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Formation of reactive oxygen species in biological systems 

Formation of reactive oxygen species (ROS) is unavoidable in life in the present 

oxygen-rich environment. All cellular organisms derive energy from electron transfer reactions 

in photosynthetic and/or respiratory membranes which are susceptible to leakage of electrons to 

O2. O2 can be reduced to several forms of ROS, some of which are very reactive towards 

cellular compounds. ROS play a dual role in life. On one hand, ROS are deleterious compounds 

which, when produced uncontrolled, lead to the oxidation of proteins and DNA, and 

consequently to mutations, and to lipid peroxidation (Fridovich, 1978). On the other hand there 

are enzymes deliberately producing ROS, such as the plasma membrane NADPH oxidase 

(Morel et al. 1991). Now it is considered that ROS, unavoidably or deliberately produced, are 

necessary molecules in many cellular responses and that it is crucial to have a balance between 

ROS-producing and detoxifying reactions in the cell (Mittler et al., 2004). 

 

What are reactive oxygen species? 

The term reactive oxygen species is very wide and comprises both radical and non-

radical forms of oxygen which are formed in the course of the reduction of O2 to H2O. 

Hypochlorous acid (OHCl) and peroxynitrite (ONOO-) are also called ROS, as well as singlet 

oxygen (1O2) and ozone (O3). In this work the species resulting from the reduction of O2 are 

discussed. Superoxide (O2
•-) is formed when O2 receives one electron (Eq 1.). O2

•- gets rapidly 

protonated to HO2
• at acidic pH (pK=4.8) which leads to its spontaneous dismutation to 

hydrogen peroxide (H2O2) and O2 (Eq 2.). SOD catalyses this reaction making it efficient also 

at higher pH. There are several enzymes that produce H2O2 as a side product, such as amine 

oxidases and the glycolate oxidase (Cona et al., 2006; Buchanan et al., 2000). Neither O2
•- nor 

H2O2 are very reactive towards cellular components, but they facilitate the formation of the 

extremely reactive hydroxyl radical (•OH). •OH can be formed from H2O2 in the presence of 

reduced transition metals like Fe2+ or Cu+, which is also called the Fenton reaction (Eq. 3.). In 

the Fenton reaction the transition metal is oxidised. Re-reduction of the transition metal can be 

achieved by O2
•- or ascorbate (Eq. 4.).  

O2 + e- → O2
•-         Eq. 1. 

 2O2
•- + 2H+ → H2O2 + O2       Eq. 2. 

 H2O2 + Fe2+/Cu+ → •OH + -OH + Fe3+/Cu2+     Eq. 3. 

 Fe3+/Cu2+ + O2
•-/ascorbate → Fe2+/Cu+ + O2/ascorbate•   Eq.4. 
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The coupled reaction of equations 3. and 4. is called the iron-catalysed Haber-Weiss reaction in 

which the re-reduction of the transition metal by ascorbate or O2
•- facilitates a sustained 

generation of •OH. 

Because •OH is so destructive, its formation is avoided by limiting the amounts of its 

precursors through the action of antioxidative enzymes, such as superoxide dismutase (SOD), 

catalase and peroxidases. Antioxidative enzymes are so efficient that direct 1- and 2-electron 

reactions producing O2
•- and H2O2 are not harmful in normal metabolism. 

 

1.1 ROS production in the plasma membrane. 

 The plasma membrane (PM) is the outermost membrane of the cell and separates the 

cytoplasm from the environment. It controls the traffic of ions and other solutes in and out of 

the cell, senses the exterior, starts signalling cascades in response to environmental stimuli, 

catalyses the formation and deposit of cellulose to the cell wall etc.. Biochemical studies on 

plant PMs have revealed several redox enzymes which are involved in reduction of nitrate, 

iron, iron chelates, monodehydroascorbate, quinones and oxygen (reviewed by Bérczi and 

Møller, 2000; Lüthje, 2008). The identities of the latter activities are presently not well 

understood.  

