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Summary

During the last few years an increasing number of physiological processes in plants
have been shown to be regulated by NO. NO plays important roles in growth and
development, plant disease resistance, abiotic stress, and in above and underground
plant organs. In recent years several enzymatic pathways and few non-enzymatic
pathways were proposed for nitric oxide production in plants The major goal of this
work was to quantify NO production by plants and especialy by roots, and to identify
the enzymes responsible for NO production. As a mgjor method, NO poduction by
roots was followed through on-line measurement of NO emission into the gas phase by
chemiluminescence (= direct chemiluminescence), and aso by indirect
chemiluminescence where trace amounts of oxidized products like NO,™ and NO3™ can
be easily measured. Plants used were tobacco wild-type (N. tabacum cv Xanthi or cv
Gatersleben), NR-free mutants grown on ammonium in order to prevent NR induction,
plants grown on tungstate to inhibit synthesis of functional MoCo-enzymes, and a NO-
overproducing nitrite reductase (NiR)-deficient transformant as well as barley, rice and
pea. Induction of a hypersensitive response HR) in tobacco leaves was achieved by
using avirulent Pseudomonas syringae pv phaseolicola.

At oxygen concentrations of <1%, even completely nitrate reductase (NR)-free root
tissues reduced added nitrite to NO, indicating that in roots, NR was not the only source
for nitrite-dependent NO formation. By contrast, NR-free leaf slices were not able to
reduce nitrite to NO. Root NO formation was blocked by inhibitors of mitochondrial
electron transport (Myxothiazol

and SHAM), whereas NO formation by NR containing leaf dlices was insensitive to the
inhibitors. Consistent with that, mitochondria purified from roots, but not those from

leaves, reduced nitrite to NO at the expense of NADH. The inhibitor studies suggest



that, in root mitochondria, both terminal oxidases participate in NO formation, and they
also suggest that even in NR-containing roots, a large part of the reduction of nitrite to
NO was catalysed by mitochondria, and less by NR. The differential capacity of root
and leaf mitochondria to reduce nitrite to NO appears to be common among higher
plants, since it was observed with Arabidopsis, barley, pea, and tobacco. Nitrite and
NADH consumption by mitochondria were also measured. Anaerobic, nitrite-dependent
NO emission was exclusvely associated with the membrane fraction, without

participation of matrix components.

It was also examined whether root mitochondria and mitochondrial membranes produce
nitric oxide (NO) exclusively by reduction of nitrite or also via a nitric oxide synthase
(NOS),- and to what extent direct NO measurements could be fasified by NO
oxidation. In addition to chemiluminescence, Diaminofluoresceins (DAF) were used as
an NO indicators for comparison. In air, mitochondria apparently produced no nitrite-
dependent NO, and no NOS activity was detected by direct or indirect
chemiluminescence. In contrast, with DAF-2 and DAR-4M an L-arginine-dependent
fluorescence increase took place. However, the response of this apparent NOS activity
to inhibitors, substrates and cofactors was untypical when compared with commercial
INOS and is considered an artefact. With iNOS, aout 2/3 of the NO were oxidized to
(nitrite + nitrate). Mitochondria also appear to consume NO without increasing
oxidation to (nitrite+ nitrate). We therefore assume formation of NO to a volatile
intermediate (eventually N,Os).

It was recently shown that the hypersensitive response (HR) of tobacco triggered by the
fungal elicitor cryptogein occurred independent of the presence or absence of nitrate
reductase (NR). One conclusion was that NR-dependent NO formation played no rolein

the HR. Here we present evidence that the described scenario may be specific for
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cryptogein. Pseudomonas syringae pv. phaseolicola was infiltrated into tobacco leaves
from WT plant and from the NiR-deficient NO-overproducing clone 271, grown either
on nitrate or ammonium. Lesion development as well as bacterial growth and sugar
concentrations in leaves and in the leaf apoplast was monitored. Lesion development
was positively and bacterial growth was negatively correlated with nitrate nutrition and
eventualy with NO formation. Bacterial growth was positively correlated with
ammonium nutrition and apoplastic sugar concentrations. Total (free and conjugated)
SA content were always drastically increased by bacterial infection, but there was no
clear correlation with NO production. In the presence of cryptogein, Pseudomonas
growth was drastically reduced. This shows that the assumed interdependence of

bacterial growth, NO production and the HR is complex and not unifactorial.
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Zusammenfassung

