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Fig. 3. Structure and activity of ascorbate peroxidase 1 (APX1) from Arabidopsis roots. (A) Amino acid sequence of Arabidopsis APX1;
amino acids that make contact with haem or ascorbic acid (ASC) are depicted in blue or green, respectively. (B) Cytosolic APX alignment
showing the conservation in Cys32 and Cys168; black boxes indicate identical amino acids among all sequences; grey boxes indicate
identical residues among 12 or 13 sequences. (C) Model of Arabidopsis APX1 according to the coordinates of APX from Glycine max
(PDB code 2VCF); Cys32, Cys168, and amino acids that make contact to haem and ASC are shown. (D) APX activity from roots of
Arabidopsis wild type and tir1 afb2 mutant treated with H,O (control) or different concentrations of naphthyl acetic acid (NAA) or 1 uM
NAA plus 2 pM auranofin (ANF) for 1 day; values are fold increase with respect to control; APX activity=1 corresponds to 8.58 umol
ascorbic acid (ASC) min~' (mg protein)™; bars, 1 SE (n = 3); different letters indicate significant difference among treatments (ANOVA,

P < 0.05). APX1 protein levels were detected by immunoblot.

with 0.5mM Cys, indicate that endogenous S-nitrosylation
of APXI1 could occur (Fig. 4C). Supplementary Fig. S6 also
shows that the addition of the thiol-reducing agent DTT
after S-nitrosylation with CysNO results in the removal of
the S-NO bonds.

To detect the S-nitrosylated APX1 high-molecular-weight
form, recombinant APX1 was purified from bacteria extracts,
S-nitrosylated in vitro with CysNO, and subjected to the bio-
tin switch method. S-Nitrosylated APX1 was recognized by
an anti-biotin antibody. This strategy allows detecting the
S-nitrosylation of the high-molecular-weight APX1 form
(Fig. 4D).

Arabidopsis mutant in APX1 results in changes in root
architecture

To analyse the role of APX1 in root development, this study
used the apx! Arabidopsis mutant. Immunoblot confirmed

the absence of APXI1 in the homozygous line (Fig. 5A). To
analyse the level of H,O, production in apx/ plants, the per-
oxide-sensitive dye 2’,7’- dichlorodihydrofluorescein diacetate
(H2DFDA) was used. Fig. 5B and C shows that the treatment
with auxin induces H,O, production in Arabidopsis roots.
Under basal conditions, roots of apx/ mutants accumulate
2-fold-more H,O, than to the wild type (Fig. 5C). To analyse
the root phenotype of apx/ mutant, Arabidopsis seedlings
were treated with different concentrations of NAA for 4 days.
Fig. 5D shows that increasing concentrations of exogenous
NAA inhibited primary root elongation in the wild type.
Intriguingly, the effect of auxin in the apx/ background is
not statistically significant, suggesting that the mutant is less
sensitive to auxin. When lateral root density was quantified,
the Arabidopsis apx1 background was shown to be less sensi-
tive than wild type too. Increased concentrations of NAA did
not increase lateral root density in apx/ as much as in the wild
type (Fig. 5D).
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Fig. 4. Expression analysis of the recombinant APX1 in Escherichia coli. (A) APX1 activity in E. coli expressing pET24b-APX1. (B) APX1
activity from bacterial extracts treated with CysNO in the presence or absence of 1mM DTT and desalted by bio-gel p6 filtration; APX1
activity = 1 corresponds to 0.706 pmol ascorbic acid (ASC) min~' (mg protein)™. (C) In vitro S-nitrosylation of APX1. Protein extracts from
bacteria expressing APX1 were S-nitrosylated with CysNO for 1h. Samples were subjected to the biotin switch method and biotinylated
protein were purified with neutravidin beads (IP: antibiotin). The monomeric form of APX1 was identified by immunoblot (IB: anti-Myc). The
proteins that were not retained by the column were loaded on gels and stained with Coomassie Blue (Coo Blue) as loading control. (D) APX1
purified using an anti-Myc agarose column (IP: anti-Myc), subjected to the biotin switch method, and detected by immunoblot (IB: anti-biotin).

