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ABSTRACT

Programmed cell death (PCD) is an integrated cellular process occurring in plant
growth, development, and defense responses to facilitate normal growth and develop-
ment and better survival against various stresses as a whole. As universal toxic chemicals
in plant and animal cells, reactive oxygen or nitrogen species (ROS or RNS), mainly
superoxide anion (O,*), hydrogen peroxide (H,O,) or nitric oxide (*NO), have been
studied extensively for their roles in PCD induction. Physiological and genetic studies
have convincingly shown their essential roles. However, the details and mechanisms by
which ROS and *NO interplay and induce PCD are not well understood. Our recent
study on Cupressus lusitanica culture cell death revealed the elicitor-induced co-accumu-
lation of ROS and *NO and interactions between *NO and H202 or O2-* in different
ways to regulate cell death. *NO and H,O, reciprocally enhanced the production of
each other whereas *NO and O, showed reciprocal suppression on each other’s
production. It was the interaction between *NO and O2-* but not between *NO and
H202 that induced PCD, probably through peroxynitrite (ONOO"). In this addendum,
some unsolved issues in the study were discussed based on recent studies on the complex
network of ROS and *NO leading to PCD in animals and plants.

INTRODUCTION

Biosynthesis of B-thujaplicin is of great interest not only because of its novel structure
but also for its multiple biological activities and an increasing demand in market.! Fungal
elicitor -induced B-thujaplicin production by Cupressus lusitanica cell culture results from
several signaling mechanisms, while the elicitor-induced hypersensitive cell death was
mediated in part by elicitor-induced O, but not H,0,.2? It was found that ‘NO was
generated upon elicitor treatment in parallel with O, and H,O, accumulation, and "NO
donors also induced a pronounced C. lusitanica cell death. Using biosynthetic enzyme
inhibitors or scavengers, we showed that "NO and O, production was necessary for O,
or *NO induction of cell death, respectively. Measuring H,0,, "NO and 0, production
in various treatments indicated that H,O, and "NO reciprocally stimulated the produc-
tion of each other, whereas "NO and O, suppressed the accumulation of each other.
Since *NO readily reacts with O, and generate a more potent oxidant ONOO", which
plays pivotal roles in animal cells under oxidative and nitrosative stress, we proposed that
‘NO and O, induced cell death mainly through their interaction product ONOO".

ROS-OR RNS-INDUCED CELL DEATH IS MORE LIKELY MEDIATED BY INTERACTION
BETWEEN ROS AND RNS

Early physiological studies have shown many controversial results about if ROS and
"NO, either O, or H,0, or "NO, is necessary or sufficient to induce plant cell death.*”
Genetic evidence has proved that elevated 0o,, singlet oxygen, or H,0, levels are able to
induce cell death under certain conditions. Arabidopsis mutants /41 and rcd! produce
more O, and thus undergo a PCD spontaneously.®? A flu mutant generates singlelet
oxygen ("O,) upon a dark-to-light shift and initiates a cell death.!? Transgenic plants defi-
cient in H,O,-scavenging enzymes such as ascorbate peroxidase (APX) and catalase have
elevated ROS levels, and therefore are more susceptible to "NO treatment by showing a
more dramatically augmented cell death than wild-type plants.!!"!? These data suggest that
elevated ROS levels in these plants are necessary for cell death induction. However, it may
be too early to conclude that these ROS alone are sufficient to induce PCD since whether
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*NO is involved in initiating cell death by
ROS in these plants was not tested. On the
other hand, it has been shown that "NO
requires the well-balanced H,O, levels to
induce plant cell death. 45 Tt is more likely
that ROS and *NO interactions undergoing
in these plants might be the real causes for
cell death.