Die Zahl der physiologischen Prozesse in Pflanzen, die scheinbar durch NO reguliert
werden, hat in den letzten Jahren stark zugenommen. NO Ubernimmt wichtige Rollen
far die Steuerung von Wachstum und Entwicklung, fur die Pathogenresistenz und bel
abiotischem Stress, sowohl in unterirdischen as auch in oberirdischen Organen. In
Pflanzen wurden bisher eine Reihe verschiedener enzymatischer und einige wenige
nichtenzymatische Synthesewege fur NO vorgeschlagen. Das Hauptziel dieser Arbeit
bestand nun darin, die NO Produktion von Pflanzen und speziell von Wurzeln
moglichst quantitativ zu erfassen und die betelligten Enzyme zu identifizieren. Dieses
Ziel sollte vor allem durch Chemilumineszenz-Messung von NO in der Gasphase (=
direkte Chemilumineszenz) ereicht werden, aber auch durch die indirekte
Chemilumineszenz, bel welcher Spuren von NO-Oxidationsprodukten wie Nitrat und
Nitrit erfasst werden. Als Versuchspflanzen wurden verwendet: Wildtypen von
Nicotiana tabacum cv. Xanthi oder cv. Gaterseben; Nitratreduktase-freie, auf
Ammonium-N angezogene Mutanten, die keine Nitratreduktase (NR) induzieren; WT
Pflanzen, die auf Wolframat angezogen wurden um die Synthese funktionaler MoCo-
Enzyme zu unterbinden; eine NO-Uberproduzierende, Nitritreduktase (NiR)-freie
Transformante, sowie gelegentlich Gerste, Reis und Erbsen. Eine hypersensitive
Reaktion (HR) von Tabak wurde erzeugt durch Druckinfiltration von avirulenten
Bakterien des Stammes Pseudomonas syringae pv. phaseolicola.

Bel Sauerstoffkonzentrationen =1% wurde exogenes Nitrit auch von vollig NR-freien
Wurzeln zu NO reduziert. Folglich war NR nicht die einzige NO-Quelle von Wurzeln.
Im Gegensatz dazu waren NR-freie Blattstreifen nicht in der Lage, Nitrit zu NO
umzusetzen. Die NO-Bildung von Wurzeln wurde auf3erdem durch Hemmstoffe des

mitochondrialen Elektronentransportes, Myxothiazol und Salicylhydroxamsaure
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(SHAM) gehemmt, wahrend die NO-Produktion von NR-exprimierenden Blattstreifen
gegen diese Inhibitoren unempfindlich war. Damit stimmte auch Uberein, dass
gereinigte Mitochondrien aus Wurzeln, aber nicht die aus Blattern Nitrit mit Hilfe von
NADH zu NO reduzieren konnten. Die Inhibitor-Wirkung lésst darauf schlief3en, dassin
Wurzelmitochondrien beide terminalen Oxidasen and der NO-Bildung beteiligt sind,
und dass selbst in NR- haltigen Wurzeln ein grof3er Teil der Reduktion von Nitrit zu NO
durch die Mitochondrien bewerkstelligt wird, und weniger durch NR selbst. Die
Unterschiedliche Fahigkeit von Blatt-und Wurzelmitochondrien zur anaeroben
Nitrit:NO-Reduktion wurde nicht nur bei Tabak, sondern auch bei Arabidopsis, Gerste
und Erbse gefunden. Sie scheint also eine generelle Eigenschaft hoherer Pflanzen zu
sein. Die Nitrit:NO Reduktion wurden auch direkt als Nitrit- bzw. NADH-Verbrauch
gemessen. Die Reaktion war auferdem exklusiv mit der Membranfraktion der
Mitochondrien assoziert, ohne jede Beteiligung von Matrixkomponenten.

Es wurde auch geprift, ob Wurzelmitochondrien und- gereinigte Membranen NO
ausschliefdlich aus Nitrit produzierten, oder eventuell auch Uber eine NO-Synthase
(NOS). AuRRerdem wurde untersucht, ob und in welchem Umfang die NO-Messungen
durch eine NO-Oxidation verfalscht werden konnten.

