plants have higher total free amino acid levels than the Col-0 ones (Fig. 2a).The majority of the treatments
induced a significant increase in the total free amino acid level in every genotype except for AsA in Col-0
plants and for DTT in all three genotypes compared to the untreated Col-0 plants. Their amount was 2 to
4-fold greater in GSH-treated pad2-1 mutants than in all of the other samples. Besides the total amount of
free amino acids, the ratio of the various amino acid families was also affected by the treatments (Fig. 2b).
The ratio of glutamate family was about 50% and the ratio of aspartate family was about 30% — both with
and without treatments in the examined three genotypes except for GSH application. After GSH treatment,
the ratio of these families decreased, and the ratio of other amino acids consisting mainly of non-
proteinogenic amino acids exhibited a huge increase (from a few percent to 40%).The ratio of the serine
family increased after the redox treatments except for GSH in all genotypes. The ratio of pyruvate family
was lower after GSH and H,O, treatments in the mutants compared to the Col-0 plants.

Regarding the individual amino acids, the concentration of the most investigated amino acids was
increased significantly by GSH treatment in pad2-1 mutant compared to Col-0 control plants (Fig.3,
Appendix S4). Based on the hierarchical clustering related to the treatments, GSH induced similar
alterations in the other two genotypes but at smaller scale. The other two investigated component of the

AsA-GSH cycle, AsA and H,0, also had great effect on the amino acid pattern and they formed a mixed

Accepted Article

hierarchical group. Interestingly, the synthetic reductant, DTT did not affect the amount of most amino
acid in the three studied genotypes except for cysteine compared to the untreated Col-0. The mutations or
treatments alone did not influence the amount of most amino acids except for H,O,. Regarding the

grouping of amino acids, the level of most of them in the glutamate family (Glu, Gln, Pro, Orn) exhibited
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similar concentration changes after the various treatments as shown by the clustering. In the other groups
with great concentration changes, members of all 5 major amino acid families (Val, Arg, Lys, Leu, Phe,
Ser, His, Ile, 3mHis) were present. Among the NPPAs, the Aaa (o-aminoadipic acid), the Cysta
(cysthationine) and the Aba (o-aminobutyric acid) were increased dramatically by GSH treatment. The
other amino acids exhibited only smaller changes and only after fewer treatments. The changes in the total
free amino acid content were similar to those represented by the members of the glutamate family, which
had a 50% ratio compared to the other families. The major amino acids in this family were Glu, Gln, Pro
and GABA. The ratio of proline was increased in all genotypes after most treatments while the ratio of the
Gln or Glu decreased compared to the untreated Col-0 (Fig.4.). AsA, GSH and H,0, induced an increase
in the ratio of arginine. In serine family Ser was the major amino acid (90%) in all samples except for
DTT-treated ones in which a large increase in Cys content (from 10—15% to 25-50%) was observed (Fig.
5). In aspartate family Asp, Asn and Thr together reached 90%, and their ratios were only slightly or not
affected by the treatments (Appendix S5a). In pyruvate family, the ratio of Ala reached 70-75% under
control conditions, and its ratio decreased by a paralleled increase in Val and Leu after most treatments
(Appendix S5b). Two aromatic amino acids, Tyr and Phe, were present in detectable amounts. Phe content
reached 65-75% in Col-0 and vtc2-1 and 35% in pad2-1 under control conditions (Appendix S6a). The
ratio of Phe was increased by the treatments in pad2-1. In the other two genotypes, DTT decreased the
ratio of Phe. In addition, 8 other amino acids (His and 7 non-proteinogenic amino acids) could be
detected. Among them, the ratio of alpha-aminoadipic acid increased from 15-20% to 85-90% by GSH in
all 3 genotypes (Appendix S6b). A 3- and a 5-fold increase in the ratio of this amino acid was observed
after AsA and H,O, treatment in Vic2-1 mutant, respectively.