Many studies involved the use of exog-
enous "NO donors, high dose of H,0, or
O, generation systems. In fact, application
of *NO donors to cells can induce ROS
production,'>!% *NO donor-induced cell
death thus can be attributable to interac-
tions between *NO and ROS. Similarly,
treatment with H ,0, or O, generation
system may also evoke *NO generation.!>10
ROS-induced cell death thus may not be
solely caused by H,O, or O,™, but involve
*NO. The advanced studies on animal
cells already convincingly demonstrate that
NO-induced cell death largely attribute to
its interaction with O, and the interac-
tion product ONOO, although the early
study on animals showed that *"NO hasten
apoptosis in macrophages, thymocytes, and
tumor cells.!4 However, there is a few data
available for O,™ interaction with "NO
and ONOO" production and function in
plant. The lack of convenient and accurate
tools to precisely capture and measure
ONOO and other ROS-RNS interaction
chain products may partly contribute to
this situation. Several early experiments
indicated the inhibition of O, on "NO
production and vise versa.!”>!® We clearly
demonstrated such interaction in plant
cells and their correlations with cell death.
Yet some important questions remain to be
solved: what’s role of transit metal Fe?* in
culture medium for ROS and *NO interac-
tion; how H,O,, O, and *NO affect each
other’s accumulatlon at enzyme levels; how
much ONOO" generated for cell death
induction or anti-lipid peroxidation; what
are downstream targets of ROS and "NO
interactions and intermediates for cell death
induction. All these issues are critical for

understanding ROS and "NO signaling leading to PCD. Recent

progress from animal and plant studies has provided many clues for

addressing these questions.!*19

POSTTRANSLATIONAL MODIFICATIONS OF PROTEINS BY RNS
AND ROS ARE IMPORTANT MECHANISMS OF CELL DEATH
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Figure 1. Schematic of reactive nitrogen and oxygen species interaction network in pathogen- or
elicitorinduced cell death. Avirulent pathogen attack or elicitor treatment induces signal transduction
leading to reactive oxygen species (ROS), O, and H,O,, production, mainly by NADPH oxidase or
apolplastic peroxidase, and NO production mainly by membrane-bond nitrate reductase or nitric oxide
synthase (NOS). O, is also generated in the mitochondria through electron respiration chain leakage
and *NO is generated there by AINOS1. *NO can be released from S-nitrosoglutathione (GSNO) by
S-nitrosoglutathione reductase (GSNOR) or methemoglobin through reversible reaction with glutathione
(GSH) or hemoglobin. *NO and O, rapidly react and produce peroxynitrite (ONOO'), O,* is dismuted
spontaneously or by SOD into H,O,. *NO, ONOO, O,* and H,O, or their inferaction products
such as S-nitrosoglutathione (GSNO)- mediated posttranslational modifications of proteins (reaction
with metalloproteins, tyrosine nitraton or S-nitrosylation) play essential roles in *NO- and ROS-induced
cell death. The modifications may inhibit cytochrome C oxidase (Cyt C oxidase) or activate guanylate
cyclase (GC), mitogen-activated protein kinase (MAPK) and caspase or caspase-like proteases, and
then activate mitochondria dysfunction pathway leading to PCD. While direct interactions of ROS and
reactive nitrogen species (RNS) with each other as well as transition metals and lipid free radicals
can form self-propagating chains, with the help of posttranslational modification by *NO or RNS of
ROS-generating or catabolism enzymes such as APX, Mn-SOD, catalase and Cyt C oxidase. Such
overproduction of various toxic free radicals can cause necrotic cell death. On the other hand, *NO- or
RNS reaction products -mediated modifications may be in favor of antioxidant or anti-lipid peroxidation
properties of *NO or RNS reaction products, which can neutralize their toxicities of these reactive free
radicals and thereby protect cells from damaging. Under such situations, most cells will survive in cost
of some cells undergoing PCD. Balances of ROS and RNS production, radical interactions and protein
modifications may determine the fates of involving cells and regulate innate immune defense responses
of plants.