Zusdatzlich  zur  Chemilumineszenz  wurden Fluoreszenzmessungen mit
Diaminofluoreszeinen (DAF) zum Vergleich herangezogen. In Luft produzierten
Mitochondrien ja kein Nitrit-abhangiges NO, und eine NOS-Aktivitét konnte weder
durch direkte noch durch indirekte Chemilumineszenz nachgewiesen werden. Mit DAF-
2 oder DAR-4M wurde jedoch ene L-Arginin-abhangige Fluoreszenzerhthung
beobachtet. Diese scheinbare NOS-Aktivitat wurde mit kommerzieller iNOS verglichen
und zeigte dabei sehr untypische Antworten auf NOS-Inhibitoren, Substrate und
Kofaktoren. Sie wird deshalb als Artefakt beurteilt. Bel Verwendung von iNOS wurden

ca. 2/3 des insgesamt produzierten NO zu (Nitrit+Nitrat) oxidiert. Mitochondrien
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scheinen NO zu verbrauchen, ohne jedoch die Oxidation von NO zu (Nitrit+Nitrat) zu
erhéhen. Vermutlich wird dabei ein fllchtiges Intermediat gebildet (eventuell N2Os).

In unserer Gruppe wurde kirzlich gezeigt, dass der pilzliche Elicitor Cryptogein eine
hypersensitive Reaktion (HR) bei Tabak hervorrief, die vollig unabhangig von der
Gegenwart oder Abwesenheit von NR war. Eine Schlussfolgerung daraus war, dass die
NR-abhéngige NO-Bildung fir die HR keine Rolle spielte. Hier présentieren wir
Hinweise darauf, dass dieses Szenario Cryptogei n-spezifisch sein konnte. Pseudomonas
syringae pv phaseolicola wurde in Tabakblatter des Wildtyps und derNiR-defizienten,
NO-Uberproduzierenden Mutante (clone 271) infiltriert, die entweder auf Ammonium
oder auf Nitrat angezogen waren. Es wurde die Entwicklung der L&sionen, das
Bakterienwachstum und die Zuckerkonzentrationen in den Blétern und im
Blattapoplasten verfolgt. Die LasionenEntwicklung war positiv, und das
Bakterienwachstum negativ korreliert mit der Nitrat-Erndhrung und einer eventuellen
NO-Produktion. Das Bakterienwachstum war positiv korreliert mit einer Ammonium-
Ernghrung und mit apoplastischen Zuckerkonzentrationen. Der Gesamtgehalt an freier +
konjugierter Salicylsdure (SA) war durch bakterielle Infektion immer drastisch
gesteigert, aber ohne klare Korrelation mit einer NO-Produktion. In Gegenwart von
Cryptogein war das Wachstum von Pseudomonas fast vollig gehemmt. Diese
Beobachtungen deuten darauf hin, dass die vermutete gegenseitige Abhéngigkeit von
Bakterienwachstum, NO-Produktion und der HR sehr komplex ist und nicht auf

einfache unifaktorielle Beziehungen reduziert werden kann.
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A Introduction:

It has long been known that the signal molecule acetylcholine dilates blood vessels
blood in vertribrates. In most cases, dilation of the vessels is caused by relaxation of the
muscle cells. In 1980 Furchgott discovered that an unknown substance formed in the
endothelium was abel to relax the smooth muscle cells and he named it as EDRF
(endothelium-derived relaxing factor). Murad found that nitro-glycerine activates
guanyl cyclase (GC), which produces cyclic GMP and relaxes muscle fibers. This
finding then raised the question of whether nitro- glycerine was contaminated with traces
of NO. Bubbling NO gas through smooth muscle cells activated GC (Arnold et al.,
1977) thus it was hypothesized that hormones may influence smooth muscles via NO.
Few years ater Ignarro showed that NO behaves exactly like EDRF (Iganarro 1989).
Intensive research on NO biological functions followed worldwide. NO subsequently
has been identified as a critical signal molecule in maintaining blood pressure in the
cardiovascular system, stimulating host defenses in the immune system, regulating
neural transmission in brain, regulating gene expression, platelet aggregation, learning
memory, male sexua function, cytotoxicity and cytoprotection or development of

arteriosclerosis (For review see Lamattina et al., 2003).