Correlation analysis revealed a relationship between the amount or redox state of the ascorbate and
glutathione and the concentration of most free amino acids in pad2-1 mutant, but not in the Col-0 or vtc2-
1 plants (Appendix S7a—c). This correlation was positive (except for the GSH/GSSG and Asn comparison)
and very close (r>0.9) for total free amino acid, Orn, Glu, Ile, Asn and 3 mHis content (at least for 3 redox
parameters from the studied 7). Regarding the individual redox parameters, the level of the following ones
showed very close positive correlation with the concentration of amino acids (their number is given in
parentheses) in the investigated genotypes: Col-0 — AsA (2); GSSG (2); pad2-1 — AsA (9); GSH (13);
GSSG (8); vtc2-1- AsA (2); DHA (3) (Appendix S7d). Interestingly, when the correlation analysis was
prepared based on the treatments, very close correlations were observed between the concentration of the
studied redox parameters (at least for 3) and amino acids in untreated control (Thr, Asp, Leu, Ala, 3mHis,
Baiba, Aba), AsA-treated (Pro, Glu, Gln, Met, Thr, Asn, Ala, Phe, Baiba, Aba, Cit), DTT- treated (Pro,
Orn, Glu, GIn, Cys, Ser, Lys, Thr, Asp, Leu, Tyr, His, Baiba, Cysta, Aba, Aaa) and H,O,-treated (Arg,
Cys, Met, Lys, Thr, Asn, Tyr, Phe, Baiba, Bala, Aaa) plants, but not in the case of the GSH-treatment
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(Appendix S7e—i). Regarding the individual redox parameters, the following ones showed a very close
positive (+) or negative (—) correlation with the concentration of amino acids (their number is given in
parentheses after the direction of correlation) with the concentration of amino acids after the individual
treatments: Control — DHA (+: 1; — 8); GSH (+: 6; — 5); HyO, (+: 5 ; — 3); GSH treatment — AsA/DHA
(+: 19); H,O, (+: 17); AsA treatment — DHA (+: 7; —: 2); GSH (+: 2; —: 6); GSSG (+: 2; —: 8); GSH/GSSG
(+: 12); Hy,O, (+: 13; — 1); DTT treatment — DHA (+: 7; — 3); GSH (+: 5; — 3); GSSG (+: 4; — 5);
GSH/GSSG (+ 6; — 6); H,O, (+ 4; — 5); H,O, treatment — AsA (+ 2; — 8); DHA (+ 6; — 2); AsA/DHA (-
9); H,O, (+ 2; — 7) (Appendix S7j).

Regarding the relationship between the content of various amino acids, a very close correlation was
found between the amounts of several amino acids belonging to the aspartate family in all 3 genotypes
(Appendix S7a—c). When the comparison was based on the treatments, a very close, mostly positive (only
3.5% of the 841 correlations were negative) correlation was found between the concentration of nearly all

amino acids after GSH treatment, except for Met, Val, Baiba, Bala and Aba (Appendix S7e—h).

Redox regulation of proline metabolism related genes

As proline was very sensitive to the redox treatments and it was described as a susceptible compound for
stress effects, it was verified whether the observed changes in Pro levels derives from the alterations in the
expression of the related metabolic genes. Pro has two biosynthesis pathways. OAT (ornithine
aminotransferase) is the main gene in one of these pathways encoding an enzyme, ornithine-delta
aminotransferase, which produces proline from ornithine via pyrroline-5-carboxylate. The expression
level of OAT was increased by GSH treatment in all genotypes. DTT and AsA treatment caused an
increase in vtc2-1 plants (Fig. 6). The PSCR responded with a slight increase for AsA treatment in Col-0
and vtc2-1 plants and for H,O, in every genotype. In the other biosynthesis pathway, the PSCSL (delta 1-
pyrroline-5-carboxylate synthase 1) transcript level was increased by AsA treatment in Col-0, by H,O, in
pad2-1 and by GSH treatment in vtc2-1 mutant. Interestingly the PSCS2 expression was much greater
without treatments and after GSH addition in vtc2-1 mutant compared to the other two genotypes. H,O,
treatment increased its transcription in pad2-1 mutants. In ascorbate-deficient plants, the expression level
of P5SCS2 decreased significantly after H,O, treatment compared to the untreated control plants. Genes
encoding PSCDH (delta-1-pyrroline-5-carboxylate dehydrogenase) and PDH (proline dehydrogenase)
enzymes taking part in proline catabolism were also studied. The expression of PSCDH was greater after
H,0, treatment in all of the genotypes following AsA treatments in both mutants and after addition of
GSH in pad2-1 mutant. PDH transcription was increased by GSH and AsA in Col-0, and by GSH and
H,0, in pad2-1.

The correlation analysis based on the genotypes revealed a very close positive correlation (r>0.9)
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between several investigated redox parameters (at least for 3 from 7) and the amount of Orn and Glu and
the expression of the gene encoding OAT in pad2-1 mutant, but not in the other two genotypes (Appendix
S7a—c). The analysis based on the treatments demonstrated a very close correlation (partly negative, partly
positive with no clear tendency) between the redox compounds and the expression of PSCSL, P5CS2,
P5CDH and P5CR in untreated control and GSH-treated plants, the amount of Pro, Orn, Glu and
expression of P5CS, P5CS2, PSCDH, PDH and OAT genes in AsA-treated plant, the concentration of Pro
and transcript levels of PSCDH and OAT genes in DTT-treated plants and the expression of PDH gene
after H,O, treatment (Appendix S7e—i).