 PMs contain both NADH- and NADPH-dependent O2
•--producing activities but the 

molecular identity of these activities have remained unsolved. From a genetic point of view, a 

mammalian phagocyte-type NADPH oxidase (NOX) is known to be present. An NADPH-

dependent O2
•--producing enzyme was purified from bean PMs which contained an FMN (Van 

Gestelen et al., 1997; 1998). However, no cytochrome b, characteristic for the NOX, was 

detected in by these authors. Yet NOXs have been detected in the PMs by antibodies that were 

raised against peptides of plant NOX sequences (Keller et al., 1996; Sagi and Fluhr, 2001) and 

GFP-tagged NOX proteins were shown to be localised in the PM (Kobayashi et al., 2007). The 

isolation and biochemical characterisation of the plant NOX is yet to be accomplished.  

Other enzymes, such as quinone reductases (QRs) and peroxidases (PRXs), may also 

participate in PM O2
•- production. QRs are found in PMs and their activity is often followed via 

reduction of tetrazolium dyes and cytochrome c, both of are reduced by O2
•-

. However, the 

mechanism of O2
•- by QRs has not been studied further. PRXs can produce ROS in addition to 

their reactions reducing H2O2 to H2O (the mechanisms are presented in detail in chapter 1.1.3). 

Therefore, they may also take part in PM ROS production. In the following subchapters ROS-

producing activities in the PM are introduced giving special focus on the NOX and QR. Last, 

PRXs are presented and and their participation in cell wall modifications. 
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1.1.1 NADPH oxidases (NOXs) 

NOXs are PM enzymes which reduce extracellular O2 to O2
•- using cytosolic NADPH as 

the source of electrons. They were first discovered in mammalian phagocytes which are 

responsible for killing and digesting invading pathogens. In 1932 Baldridge and Gerard 

reported an increased oxygen uptake during phagocytosis, now known as the respiratory burst. 

The mitochondrion was ruled out as the compartment responsible for the respiratory burst and 

the pentosephosphate pathway was shown to be the source of energy for the burst (Sbarra and 

Karnovsky, 1959). At the end of the 60ies it was clear that H2O2 is produced by phagocytes in 

response to pathogens and that the myeloperoxidases of the phagocytes are important in killing 

the invading pathogens (Paul et al., 1970, and the references therein). O2
•- generation by the 

phagocytes was shown by Babior et al. (1973). The NOX was discovered in the next decade. 

Phagocytes from X-linked chronic granulomatous disease (CGD) patients were found to lack a 

cytochrome b distinct from mitochondrial cytochromes (Segal, 1983), the mutated gene in X-

linked CGD was found (Royer-Pokora 1986) and shown to encode one subunit of the NADPH 

oxidase complex (Teahan et al., 1987; Dinauer et al. 1987). Today this subunit is called the 

catalytic subunit gp91phox/Nox2 for its glycosylated molecular weight of 91 kDa 

(unglycosylated mw is 65 kDa). NOXs are present in vast majority of eukaryotes. Because of 

the importance of the phagocytic NOX2 in human health, it is the most studied enzyme of the 

NOX family. There are seven different NOX systems in animals which are encoded in different 

tissues and have different roles in physiology. Some of them have additional motifs in the 

catalytic subunit (NOX5 and DUOX1-2) and others additional subunits (NOXs 1-4) 

(Sumimoto, 2008). 

In plants respiratory burst in response to pathogens was first reported by Doke (1983). 

Genes encoding NOXs were found in the 90ies. In Arabidopsis thaliana 10 genes encode 

NOXs (Torres and Dangl, 2005) and they were named respiratory burst oxidase homologs 

(AtrbohA-J).  Rboh genes show approximately 30 % identity with the catalytic subunit gp91phox 

of human phagocyte NOX (Groom et al., 1996; Keller et al., 1998; Torres et al., 1998).  

 

1.1.1.1 Structure and reaction mechanism of NOX  

NOXs are intrinsic membrane proteins with six transmembrane α-helices containing 

two completely conserved pairs of His residues involved in heme binding and binding sites for 

NADPH and a flavin in the cytosolic C-terminus (Fig. 1.1). The first heme is thought to be 

coordinated near the flavin (lower heme) and the second heme near the extracellular side (upper 

heme) based on models from the gp91phox (Cross and Segal, 2004; Sumimoto, 2008). The 

sequences of Rboh genes predict proteins of about 100 kDa because of the additional two N-
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Figure 1.1 Structure of the NADPH oxidase. a) 
Predicted domains of the catalytic subunit of the 
NOX proteins. Binding sites for NADPH and FAD 
are cytosolic, the two hemes are coordinated in the 
histidine residues of two membrane-spanning α-
helices (no°s 3 and 5). The transfer of electrons 
from NADPH to O2 is depicted by blue dashed 
arrows. b) Additional motifs (X) is present in some 
NOXs. This motif can include cytosolic Ca2+-
binding EF-hands or an extra α-helix fused to an 
extracellular peroxidase. 

terminal Ca2+-binding EF hands which are not 

present in the gp91phox (Torres and Dangl, 2005). 