In 1992, NO was named “Molecule of the Year” because of it’s wide spread biological
significance and 1998, Furchgott, Murad and Ignarro were awarded the noble prize in
physiology and nedicine. Twenty years back NO studies in plant systems focused on
the phytotoxic properties of the oxides of nitrogen (NO,, N>Os, NO;, and NO3’) and
their effect upon vegetation. (Rowland et al., 1985). Considerable amounts of NO and
N-O are produced naturally from non polluted terrestrial ecosystems, which represent a
major contribution to the natural destruction of the ozone layer (Kramlich and Linak,

1994). Ozone is produced on the surface of erth through photochemical processes
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involving oxides of nitrogen and as an air pollutant, it increases respiratory and
oxidative damage in crop plants (Fehsenfeld et al., 1993). In 1990 Welburn raised the
guestion of why atmospheric oxides of nitrogen are phytotoxic and not alternative
fertilizers (Wellburn, 1990). At the same time several reports showed that nitrogen

gases were able to stimulate seed germination (Grubusic et al., 1990, 1992)

In the last decade, the number of publications on NO in plants rose dramaticaly,
showing that the small molecule had large effectson physiological functions ranging
from stomatal closure to defense responses. Understanding how NO is produced,

perceived and transduced has till is one of the major challenges in plant biology.

4. Chemistry of NO:

NO is an inorganic free radical gaseous molecule. Neutral NO has single electron in its
2p—p antibonding orbital and the removal of this electron forms NO®, while the addition
of one more electron to NO forms NO™ (Stamler et al., 1992). Thus the broader
chemistry of NO involves a redox array of species with distinctive properties and
reactivities: NO" (nitrosonium), NO™ (nitroxyl anion), and NO (NO radical)

i) NO*(nitrosonium). This species seems to be involved in the formation of a variety of
nitroso-compounds that are generated effectively under neutral physiological conditions
(Stamler et al., 1992).

i) NO™ (nitroxyl anion). SNitrosothiols are believed to be a minor product of the
reaction of NO™ with disulfides (Stamler et al., 1992).

iii) NO (NO radical). From a biological point of view the important reactions of NO are
those with O, and its various redox forms and with transition metal ions.

The physical half life of nitric oxide ranges from seconds to hours strongly depending
on the initial concentration. The potential reactions of NO are numerous and depend on

many different factors. The site and source of production, as well as concentration of
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NO collectively determines whether NO €licits direct or indirect effects. To fully
understand the complexity of biologica effects of NO the first thing has to be
considered is that plant tissues are in contact with both external (atmospheric NO and

soil NO) and internally generated NO.

5. Atmospheric NO:

The amosphere contains substantial amounts of NO. Atmospheric NO is a mgjor green
house pollutant, produced as a result of combustion of fossil fuels. The total emission
rate of NOy (NO,, NOs) in to the atmosphere is about 260 x10° kglyear, from
combustion of fossil fuels and non anthropogenic process like lightening and biological
processes (Elstner and Of3wald, 1998). The mechanism for formation of NOx from N,
and O, during combustion starts by the formation of both O and N atoms at very high
combustion temperatures (Manahan, 1994) or as indicated by reactions 1 and 2, where
M is a highly energetic third body that imparts enough energy to the molecular N, and
O, to break their chemical bonds. Once formed, O and N atoms participate in a chain
reaction for the formation of NO:

0, +M? O+O+M (1)

N, +M? N+ N+M, (2)
Some authors observed in different ecosystems that a post-fire growth and abundance of
seedlings was greater in burned areas. However, the effect of the ash generated during
fires was not proven under controlled experimental conditions (Thanos and Georghioy,
1988). The smoke evolved during wildfires is the most important chemica stimulus for
germination of the “fire-type” species (Brown and Van Staden 1997). De Lange and
Boucher (1990) were the first to report that plant-derived smoke stimulates seed
germination but smoke-stimulated germination has been reported for many fire- and non

fire-dependent species. The smoke appears to be an almost universal signal to seeds.
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Interestingly, this effect could be mimicked by exogenous application of NO (Leshem,
1996; Gouvea et al., 1997), and explained by the fact that NOx species are active
components of smoke (Giba et al., 1999). However, atmospheric NO can affect plants;

the exposure to 10 ppm of NO causes areversible decrease in the rate of photosynthesis.

