
INTRODUCTION

Plants are not isolated entities, and must respond to
external stimuli. Environmental conditions change
and often are a source of stress to which the plant
responds by excessive production of oxygen radi-
cals. Reactive oxygen species (ROS) damage cell
components such as DNA, proteins and lipids. It is
known that an excess of free oxygen radicals leads to
programmed cell death (PCD) (Pellinen et al., 2002;
Vranova et al., 2002).

However, ROS are also utilized in various meta-
bolic processes such as formation of lignin in the
cell wall (Inze and Montagu, 1995), leaf and flower
abscission, cell senescence, ripening of fruit and
flowering (Mehlhorn et al., 1996).

In the course of evolution, organisms have
developed complicated antioxidative systems to
maintain the balance and efficient functioning of the
cell. Two types of antioxidative systems, nonenzy-
matic and enzymatic, have been investigated.
Tocopherols, glutathione, flavonoids, carotenoids
and ascorbic acid belong to the former; the latter
include superoxide dismutases, peroxidases (of
ascorbate, glutathione, guaiacol), catalases and
enzymes oxidizing and reducing ascorbate. Both

antioxidant systems cooperate, forming an integral
mechanism controlling the concentration of ROS in
the organism. In this paper we cannot characterize
the entire operation of this complex regulatory sys-
tem. Here we present the ascorbate peroxidases
(APXs), one of the most important groups of antiox-
idant enzymes of plants. So far at least five APX iso-
forms have been identified in plants: cytosolic iso-
forms, mitochondria isoforms, peroxisomal/gly-
oxysomal isoforms and chloroplastic isoforms. All
the forms of APX are thought to function as scav-
engers of the H2O2 that is generated continuously in
cells (Miyake and Asada, 1996). For instance, super-
oxide (O2

-) is formed in the chloroplasts of photo-
synthetic organisms when insufficient CO2 is avail-
able to balance electrons being generated by the pho-
tosystems; these excess electrons then reduce O2 to
O2

-. The electron transport chains can also produce
O2 in the mitochondria. In both cases superoxide
dismutase converts O2

- to H2O2, which can then be
removed by APX or catalase. 

Expression of APX genes can be activated by
specific factors such as pathogen attack, mechanical
pressure, injury, UVB radiation (Rao et al., 1996),
water deficiency (Mittler and Zilinskas, 1994), salt
stress (Lopez et al., 1996; Mittova et al., 2004a,b;
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Gomez et al., 2004), excess excitation energy
(Karpinski  et al., 1997; Yoshimura et al., 2000), too
low or too high temperature, excess oxygen after a
period of anoxia (Blokhina et al., 2001), atmospheric
pollution (e.g., sulphur dioxide, nitrogen oxide and
dioxide or ozone) (Tanaka et al., 1985; Mehlhorn et
al., 1987; Kubo et al., 1995; Rao et al., 1996), excess
metal ions (Vansuyt et al., 1997), deficiency of some
mineral salts (e.g., phosphates), and herbicides
(Cakmak and Marschner, 1992).

CHARACTERISTICS OF ASCORBATE PEROXIDASES

Peroxidases, and among them APXs, are proteins
containing the heme prosthetic group in which iron
plays an important role in the catalytic site. This was
clearly shown by applying iron deficiency conditions
in sugar beet, which doubled the ascorbate concen-
tration while approximately halving the activity of
cytosolic APX in whole roots, probably reflecting
depletion of the available iron pool in the root cell
(Zaharieva and Abadia, 2003).

Ascorbate, the electron donor to which the
enzymes show high affinity, is the substrate utilized
in reduction of hydrogen peroxide. APXs are
extremely sensitive to the ascorbate concentration. If
it is too low (lower than 20 μM) the enzymes lose sta-
bility and their activity declines (Shigeoka et al.,
2002). This explains the difficulties encountered
during attempts to isolate the enzymes from plants.
Mittler and Zielinskas (1991b) were the first to iso-
late and purify homogenous cytosolic APX from pea.
Ascorbate binds to the active site of the proteins by
four hydrogen bonds with lysine and arginine

residues, and the heme, the site of substrate binding
(Cys-32, Arg-172, Lys-30, Fig. 1) is highly conserved
(Sharp and Raven, 2004).