Discussion

Changesin the size and redox state of the ascor bate and glutathione pools

In order to see the possible regulatory effect of the AsA-GSH cycle on the concentrations and ratios of
free amino acid levels, two approaches were used. According to the first one, the AsA-deficient vtc2-1 and
the GSH-deficient pad2-1 Arabidopsis mutants were compared with the wild type Col-0 plants under
control conditions, without any pharmacological treatments. Consistent with the literature data, much
lower AsA and GSH levels (less than 20% of the value detected in Col-0) were detected in vtc2-1 and
pad2-1 mutants, respectively (Conklin et al. 2000, Parisy et al. 2007).

According to the second approach, both of the Col-0 and mutants plants were treated with AsA, GSH
and H,O, (which are the components of the AsA-GSH cycle), and with a strong reductant, DTT, which is
not synthesized in plants. While the amount and redox state of AsA was not affected by most of the
treatments, the concentration and redox state of GSH was modified by most of them. This difference can
be explained by the smaller size of glutathione pool making it more sensitive to the pharmacological
treatments. It should be noted that the amount of GSSG was greatly increased by GSH in all 3 genotypes.
The excess of GSH could inhibit the enzymes reducing the oxidized forms of these thiols as described for
glutathione reductase in rat liver (Chung et al. 1991). The coordinated control of the AsA and GSH
concentrations is indicated by the fact that GSH could increase AsA level in the vic2-1 mutant, and AsA
could elevate GSH content in pad2-1 mutant. In addition, there was a very close correlation between AsA
and GSH contents if the analysis was based on the genotypes. Taken together, the present experimental

system proved to be suitable to modify the amount and redox state of AsA and GSH and examine the
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effect of these changes on the free amino acid levels.

Effect of ascorbate- and glutathione-dependent redox alterations on amino acid pattern
Since the total protein content was not or only slightly (maximum 30% changes) influenced by the

mutations or the applied treatments, the observed greater changes in the total free amino acid contents do
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not derive from the altered protein metabolism. The total free amino acid content was affected by
mutations and treatments with the components of the AsA-GSH cycle. However, DTT did not affect it,
which indicates a special control of amino acid levels by the AsA-GSH cycle and not a simple redox
regulation. This special effect could be explained by GSH-related thiol/disulphide conversion or
(de)glutathionylation of amino acids in enzymes involved in amino acid metabolism or by AsA-dependent
coenzymes (Kocsy et al. 2013).

A coordinated redox-dependent regulation of AsA, GSH and amino acid contents was shown earlier

during ozone-induced oxidative stress in poplar (Dumont et al. 2014). In this experiment ozone increased

cle

the level of 7 free amino acids while it decreased the concentration of 13 amino acids. In contrast to
® ﬁ ozone, the greater H,O, content in catalase-deficient Arabidopsis mutants resulted in higher levels of 21
free amino acids form the 23 investigated ones (Noctor et al. 2015). The participation of GSH in the
control of amino acid level was demonstrated in transgenic poplar with increased GSH level where 11
amino acids were detected in greater, 2 in smaller and 2 in similar, concentration in the transgenic lines
compared with the wild type plants (Noctor 1998). In the present experimental system, similarly to the
latter two studies, the redox treatment, except for the synthetic reductant DTT, resulted in greater amount
of 27 amino acids. The restoration of the GSH level similar to that of Col-0 control (6-fold increase
compared to the untreated mutant) in pad2-1 mutant by exogenous GSH was accompanied by a 3-fold
increase in total amino acid concentration (deriving from the considerable increase in the amount of nearly
all individual amino acid) compared to the control Col-0. After the GSH treatment, very large changes in
the ratios of the various amino acid families were detected in all 3 genotypes. The ratio of other amino
acids (His and non-proteinogenic amino acids) increased from a maximum 5% to 40% with a parallel
decrease in the total ratio of the aspartate and glutamate family from 80 to 50%. Although the level of
many individual amino acids increased in the first family, the most determining one among them was the
huge elevation in the concentration of alpha-aminoadipic acid (increase from 5-10% to 85-90%)
indicating the special sensitivity of its metabolism to GSH. It is an analogue of Glu and is involved in the
Lys metabolism. It inhibits Glu transport in animal systems (Haugstad and Langmoen 1997), but the
conformation of such physiological role in plants needs future experiments. The present study indicates
that most of the investigated 9 non-proteinogenic amino acids were greatly affected by redox treatments,
which may indicate their important regulatory role. Unfortunately, in previous experiments only a few of
them (Aaa, Gaba, Orn) were investigated regarding the possible redox control of their levels (Noctor