3. Biological sources of NO:

3.1NOin soil:

Soils are an important source of NO and contribute to almost 20% of the global
atmospheric NO budget (Conrad, 1995). The emission depends on soil levels of NH;"
and NOs ions (Tornton and Valente, 1996). Microbially derived N>O and NO are
products of denitrification, nitrification, and reduction of NOs~ to NH," (Colliver and
Stephenson, 2000; Zumft, 1997). Prokaryotic respiratory NO, reductases (NiRs) are
able to catalyze the one-electron reduction of NO,™ into NO during denitrification
(Zumft, 1997). A significant increase in NO and NbO emission from soils has been
detected in soils amended with biological and inorganic fertilizers compared with non
fertilized soils (Bremner, 1997; Paul et al., 1993). Soil borne NO is similar in
magnitude to fossil fuel emissions of NO (Davidson and Kingerlee, 1997). Effects of
soil- borne NO on plants are largely unknown but it was proposed that NO derived from
nitrogen fertilization could be responsible for the health of nitrogenfertilized plants
(Lamattina et al., 2003).

3.2 Sourcesof NO in plants

3.2.1 Non enzymatic synthesis of NO: Non enzymatic synthesis of NO from NO,
requires low pH and could be of considerable importance since significant amounts of
NO," can be found in acidic plant tissues (Caro, 1999). The non enzymatic reduction of

NO, to NO at acidic pH values occurs in the presence of reductants such as ascorbic
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acid and glutathione (Bethke et al., 2004), or from protonated NO", as proposed by
Yamasaki et al., (1999)

2HNO2? NO + NOz +H;0O

It has been reported that barley aleurone layers produce NO when NO, ~ is added,
probably via a non-enzymatic reduction in the acidic apoplast (Bethke et al., 2004).
NO, ~ entering the grain from the soil solution or released by the embryo ais, the
scutellum, or the aleurone layer to the apoplast/endosperm cavity would result in an NO
production that could be sensed by the other tissues (Bethke et al., 2004). Soils contain
NO, ~ in a concentration that can be greater than several hundred micromolar. However,
values of 10-50 pM are more common in agricultural soils (Stevens et al., 1998).
Adequate conditions for nonenzymatic NO, ~ reduction exist in the apoplast and have
been invoked to explain NO; ~ effects on germinating seeds (Giba et al., 1998; Beligni
and Lamattina, 2000; Bethke et al., 2004).

Light-mediated conversion of nitrogen dioxide to NO can be catalysed by carotenoids
although this requires an acid pH and will only occur in selected compartments in the
cells (Cooney et al., 1994). The formation of nitrosating agents from the reaction of
carotenoids with NO, suggests that their ability to prevent nitrosative damage associated
with NO, exposure in plants may be limited in the absence of light.

3.2.2 Nitratereductase:

About 20 years ago, soybean leaves were reported to emit NO in vivo (Harper, 1981).
Using nitrate reductase-deficient mutants of soybean, Dean & Harper (1986) found that
such plants did not evolve NO, unlike wild type plants, indicating NR isa likely enzyme
candidate for NO production. These workers aready isolated and characterised the
soybean NR activity, showing that it was NAD(P)H-dependent, had a pH optimum of

6.75, and was cyanide sensitive (Dean & Harper, 1988).
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Nitrate reductase is a key enzyme of nitrate assimilation in higher plants (Pattanayak &
Chatterjee, 1998; Lea, 1999), often catalysing the rate-limiting step. It uses NAD(P)H
as an electron source for the conversion of nitrate to nitrite (Lea, 1999). NR also has the
capacity to generate NO, an activity that has been demonstrated in vitro (Dean & Harper
1986) and in vivo (Rockel et al., 2002). The enzyme generates NO from nitrite, again
with NAD(P)H as an electron donor (Kaiser et al., 2002). NO is probably generated
using MoCo (molybdenum cofactor) as the site of catalysis, as found in another MoCo
NO-producing enzyme, xanthine oxidoreductase (Harrison, 2002). However, in vitro,
the NO gererating capacity of NR could only account for a small part (< 1%) of the
total NR activity extracted (Rockel et al., 2002). The K, for nitrite has been found to be
approximately 100 um, a concentration higher than the endogenous nitrite concentration
estimated in illuminated spinach leaves (10 uM), and the activity was competitively
inhibited by nitrate Ki ~50 uM). For example, the infusion of nitrate through leaf
petioles decreased NO generation. Therefore, the rate of NR-generated NO in vivo will
be dependent on the intracellular concentrations of both these compounds, as well ason
the enzymatic turnover rate of the enzyme itself (Rockel et al., 2002). Intracellular
nitrite has been estimated to be between 10 uM and 4.8 mM in spinach (Rockel et al.,
2002), while nitrate concentrations have be reported to be in the millimolar range
(Miller & Smith, 1996). Using nitrite reductase (NiR) antisense tobacco, Morot-Gaudry
et al., (2002) showed that elevated endogenous nitrite levels caused dramatic rise in NO

release, indicating aclose link between nitrite and NO.