Ascorbate peroxidases occur mainly in higher
plants, algae and some cyanobacteria (Shigeoka et
al., 1980a,b; Miyake et al., 1991; Takeda et al.,
1992, 1998, 2000; Sano et al., 2001; Sharma and
Dubey, 2004), but they have also been found in
insects (Mathews et al., 1997), Trypanosoma cruzi
(Boveris et al., 1980) and in the choroid and iris
epithelium of the bovine eye, tissues rich in ascor-
bate (Boveris et al., 1980; Wada et al., 1998). 

Plant ascorbate peroxidase isoforms differ in
molecular weight (Tab. 1), optimal pH, stability and
substrate specificity. Jespersen et al. (1997) suggest-
ed that tryptophan found at position 175 of chloro-
plast APX increases their substrate specificity. 

The reaction scheme catalyzed by these
enzymes is as follows (Sharp and Raven, 2004):

APX + H2O2 → Enzyme Ia + H2O
Enzyme I + H2As   → Enzyme IIb + HAs..

Enzyme II + H2As  → APX + Has.. + H2O
Has.. + Has.. → H2As + As

a,b Enzyme I and II – forms with different oxidation levels (I –
with 2 free electrons; II – with 1 free electron)
.. Reactive form of ascorbate

In the case of APXs, two molecules of ascorbate
(H2As) are used as the preferred substrate. After their
oxidation, monodehydroascorbate (HAs..) and dehy-
droascorbate (As..) are formed, which are subsequent-
ly reduced by monodehydroascorbate reductase and
dehydroascorbate reductase, respectively, in order to
maintain the ascorbate pool (Badyal et al., 2006). 
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TABLE 1. Characteristics of plant ascorbate peroxidases
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In animals, a similar role to APX is played by
glutathione peroxidase; interestingly, it possesses
selenium instead of sulphur in cysteine in the active
site (Shigeoka et al., 2002).

APX ISOFORMS AND THEIR SUBCELLULAR 
LOCALIZATION

Plant APXs are found in several cellular compart-
ments. In Arabidopsis thaliana, for example, the
presence of eight isozymes has been confirmed: sol-
uble cytosolic (APX1, APX2, APX6), bound to the
microsome membrane (APX3, APX4, APX5), and
chloroplast sAPX and tAPX (Jespersen et al., 1997;
Panchuk et al., 2002). APX4 contains the SKL motif
(Ser-Lys-Leu) at the C-terminal end (Tab. 1), which
suggests targeting of this protein to peroxisome. APX
has also been found in mitochondria in pea and
potato (Jimenez et al., 1997; Leonardis et al., 2000).

Cytosolic APX

The cytosolic isoforms of ascorbate peroxidases are
homodimers (Tab. 1). Amino acid residues partici-
pating in electrostatic interactions between subunits
(Lys-18, Arg-21, Lys-22, Arg-24, Asp-112 or Glu,
Glu-228, Asp-229) are highly conserved (Jespersen
et al., 1997).

Regarding location, transcripts of APX1 in
sweetpotato (Ipomoea batatas) were detected clear-
ly in leaves, weakly in stems, and not in non-storage
and storage roots. The expression level appeared to
be higher in mature leaves than in immature leaves,
suggesting that it is regulated by growth stage (Park
et al., 2004). Expression of APX2, another cytosolic
isoform, is limited to bundle sheath cells in leaves
exposed to excess light (Fryer et al., 2003).