1998, Dumont et al. 2014, Noctor et al. 2015).
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In contrast to the family of other amino acids, the ratio of serine family was not affected by GSH, but
it was increased by the other treatments compared to the control plants in every genotype. It is surprising,

that the ratio of this family was not influenced by GSH since two precursors of GSH (Cys and Gly) belong
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to this family.
The results of correlation analysis corroborate the proposed redox control of amino acid levels. This
analysis indicates a very strong effect of glutathione based on the correlations in pad2-1 mutants and

GSH-treated plants.

Redox control of the amino acid levelsin glutamate family
Although the ratio of the glutamate family was not affected by the various treatments except for GSH,
special attention should be given to this family. It had a 50% ratio except for GSH treatment and, in
general, the amount of the amino acid belonging to this family (Pro, Glu, Gln, Arg) was greatly increased
by all the applied components of the AsA-GSH cycle but not by DTT. Glu is a central compound among
amino acids since N from nitrate is incorporated into this amino acid. Also it is a common precursor of
Pro, GSH and biogenic amines participating in the control of growth, development and stress response.
The recently described redox sensitivity of NADH-dependent glutamine synthetase—glutamate synthase
enzymes (Gomez-Baena et al. 2015) indicate the relationship between redox regulation and amino acid
metabolism, which was also observed in the present study. The involvement of Glu in the stress response
shown by an increase in its level in various plant species (Yang et al. 2000, Kovacs et al. 2010, Kovacs et
al. 2011, Boldizsar et al. 2013) and the stress-induced changes in the concentration of AsA and GSH in
wheat (Soltész et al. 2013) indicate, together with the present findings, a possible mediator role of AsA
and GSH in the control of Glu content. In addition, according to recent studies, Glu can be a signaling
molecule as observed in the roots based on its effect on root morphology and the presence of glutamate
receptor proteins (Forde 2014). A cross-talk between redox and Glu-dependent signaling is also probable.
A possible participant of this interaction can be a-aminoadipic acid since it was described as an inhibitor
of Glu transport in animal system (Haugstad and Langmoen 1997) and its ratio was greatly increased by
GSH in the present study.

Within the glutamate family the greatest changes occurred after the various treatments in Pro ratio.
The increase in Pro is often accompanied by a reduction in Glu or Gln ratios due to their utilization in Pro
synthesis. The very sensitive response of Pro to the redox treatments can be explained by its role in the
maintenance of the redox homeostasis in plants (Szabados and Savouré¢ 2010). Presumably there is a
redox-based cross-talk between proline metabolism and AsA-GSH cycle (Anjum et al. 2014). This

interaction exists, at least partly, at transcriptional level since many genes encoding enzymes of Pro

Accepted Articl

metabolism were affected by the added components of the AsA-GSH cycle. Interestingly, both of the
genes involved in Pro synthesis and in degradation were up-regulated, which may indicate a fine
regulation of the two processes at the transcriptional level. In addition, the level of Orn involved in the

OAT gene-related pathway of Pro synthesis was increased by GSH and H,0, in pad2-1 mutant and by

This article is protected by copyright. All rights reserved.



AsA in vtc2-1 mutant. This intermediary compound of Pro synthesis can also modulate abiotic stress
response as observed in Arabidopsis (Kalamaki et al. 2009). It was described previously that the P5CSand
OAT pathways of Pro biosynthesis are not activated simultaneously by H,O, (Yang et al. 2009), however
some components of both pathways were induced by H,O, in the present study. The role of OAT in redox
homeostasis was also shown in rice since overexpression of OAT enhanced tolerance to oxidative stress
because of the induction of Pro synthesis (You et al. 2012). However, the detected parallel increase in
glutathione content and glutathione peroxidase activity can also contribute to the improvement of stress
tolerance in this experiment. In animal system, OAT interacts with other cellular redox proteins such as
glutaredoxin, thioredoxin, and it is regulated by S-glutathionylation (Liang et al. 2013). Based on the
induction of OAT gene by GSH in all 3 Arabidopsis genotypes, such relationship can also be presumed in
plants. Regarding the whole Pro metabolism, its special regulation by the AsA-GSH cycle can be
suggested since, as at the metabolite level, the expression levels of the related genes were not affected by
DTT except for P5SCS2 gene in pad2-1 mutant and OAT in vtc2-1 mutant.