Discussion

Reactive oxygen species are involved in auxin-induced
root growth in Arabidopsis

Auxin is the main plant morphogen that regulates devel-
opmental processes, including embryo morphogenesis and
root, shoot, and flower development. Although the described
auxin signalling pathway is apparently complete (Dharmasiri
et al., 2005; Kepinski and Leyser, 2005), the modulator
pathways remain to be integrated in a more comprehensive
model. Redox molecules have been involved in auxin trans-
port, metabolism, and signalling during plant development
and stress responses (Gapper et al., 2006; Feher et al., 2008;
Tognetti et al., 2012). The results presented here indicate that
auxin treatment increases H,O, accumulation in Arabidopsis
roots and that this accumulation may be due to the auxin-
mediated regulation of APXI1 activity through its partial
denitrosylation.

The participation of H,O,in the auxin signalling was already
reported in other developmental processes. H,O, plays a role
as a downstream component in the auxin-mediated signalling
pathway leading to root gravitropic response in Arabidopsis
(Joo et al., 2001). According to this, the impairment of auxin

signalling in the tirl afb2 Arabidopsis mutants resulted in a
reduced accumulation of H,0, and superoxide anion (Iglesias
et al., 2010). Wang et al. (2010b) showed that the Arabidopsis
carrying a mutation in the prohibitin gene PHB3, defective
in H,O»-induced NO accumulation, was altered in auxin-
induced lateral root formation. Alterations in the redox inter-
mediates ASC and GSH are associated with changes in the
quiescent centre (Kerk and Feldman, 1995; Jiang ez al., 2003)
and are involved in the G1 to S transition in the plant cell
cycle (Potters et al., 2010). Altogether, the current knowledge
indicates that a fine-tuned and spatial-temporal regulation of
redox molecules is required for initiation and maintenance of
cell division during root development.

Auxin treatment induces denitrosylation and inhibition
of APX1 activity in Arabidopsis roots

APX is a haem-containing enzyme that reduces H,O, to
water with ascorbate as specific electron donor (Asada, 1992;
Shigeoka et al., 2002). APX1 is a cytosolic enzyme as well
as APX2 and APX6. Expression of 4PX] in leaves is rela-
tively high with respect to APX2 and APX6 (Panchuk et al.,
2005) and also in roots according to the Genevestigator
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database (Hruz et al., 2008). The current work demonstrates
the S-nitrosylation of APXI1. High-molecular-weight forms
of APXI1 were detected to be S-nitrosylated in vivo. Even
though this study cannot discard the possibility of inter-
action between APXI1 and other proteins (i.e. Trxs) and/or
macromolecules, one of these forms may be the homodimer
of APXI, since it also appears when the recombinant APX1
purified from bacterial extracts is S-nitrosylated. The inten-
sity of the bands corresponding to the high-molecular-weight
forms of APX1 in Arabidopsis extracts are relatively low com-
pared to monomeric APX1 form. It cannot be discarded to a
low recognition of the monomeric form by the specific APX1
antibody. Blue native gels should probably help to get more
insights about the identity of the high-molecular-S-nitros-
ylated complex.

Auxin induces denitrosylation and partial inactivation of
APXI in roots. Two cellular systems have emerged as physi-
ologically relevant denitrosylases: the nitrosoglutathione
reductase (GSNOR) and the Trx system. The Trx system

is involved in auxin signalling, transport, and homeostasis
(Bashandy et al., 2010). APX1 has been clearly described
as target of plant Trxs and Trx-SH, causes the inactiva-
tion of APX1 (Marchand et al., 2004; Gelhaye et al., 2006).
According to this, the treatment with the TrxR inhibitor ANF
augments the level of S-nitrosylated APX1 and increases its
activity in roots. In mammalian systems, ANF was shown to
inhibit TrxR at nanomolar concentrations. At higher con-
centrations (1-50 uM) ANF could also inhibit glutathione
reductase (Gromer et al., 1998).