Peroxisomal APX

Reactive oxygen species are also byproducts of
processes taking place in peroxisomes (i.e., pho-
torespiration, fatty acid β-oxidation and ureide
metabolism), which require effective protection.
Peroxisomal ascorbate peroxidase plays such a role
and scavenges hydrogen peroxide escaping the per-
oxisomal matrix by passive diffusion. The N-termi-
nal active domain of the enzyme faces the cytosol,
and its C-terminal domain is anchored (APXs are
single-pass peroxisomal membrane proteins), which
facilitates the protein's functioning (Lisenbee et al.,
2003). Its cytosolic orientation has also been studied
within glyoxysomes of oilseed species (Jimenez et
al., 1997). Peroxisomal APX preferentially accumu-
lates in spongy parenchyma rather than palisade
parenchyma, and can also be found in large
amounts near the central vascular bundles (Pereira
et al., 2005).

Peroxisomes possess the capacity to generate
and release into the cytosol signalling molecules
such as O2

-, H2O2 and nitric oxide, which are
involved in signal transduction pathways and play a
key role in redox-regulated responses to pathogen
attack and abiotic stresses. In tomato, the activity of
peroxisomal APX decreased markedly following
inoculation of a pathogen; this may have resulted
from diminution of the peroxisomal ascorbate pool
in response to infection, and from inhibition by NO,
generated by peroxisomal NADPH-dependent NO
synthase (Kuźniak and Skłodowska, 2005).

Chloroplastic APX

tAPX and sAPX are both involved in the water-water
cycle, where O2

- is reduced to water in a two-step
reaction catalyzed by superoxide dismutase (SOD)
and APX. O2

- is produced at the PSI site by reduction
of O2 by electrons donated from PSI – the Mehler
reaction, which is one of several mechanisms for dis-
sipating excess excitation energy. The water-water
cycle contributes to maintaining a proper
ATP/NADPH ratio and to alleviating the over-reduc-
tion of photosystems when plants are exposed to pho-
toinhibitory conditions (Asada, 1999).

tAPX transcript levels are weakly responsive to
external stimuli, exposing the plant to oxidative
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FFiigg..  11..  Structure of the active site of APX with substrate
(ascorbate). Amino acid residues forming hydrogen bonds
with the substrate – green; residues responsible for bind-
ing of K+ – blue; proximal and distal histidine – violet;
residues near the distal histidine – orange; heme – yellow;
ascorbate (ASC) – light green. Modified from Protein Data
Base (PDB). 



stress (Yoshimura et al., 2000; Panchuk et al., 2002;
Shigeoka et al., 2002). This suggests that tAPX is
involved in direct detoxification of H2O2 but not in
protection from excess ROS produced under envi-
ronmental stress (Shigeoka et al., 2002).
Overexpression of cAPX in chloroplasts of trans-
genic tobacco produced enhanced tolerance to
oxidative stress generated by paraquat and salinity,
confirming the function of tAPX as an immediate
scavenger of ROS (Badawi et al., 2004).

Nitric oxide (NO), which, with H2O2 as partner
molecule, regulates the hypersensitive response
against pathogen attack, inhibits tAPX transcript
accumulation and reduces tAPX enzymatic activity
(Murgia et al., 2004; Tarantino et al., 2005). It has
been suggested that the higher levels of tAPX enzyme
in tAPX-overexpressing lines are responsible for the
reduced symptoms of damage seen upon treatment
with the NO-donor sodium nitroprusside (Murgia et
al., 2004); this would accord with the increased sus-
ceptibility of tAPX-antisensed plants to NO-induced
damage and cell death (Tarantino et al., 2005). 

Subcellular localization of APX

Subcellular localization of APX is determined by the
presence of targeting peptides and transmembrane
domains in the N- and COOH-terminal regions of the
proteins (Shigeoka et al., 2002; Teixiera et al. 2004).
The peroxisomal targeting signal comprises a
COOH-terminal transmembrane domain rich in
valine and alanine, followed by a positively charged
domain containing five amino acid residues (Mullen
and Trelease, 2000). These isoforms face the
cytosol and are indirectly sorted to the peroxisomes
via a subdomain of the rough endoplasmic reticu-
lum (Lisenbee et al., 2003). In contrast, all chloro-
plastic isoforms possess a hydroxylated peptide at
the N-terminus that is processed in mature proteins
(Madhusudhan et al. 2003). Thylacoid-bound iso-
forms present a transmembrane hydrophobic
domain at their COOH-terminus (Ishikawa et al.
1996). Chew et al. (2003) showed that the
Arabidopsis stromal APX is dual-targeted to plas-
tids and mitochondria, due to the ambiguity of the
targeting peptide at the N-terminus of the proteins,
but Mittova et al. (2004b) suggested that specific
genes generate the mitochondrial and stromal iso-
form in tomato plants, despite the fact that no cor-
responding gene, cDNA, or protein sequences for
the specific mitochondrial isoform have been
described so far.