reaction can cause modification of many metalloproteins, who have
metal binding sites at active center. "NO interacts with tobacco
aconitase that catalyze the isomerisation of citrate to isocitrate.?’
In animals, *NO interacted with guanylate cyclase (GC), which
generates cGMP and induces Ca’* fluctuation.”! Soluble GC
directly binds to *NO at heme moiety of N-terminus, followed by
conformational change and activation of enzyme. "NO binds to the
oxidized form cytochrome c oxidase (Cyt C oxidase) at the binuclear

ROS and *NO are readily diffusible short-lived free radicals, thus
can react with a variety of intracellular and extracellular targets,
through which numerous physiological and cellular functions of
them are achieved. *NO interacts with transition metals and this
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heme-copper center as a competitive inhibitor of oxygen binding
and inactivates the enzyme.?! “NO interacts with heme-containing
enzymes catalase and peroxidases and inhibits their activities.!?
This was also confirmed in C. lusitanica cell cultures.
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Thiol modification by ROS such as hydrogen peroxide is
already recognized as a potential signalling mechanism in plants.!®
S-Nitrosylation of cysteine residues in proteins has been well
documented in animals.?? S-nitrosylation of plant proteins is
also regarded as an important regulatory mechanism similar to
that of protein phosphoralytion. S-Nitrosylation of glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH), hemoglobin and Met
adenosyltransferase has been reported; more substrate proteins have
been identified as potentially S-nitrosylated targets in Arabidopsis.?
H,0, also modified and inhibited GAPDH.?*

Tyrosine nitration is mediated by ONOO" and nitrogen dioxide
("NO,) formed as interaction between RNS and ROS or transi-
tion metals. In animals, peroxynitrite mediates the inactivation of
Mn-superoxide dismutase (Mn-SOD) through tyrosine nitration
at Tyr34 into 3-nitrotyrosine.”> This modification also activates
cytochrome c.?® Nitration of Tyr residues in plant proteins has also
been observed in antisense nitrite reductase tobacco?” and following
administration of ONOO" in vitro.* Tyrosine nitration causes
conformation, structure or catalytic activity changes; it also could
block protein phosphorylation, which may be one mechanism for
activation of target proteins.

All *"NO or ROS, or ONOO- mediated protein modifications
can be essential cellular processes for PCD induction, not only by
activation or inactivation of RNS/ROS generating and metabolizing
enzymes but also through direct regulation of signaling and cellular
process of PCD such as Ca?* fluctuation, procaspase-3 activation.??

BALANCES OF ROS AND RNS MAY CONTROL PCD
OR NECROTIC CELL DEATH

ROS and *NO generate under both stress situations and normal
growth conditions, thus ROS and *NO interaction and ONOO™ may
form universally.'®!? Animals and plants developed enzyme-and
non-enzyme-based systems to scavenge excessive ROS and RNS
to keep the balances between generation and depletion of ROS
and RNS, such as Mn-SOD, catalase, APX and glutathione-based
systems.> 1415 S_Nitrosoglutathione (GSNO) from rapid reaction of
*NO and glutathione, or methemoglobin, can be the ways to remove
*NO or as reservoirs or donors of *NO.?8 Peroxiredoxins are likely
involved in reduction of both ROS and peroxynitrite.?? However,
loss of these balances during pathogenesis or abiotic stresses results
in oxidative and nitrosative stresses, where ROS and RNS are over-
produced. A plenty of evidence suggest that balances of RNS (mainly
*NO) and ROS production are important for directing physiological
consequences, either better survival or cell death. 41530 € Jusitanica
culture cells have strong capability to scavenge H,O,, just like other
cell cultures, and thus physiological concentrations of H,O, do
not induce a significant cell death.? High Fe?* in culture medium
induced cell death and strong lipid peroxidation through Fenton
reaction, and also induced B-thujaplicin biosynthesis. However,
glutathione enhanced both H,0, and Fe?*-induced B-biosynthesis
although it reduced lipid peroxidation, which was proposed to
lead to oxylipin signaling for B-thujaplicin induction.? This may
suggest GSNO from *"NO- glutathione played roles in B-thujaplicin
biosynthesis.