Few examples of protein denitrosylation have been
reported in plants so far. Denitrosylation of the salicylic acid
(SA) regulator NPR1 catalysed by Trx facilitates its mono-
merization, nuclear translocation, and activation of genes
coding for pathogenesis-related proteins (Tada ez al., 2008).
On the other hand, NO production is induced by SA treat-
ment (Zottini et al., 2007) and required for the expression
of SA-regulated pathogenesis-related protein genes (Klessig
et al., 2000). The proposed model for the SA-mediated



regulation of NPRI1 is then through the opposing and bal-
ancing action of GSNO and Trx on NPR1 (Tada et al., 2008;
Vlot et al., 2009). In a similar way, auxin treatment induces
NO production in roots and at the same time provokes pro-
tein denitrosylation. Taking all available data, it is suggested
that a counterbalance effect of NO production and APX1
denitrosylation are coordinately operating downstream auxin
in root developmental processes.

S-Nitrosylated APX1 is more active than
denitrosylated form

The stimulation of APX activity by S-nitrosylation may
explain the effect of NO donors on APX activity described in
several plant organs and physiological conditions. For exam-
ple, three isoforms of APX are activated by NO donors in soy-
bean root nodules (Keyster e al., 2011). NO protects against
UV irradiation by stimulating the activity of the antioxidant
enzymes catalase and APX (Shi ez al., 2005). In addition, NO
induces S-nitrosylation of APX in Anticaria toxicaria seeds,
triggering a positive effect on APX activity during seed desic-
cation (Bai ez al., 2011). Also reported is the reversible in vitro
inactivation of APX by NO donors in tobacco crude extract
(Clark et al., 2000). Since NO binds to and reversibly inhibits
some mammalian haem-containing enzymes, the effect of NO
donors on tobacco APX activity was attributed to the bind-
ing of NO to the metal Fe-group (Clark ez al., 2000). Thereby,
two mechanisms might be operating on NO-mediated regula-
tion of APX activity: (i) S-nitrosylation of Cys residue/s and
(i) binding of NO to the haem group. Proteins that bind tran-
sition metals as Fe** and Cu®* close to a S-nitrosylated target
thiol can catalyse the transnitrosylation to reactive Cys resi-
dues (Hess et al., 2005). In APX1, the proximity of Cys168 to
the haem group is 6.72 A and makes Cys168 a strong candi-
date for S-nitrosylation through transnitrosylation reaction.

APX1 is involved in auxin-mediated root growth

Cytosolic APX1 was characterized as a central component
regulating redox homeostasis in Arabidopsis. Knockout
apxl Arabidopsis plants have an increased H,0, accumula-
tion in leaves under high light conditions and higher sensi-
tivity to paraquat (Davletova et al., 2005). Regarding the
growth behaviour, apx! plants have delayed development
phenotype, late flowering, and perturbed stomatal responses
(Pnueli et al., 2003). The current data show that primary root
elongation and lateral root formation is altered in response
to auxin in the apx/ mutant. This mutant has increased levels
of H,O, in roots (Suzuki et al., 2013; this work). However,
Arabidopsis apxl root phenotype differs from exogenous
application of H,0, to roots. Exogenous H,O, results in
inhibition of primary root elongation and induction of lat-
eral root formation, reminiscent of the phenotype found in
auxin-treated roots (Wang ez al., 2010a). Thus, APX1 may
participate in the appropriate redistribution of H,O, accu-
mulation during root growth and lateral root development
in Arabidopsis. The implicances of the crosstalk between
auxins and NO in the regulation of APXI activity by
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S-nitrosylation/denitrosylation in roots and the effect on the
H,0, accumulation and signalling began to be elucidated.
A finely tuned and controlled counterbalance of the redox
cell status seems to be a hub in auxin signalling control of
root architecture.
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