STRUCTURE OF APX GENES

Many experiments have been carried out on various
APX genes, but the gene encoding APX1 is the one
whose structure is best known. APX1 is encoded by a

single gene. The promoter has typical structure: it pos-
sesses a TATA box at -28 bp, a CCAAT box at -176 bp,
and several regulatory elements (Mittler and
Zilinskas, 1992). The heat-shock element (HSE),
binding the heat-shock factor (HSF) characteristic
for heat-shock genes, is a regulatory element
(Storozhenko et al., 1998). It is also present in
Apx2 promoter (Panchuk et al., 2002). Apx3 and
Apx5 possess a sequence similar to HSE (Tab. 1),
but it does not bind HSF. However, microsomal
APXs are involved in the response to heat stress
(Shi et al., 2001). The next characteristic element is
the antiperoxidative element (ARE), a sequence
responsible for H2O2-dependent response. Other
regulatory elements found in the Apx1 gene are the
CACGCA sequence, probably responsible for the
xenobiotic response, and the CACGTG sequence
which constitutes part of the G box (Mittler and
Zilinskas, 1992). In the first intron at position 97
the TGATTCAG sequence has been reported; prob-
ably it is part of the GPE I enhancer (a regulatory
element for glutathione transferase P) which regu-
lates gene transcription through the interaction
with transcription factors and RNA II polymerase
(Okuda et al., 1989).

Apx1 contains 9 introns having high content of
A and T nucleotides. The first intron is in an unusu-
al position in the 5'UTR region in mRNA. In species
in which sAPX and tAPX are formed by alternative
splicing of one gene (e.g., in spinach), chloroplast
Apx contains 12 introns (Yoshimura et al., 1999).
Such genes have a conserved SRE sequence (splic-
ing regulatory cis-element), which controls alterna-
tive splicing. This element is not present in plants
that possess separate genes for chloroplast forms
(Teixeira et al., 2004).

It has been discovered that the zinc finger pro-
tein Zat12 is required for cAPX1 expression during
oxidative stress caused by hydrogen peroxide, heat,
paraquat and wounding in Arabidopsis. Moreover,
Zat12 enhances the expression of an NADPH oxi-
dase, which suggests that NADPH oxidases, via
enhanced production of ROS, are also involved in
regulating the response of plants to oxidative stress
(Rizhsky et al., 2004).

There are recent findings on hormone activation
of APX. Abscisic acid treatment was shown to
strongly increase transcription of APX1 in sweet-
potato (Park et al., 2004; Hu et al., 2005), while eth-
ylene treatment had no effect on ascorbate content
and gene expression involved in ascorbate metabo-
lism (Nishikawa et al., 2003b).

THE ASCORBATE PEROXIDASE FAMILY 
AND EVOLUTION OF PLANT APX

Ascorbate peroxidases, which are of the prokaryotic
origin, belong to class I of the superfamily of bacter-
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ial, fungal and plant peroxidases. APXs have several
characteristic structural features: 
(1) In known ascorbate peroxidases, two histidine

residues, His-42 and His-163, have been found
(Fig. 1). Both residues are essential for the cat-
alytic activity of the enzyme. His-42 is located
on the distal side of the heme cavity; on its prox-
imal side, His-163 forms the axial heme ligand
connected to the heme iron. Near the distal his-
tidine there are residues, Arg-38, Leu-39, Ala-
40 and Trp-41 (Fig. 1), which are highly con-
served in this class (Jespersen et al., 1997).