*NO-induced H,O, production or H,O,-induced "NO accumu-
lation may not be only due to suppression of catalase and activation
of NADPH oxidase or "NO-generating enzymes, other reasons such
as ROS- and RNS- mediated radical self-propagation mechanisms
also can contribute to the results. Particulatly in C. lusitanica cells,
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interactions between NO and ROS and their interactions with Fe?*
or other free radicals, such as lipid radicals, may formed much more
complicated chain reactions beyond our current understanding.?1-32
RNS, ROS and lipid free radicals often form self-propagated chains
and generate a large number of toxic oxidants, which can cause various
cellular effects from modulations of cell signaling to overwhelming
oxidative injury on lipids, DNA and proteins as well as integrity of
both plasma- or endo-membranes, and eventually commit cells to
necrosis or PCD.¥ On enzyme levels, except affecting catalase and
APX activity, "NO binding to Cyt C oxidase reversibly inhibits its
activity and, as a consequence, increases O, and H,O, produc-
tion.”l ONOO" mediated tryrosine nitration of Mn-SOD inhibit
Mn-SOD activity, which results in over-accumulation of O, and
ONOO".2!

On the other hand, some of the spontaneous and rapid chain reac-
tions of RNS and ROS may scavenge some toxic radicals and protect
cells from oxidative or nitrosative damaging.3! Guo and Crawford
showed that deficiency in "NO production deficiency in AtNOS1
mutant resulted in unbalanced accumulation of ROS.3* In our
study, higher "NO production obviously inhibited lipid peroxida-
tion. This often observed concentration-dependent function changes
may reflect the importance of balance between RNS and ROS and
their interactions.*30 The different fates resulted from these reactive
free radicals also depend on physiological environments that plant
cells are in. Details and mechanisms for these aspects remain to be
elusive.

ROS-RNS INDUCED CELL DEATH INITIATES FROM
DYSFUNCTION OF MITOCHONDRIA

Unlike necrotic cell death caused by excessive phytotoxics, PCD
is a cell death and involves many reversible molecular processes and
cellular machineries. The cellular components for both ROS and
*NO signaling pathways leading to cell death include Ca?* spiking,
Ca?*-binding proteins, protein kinases such as MAPKSs, caspase or
caspase-like proteases, lipid messengers such as phosphatidic acid
and fatty acid hydroperoxides.!?32:33 The apoptosis and necrosis in
animals all are originated from the mitochondria, where ROS and
*NO can be excessively generated during pathogenesis.?> The mito-
chondrial dysfunction such as permeability transition, cytochrome ¢
release and respiration inhibition caused by ROS and RNS stresses,
as well as their interaction results.3%3” Cytochrome c release is neces-
sary for caspase activation that precedes mitochondrial permeability
transition, nuclear condensation, and other hallmarks of apoptosis in
animals.?> Mitochonderia also serve as an essential place for launching
plant cell death because ROS and *NO stresses are amplified in
mitochondria to trigger cytochrome c release through mitochondrial
transition pore opening and morphological changes.3>3” One of the
interesting observations for elicitor-induced PCD in C. lusitanica
cell culture is treachery element differentiation. This xylogenesis
PCD may involve “NO and ROS signaling as reported by others.?®
Further study is required to illustrate this issue.

In conclusion, ROS and *NO coincidently occur within the same
subcellular organelles, such as the mitochondria, in response to biotic
and abiotic stresses, and their levels can be reciprocally controlled or
affected by each other through the direct modification of enzymes
involved in synthesis or catabolism of ‘NO and ROS.* ‘NO
and ROS often show some overlapping and synergistic functions,
particularly in cell death induction through interactions, which are
determined by their reactive natures. The production balances of and
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diverse interactions between ROS and "NO under different physi-
ological environments form a complex signaling cellular network to
determine if plant cells continue to survive or are directed to death.
These redox signaling and complex cellular processes play essen-
tial roles in innate immune response and other defense systems of
plants.
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