Similarly to the amino acid levels, a very close correlation between the studied redox parameters and
the components of the Pro metabolism was only observed in pad2-1 mutant, but not in the other two
genotypes. These results indicate that the redox control of Pro metabolism exists at gene expression levels,
which can be supplemented by the regulation at translational and enzyme activity levels. Similar changes
in the expression of genes and activity of enzymes related to Pro metabolism can be supposed in the
present experimental system based on previous studies in which relationship was found between Pro
concentrations and levels of the corresponding transcripts and enzymes in salt-stressed artichoke and rape

(Huang et al. 2013, Kubala et al. 2015).

Conclusions

The mutations and treatments modified the pool size and the redox state of ascorbate and glutathione,
which, in turn, affected both the free amino acid composition and levels. The redox state of GSH was
much strongly influenced because of its smaller pool size, which can be also a reason for the greatest
effect of GSH treatment on the ratio and amount of free amino acids. GSH may also influence the activity
of enzymes involved in the amino acid metabolism by (de)glutathionylation and thiol/disulphide
conversion. The joint regulation of GSH and amino acid levels is possible through Glu, which is a

common precursor of GSH and the amino acids in glutamate family. A further relationship is possible
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through alpha amino adipate, the level of which was highly increased by GSH treatment. This amino acid
was described as an inhibitor of Glu transport in animal systems, however, this role should be confirmed
in plants in future experiments. AsA and GSH may be special regulators of amino acid concentrations

since they were not changed by the synthetic reductant, DTT. This statement is also supported by the

This article is protected by copyright. All rights reserved.
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observed increase in the expression of the Pro metabolism-related genes following the AsA, GSH and

H,0, treatments.
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Fig. 1. Effect of redox treatments on glutathione and ascorbate content and their redox state. Redox
changes were monitored by the measurement of AsA (a), DHA (b), GSH (d), GSSG (e) and the ratios of
reduced and oxidized forms (c, f). 5S-week old seedlings of Col-0 (wild type), vic2-1 (ascorbate-deficient
mutant) and pad2-1 (glutathione-deficient mutant) were treated by various reductants in 4 mM
concentration (GSH: glutathione, AsA: ascorbic acid, DTT: dithiotreitol) and an oxidant, hydrogen-
peroxide (H,0,), in 10 mM concentration for 3 days. Values indicated by asterisks are significantly

different from the control Col-0, treated with no chemicals, at the P<0.05% level.
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Fig. 2. Changes in the total free amino acid content (a) and the ratio of amino acid families (b). The

experimental conditions are described in the legend of Fig. 1. Values indicated by asterisks are

significantly different from the Col-0, treated with no chemicals, at the P<0.05% level.
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conditions are described in the legend of Fig. 1. Non-proteogenic amino acids: Cit: citrulline; Bala: beta-
aminoproprionic acid; Baiba: 3-aminoisobutyric acid; Aba: alpha-aminobutyric acid; Gaba: gamma-
aminobutyric acid; Orn: ornithine; Aaa: alpha-aminoadipic acid; Cysta: cystathione. Values indicated by

asterisks are significantly different from the corresponding control of Col-0, treated with no chemicals, at
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Fig. 3. Effect of the redox treatments on the relative levels of the free amino acids in the investigated
genotypes (c: Col-0, p: pad2-1, v: vtc2-1). All values are normalized to the data detected in control Col-0

plants. Decreases and increases are shown on green and magenta backgrounds. The experimental
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Fig. 4. Changes in the ratio of free amino acids in serine family. The experimental conditions are
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Fig. 6. The relative expression level of the genes involved in proline metabolism. The expression of
ornithine aminotransferase (OAT), PSCDH (delta-1-pyrroline-5-carboxylate dehydrogenase), P5CS1
(delta 1-pyrroline-5-carboxylate synthase 1), PSCS2 (delta 1-pyrroline-5-carboxylate synthase 2), PSCR
(pyrroline-5-carboxylate reductase ) and PDH (proline dehydrogenase) and the level of Glu, ornithine
(Orn) and Pro were detected after 3 days redox treatments described in the legend of Fig. 1. The
expression levels are normalized to the control Col-0 for each genotypes and the metabolite contents to the

own control of each genotypes. Values indicated by asterisks are significantly different from the