(2) The enzymes bind single K+ ion to the proximal
domain. This ion is essential for APX activity.
The site of K+ binding is unchanged (Thr-164,
Thr-180, Asp-187, Fig. 1). Moreover, APXs have
a putative metal-binding site in the distal
domain occupied by a monovalent metal ion
(Jespersen et al., 1997).

(3) Unlike plant peroxidases belonging to class III,
ascorbate peroxidases have a tryptophan
residue at position 41 instead of phenylalanine
(Mittler and Zilinskas, 1991a; Jespersen et al.,
1997).
Two models of the evolution of multigene per-

oxidase families in class I have been proposed. The
first model represents a concerted mode of evolu-
tion in which polymorphism (genetic diversity) has

been generated by interlocus recombination or gene
conversion followed by natural selection. The other
model proposes that multigene families can exist in
genomes as a consequence of evolution by the birth-
and-death process. It assumes that new genes are
created by repeated duplication of existing ones,
some of which stay in the genome for a long time,
while others are removed or cease to function.
Zamocky (2004) suggests that repeated gene dupli-
cation has led to the emergence of separate APX
families, cytochrome C peroxidase and catalase-per-
oxidases, and their further evolution. The assump-
tion that ascorbate peroxidases have originated from
one common ancestor is supported by the finding
that all isoforms possess highly conserved regions in
the area of ion binding. Yeast cytochrome c peroxi-
dases, however, do not possess such a region. 

The phylogenetic tree shows that the first step
in the evolution of the ascorbate peroxidase family
was diversification of the cytosolic and chloroplast
forms (Tab. 2, Fig. 2). It is worth mentioning that
representatives of the same evolutionary branches
existing in the same cell compartments of different
plant species are more closely related than are rep-
resentatives of different evolutionary branches exist-
ing in the same species. For example, sequences of
stromal and thylakoid-bound APX from broccoli
(Brassica oleracea) show high similarity to those of

Plant ascorbate peroxidases 11

FFiigg..  22.. Phylogenetic tree of plant ascorbate peroxidases (Table 2) based on the complete NCBI (National Center for
Biotechnology Information) amino acid sequences. Phylogram constructed using ClustalW software.



chloroplastic APX from Arabidopsis (Nishikawa et
al., 2003b). In cowpea (Vigna unguiculata), tAPX
(38.2 kDa) was found to share 77.5% and 79.3%
sequence identity with spinach and pumpkin tAPX,
respectively; tAPX and sAPX were determined to be
identical except for the presence of a 49 amino acid
region at the C-terminal end of the thylakoidal
sequence, with a very hydrophobic profile that could
correspond to a membrane-spanning region
(Shigeoka et al., 2002). It was suggested that tAPX
and sAPX in cowpea are coded by a single gene alter-
natively spliced (D'arcy-Lameta et al., 2006).

Cytosolic APXs from broccoli gave values of
about 90% identity to those of Arabidopsis thaliana
(both have molecular mass of 28 kDa), and more
than 80% identity to cytosolic APX in spinach and
cucumber (Nishikawa et al., 2003a). The amino acid
sequence of cytosolic APX1 in sweetpotato displayed

80% homology to cAPX from Arabidopsis thaliana
and 90% to tobacco cAPX (Park et al., 2004).
Cytosolic APX from cowpea (molecular mass 27
kDa) gave values of 92% and 80.8% identity to that
of pea and radish, respectively, whereas peroxiso-
mal APX (31.7 kDa) shared 84.7% and 75.7%
sequence identity with Cucurbita and Hordeum
pAPX, respectively (D'arcy-Lameta et al., 2006). 