In higher plants NR is usualy found as homodimer, with subunits of 100-115 kDa,
depending on the species studied, although in some species it is tetrameric. The spinach
NR has 926 amino acids, while others may be a little smaller, the bean NR being 881

amino acids (Hoff et al., 1994). Its catalytic action requires electron transfer, a process
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that involves three prosthetic groups, FAD, haem and MoCo. Kinetic analysis revea ed
that no single step in the electron transfer was rate-limiting Skipper et al., 2001).
Interestingly, the topology of the protein reveals three structural domains, one for each
prosthetic group, separated by hinge regions that are susceptible to proteolytic cleavage.
Towards the N-terminus is the MoCo domain, similar to mammalian sulphite oxidase,
with the haem binding region, involving histidine residues and showing similarities to
cytochrome by, lying in a central domain. The FAD binding site is found in the third
domain, towards the Gterminal end of the polypeptide, and this domain is similar to
cytochrome bs reductase (Campbell, 1996). Thus, like NOS, NR is composed of

domains which when cleaved from the holoenzyme have autonomous partial activity.

Expression of the NR genes is light-dependent, following a diurnal pattern, and it is
nitrate-inducible (Hoff et al., 1994). Light appears not only to induce the transcription
of NR genes, but also to influence the protein itself, either through control of
translation, or by influencing the stability of the protein once synthesised (Vincentz &

Caboche, 1991).

Control of NR activity is via covalent modification, involving phosphorylation and
dephosphorylation (Fig 1). NR is rapidly inactivated by phosphorylation following a
light to dark transition, the site of phosphorylation being serine-543 (in spinach), an
amino acid conserved in NR sequences of higher plants (Rouze & Caboche, 1992; Hoff
et al., 1994; Bachmann et al., 1996a). Phosphorylation may be Ca’*- dependent
(Bachmann et al., 1996a, b; Huber et al., 1996). The NR phosphoprotein is recognised
by a NR inhibitory protein (NIP), a member of the 14-3-3 family of controlling
polypeptides (Bachmann et al., 1996b; Moorhead et al., 1996; Kaiser & Huber, 2001).
Binding of NIP P-NR inactivates NR. The rate of NR degradation is also thought to be

dependent on its phosphorylation state and association with the 14-3-3 protein (Fig 1)
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Experimentally, the activity of NR has beenalso modulated by the addition of tungstate.
Certainly, pretreatment with tungstate reduces the subsequent NR activity in cells.
Tungstate serves as a molybdenum analogue, and the reduction in NR activity in plants
is caused by the synthesis of an inactive tungstoprotein (Notton & Hewitt, 1971a). In
fact, mMRNA levels encoding NR, and levels of NR protein, are increased on tungstate
treatment, although activity is diminished (Deng et al., 1989). No direct inhibition of
NR by tungstate has been reported. Clearly, it will be important to assess the effects of
tungstate on NR activity, both in vitro and in vivo. NR can aso be inhibited by cyanide
(Notton & Hewitt, 1971b) or azide (Yamasaki & Sakihama, 2000), but this has limited
experimental value as CN™ known to inhibit many other enzymes, for example

cytochrome oxidases.

Undoubtedly, the identification of plants lacking NR activity, or at least with severely
depleted activity, will aid greatly in the identification of the role of NR in plants — for
example, the nial, nia2 Arabidopsis mutant, in which both NR genes are mutated

(Wilkinson & Crawford, 1993).

As might be expected, NR activity in spinach leaves was reduced by the addition of
phosphatase inhibitors (Rockel et al., 2002). NR activity was also increased by the
addition of uncouplers, while inactive NR was activated by rises in 5SAMP (Kaiser
et al., 1999). Along with anoxia, both 5AMP and uncouplers led to a rise in nitrite
concentration in the cells, and a rise in NO generation (Rockel et al., 2002). Similar
observations, showing the modulation of NR activity by 5AMP, have also been made in

cucumber (De laHaba et al., 2001).
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