This clearly means that ascorbate peroxidases
localized in the same cell compartment originated
from one common gene. In some species (e.g.,
Arabidopsis) the evolutionary path of chloroplast
isoforms probably separated fairly recently into
stromal- and thylakoid-bound ones. In other
species, the isozymes sAPX and tAPX resulted from
alternative splicing of one gene, as in spinach
(Jespersen et al., 1997; Yoshimura et al., 1999) or
in a climbing plant of the genus Vigna (Fig. 2).
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THE ROLE OF APX

Response to different stresses

APX isoforms play a protective role against ROS
produced in excess under environmental stress.
Therefore their expression level often reflects the
occurrence of stress conditions.

The same stress can differentially change the
expression of cytosolic and chloroplastic APX genes
(Nishikawa et al., 2003b). In broccoli the expression
of two cytosolic APX isoforms was markedly
induced just after harvest in different parts of the
plant. The transcript level of both chloroplastic iso-
forms remained unchanged until 6 h after harvest
and then diminished rapidly. 

In response to wounding, expression of the
cytosolic APX gene from sweetpotato increased only
slightly, attaining its highest level at 40 h after treat-
ment (Park et al., 2004). Not only cytosolic isoforms
respond to accumulation of ROS. In Arabidopsis,
the mRNA of APX4 and of tAPX showed strong leaf-
age-dependant and plant-age-dependant reduction
of mRNA levels at an early stage of leaf senescence,
whereas the mRNA of APX5 showed down-regula-
tion in older leaves of each rosette (Panchuk et al.,
2005). Interestingly, chloroplastic APXs in pea
behaved differently in thylakoids and stroma during
long-term NaCl stress: sAPX increased considerably
while tAPX activity progressively diminished (Gomez
et al., 2004).

In tobacco it was reported that cytosolic (but
not chloroplastic) APX was up-regulated after expo-
sure to 6 h of light; the possibility of changes in the
cAPX transcript due to circadian rhythmicity was
ruled out (Pignocchi et al., 2003).

Response to changes in photosynthetic electron transport
(PET) and to programmed cell death 

Detoxification of H2O2 by APX is followed by a set of
reactions catalyzed by monodehydroascorbate
reductase (MDHAR), dehydroascorbate reductase
(DHAR) and glutathione reductase (GR). Together
these reactions comprise one of the most important
antioxidant systems in plants – the ascorbate-glu-
tathione or Halliwell-Asada cycle. In this cycle,
ascorbate and glutathione act as reducing substrates
for scavenging of H2O2, and are ultimately recycled
at the expense of ATP and NAD(P)H (Noctor and
Foyer, 1998). The ascorbate-glutathione cycle plays
a critical role in chloroplast redox protection. These
organelles are devoid of catalases and are a major
source of superoxide and H2O2 as a consequence of
the highly energetic reactions that take place there
during photosynthetic activity. A series of reports
have convincingly demonstrated the activity of
ascorbate-glutathione cycle enzymes in the mito-

chondria of plant cells, confirming that this cycle
also plays an important role in protecting this
organelle against the harmful effects of the ROS that
are regularly produced in respiratory chain reac-
tions (Mittova et al., 2004a). 

The signals that initiate APX2 expression in
light-stressed leaves are redox changes in PET,
probably through the plastoquinone pool at an early
stage of stress (Yabuta et al., 2004), H2O2 accumu-
lation derived from the Mehler reaction, and tran-
sient changes in leaf water status (Karpinski et al.,
1999; Fryer et al., 2003). The relationship between
induction of APX2 expression and leaf water status
has been suggested to be mediated by abscisic acid
(Fryer et al., 2003), which is not required for
wound-induced APX2 induction. It is also suggested
that wound-signalling pathways in Arabidopsis might
share common mediators with excess light-signalling
pathways. Thus, in wounded leaves under light there
is increased diversion of photosynthetic electron flux
to O2 in the vascular regions, leading to redox changes
in PET and increased production of H2O2, which in
turn triggers induction of APX2 expression. The high-
est levels of APX2 expression were always observed in
leaves subjected to both wounding and excess light.
Moreover, wounded leaves treated with the photosyn-
thetic inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethyl-
urea (DCMU) showed no induction of APX2 expres-
sion (Chang et al., 2004). It has been suggested that
the specific expression of APX2 in bundle sheath cells
may be part of the systemic signalling system that
facilitates acclimation of plants to challenges such as
excess light or wounding (Karpinski et al., 1999,
Fryer et al., 2003).

Another important APX isozyme alleviating pho-
tooxidative damage is thylakoid APX. It was report-
ed that antisense reduction of tAPX in Arabidopsis
enhances paraquat-induced photooxidative stress;
this conforms with the results observed in tobacco
and in Arabidopsis, where tAPX overexpression
increased tolerance to paraquat, an O2

--generating
herbicide (Yabuta et al., 2002; Danna et al., 2003;
Murgia et al., 2004). Double antisense transgenic
tobacco plants lacking cAPX and catalase are less
susceptible to oxidative stress than wild type plants;
such improved resistance correlates with reduced
photosynthetic activity (Rizhsky et al., 2002).

Antisense reduction of tAPX also enhances
nitric oxide-induced cell death, suggesting that tAPX
enzyme participates in regulation of H2O2 levels
involved in cell death triggered by NO. Arabidopsis
tAPX transgenic lines are phenotypically indistin-
guishable from wild plants (Tarantino et al., 2005),
unlike their tobacco counterparts (Yabuta et al.,
2002). In tobacco, a single gene codes for both tAPX
and sAPX by alternative splicing (Shigeoka et al.,
2002), so it cannot be excluded that tAPX antisens-
ing also antisensed sAPX, drastically reducing over-
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all chloroplastic APX content (Tarantino et al.,
2005).

ROS are early messenger molecules in sig-
nalling pathways under different stress conditions
(Pellinen et al., 2002; Vranova et al., 2002; Mori and
Schroeder., 2004; Shin and Schachtman, 2004;
Hung et al., 2005), leading to initiation of protective
mechanisms such as antioxidative systems aimed at
saving the cell from demise or otherwise triggering
the impairment of the cellular redox balance and
acting as a factor in PCD. Vacca et al. (2004) studied
the process of PCD initiation and alteration of cell
metabolism. They observed that induction of PCD
resulted in gradual oxidation of endogenous ascor-
bate and decreased both the amount and specific
activity of cytosolic APX. Cells were exposed to 10
min heat shock (55°C), leading to PCD and com-
plete loss of viability within 72 h. Immediately after
heat shock, the amount of cAPX protein in the cells
was about half that in control cells. After 6 h, cAPX
expression clearly decreased and was negligible
after 24 h. It was also shown that changes of the
kinetic properties of cAPX in PCD cells are a non-
competitive type of inhibition; that is, they do not
involve the active site of the enzyme. cAPX activity
in the cells dropped more than 40% immediately
after heat shock. At 6 h the reduction reached 80%,
after which activity remained constant (Vacca et al.,
2004).

Besides inhibiting tAPX, PCD induced by simul-
taneous production of H2O2 and NO (Murgia et al.,
2004; Tarantino et al., 2005) also down-regulates
cAPX (de Pinto et al., 2002).

SUMMARY

APX induction is one element of the response to the
oxidative stress caused in plants by unfavorable
external conditions such as drought, high intensity
illumination, chilling, salt stress or heat shock. 

Ascorbate peroxidases also play an important
role in controlling the concentration of oxygen radi-
cals that participate in signal transduction in many
naturally occurring physiological processes in the
cell. The function of APXs does not have to be limit-
ed to antioxidative protection, but may be more
extensive; there may be some connection between
APX induction and regulation of metabolism. 

Ascorbate peroxidases are enzymes that help to
maintain nontoxic levels of hydrogen peroxide in
cells or control the signal flux. The large number of
APX-encoding genes in plants, differences in the reg-
ulation of each member of this family, and the pres-
ence of their proteins in different subcellular com-
partments, also highlight the value of the specificity
of response and the complexity of the antioxidant
system in plants.

Knowledge of the functional role of changes in
APX expression is still insufficient. Future experi-
ments may more precisely clarify the role of APXs
in cells.
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