In mammalian NOX5 there are also four EF-

hands in the N-terminus, and the mammalian 

DUOX1 and 2 contain two cytosolic EF-hands, 

an extra α-helix and an extracellular peroxidase 

motif (Fig. 1.1). The phagocytic NOX2 is a 

multisubunit enzyme containing the membrane 

proteins gp91phox and p22phox and four cytosolic 

subunits p47phox, p67phox, p40phox and a Rac 

GTPase (Sumimoto, 2008). Of these, only the 

cytosolic GTPases are involved in the regulation 

of plant NOXs while the other subunits are not 

found in plant genomes (Tenhaken and Rübel, 

1999). 

A single turnover of the phagocytic NOX 

involves several electron transfer steps. In the 

first step two electrons from NADPH are 

transferred to the flavin to form FADH2. 

Subsequently the lower heme is reduced, 

followed by the reduction of the upper heme and, 

finally, the reduction of O2. There are two 

models suggesting either one or two gp91phox units involved in a turnover (Cross and Segal, 

2004; Vignais, 2002). O2 is required to facilitate rapid turnover of the NOX since in anaerobic 

conditions the reduction rate of the flavin and the hemes is one order of magnitude lower than 

in aerobic condition. A reason for this might be the unusual midpoint potentials of the two 

hemes, the Em of the lower heme being -225 mV and that of the higher heme -265 mV. In this 

situation O2 is able to act as an electron acceptor (Em O2/O2
•- = -160 mV). The cytosolic 

subunits have been shown necessary to allow full activity of the phagocytic enzyme (Morel et 

al., 1991).  

 

1.1.1.2 Biological functions of and regulation of plant NOXs 

The ten Atrboh genes are expressed differentially, some throughout the plant body but 

some tissue-specifically, suggesting multiple roles for NOXs in plant life (Sagi and Fluhr, 

2006). Many functions of plant NOXs have been revealed by using knock-out mutants, plant-
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pathogen interactions being the most studied phenomenon. Plant response to pathogen 

challenge is characterized by two successive ROS bursts (Lamb and Dixon, 1997) and different 

Rbohs are needed for each burst (Yoshioka et al, 2003; Kobayashi et al., 2007). AtrbohD and F 

are both involved in pathogen defence, but their roles are different and depend on the invading 

pathogen species (Torres et al., 2002; 2005). NOXs role in defense is, in addition to the 

production of antimicrobicidal ROS, involved in complex signaling networks. These include 

the stress hormones salicylic acid and jasmonic acid that regulate the hypersensitive response 

(Torres and Dangl., 2005). NOX activity is regulated by phosphorylation (Benschop et al., 

2007; Kobayashi et al., 2007, Nühse et al., 2007), GTPases and Calcium (Torres and Dangl., 

2005; Sagi and Fluhr, 2006) 

AtrbohD- and F-derived H2O2 is important in stomatal closure (Kwak et al., 2003). 

H2O2 is produced down-stream of ABA-signal transduction which is mediated by kinases 

(Mustilli et al., 2002; Sirichandra et al., 2009). AtrbohD- and F-derived H2O2 is required for 

NO accumulation mediating the stomatal closure (Bright et al., 2006). These two NOXs are 

also involved in ABA-regulated inhibition of seed germination (Kwak et al., 2003). AtrbohB 

was shown to be obligatory for seed after-ripening (Müller et al., 2009). 

AtrbohC is involved in root hair development (Foreman et al., 2003) and AtrbohI and J 

are involved in pollen tube growth (Potocký et al., 2007). The polarized growth of these cell 

types is brought about by oscillations in Ca2+ concentrations, pH and ROS (Cárdenas, 2009). 

PM O2
•- production is involved in the ROS-mediated cell wall modification. This leads 

to either growth (loosening of the cell wall) or arrest of growth (stiffening of the cell wall). 

NOXs, or PM ROS production, are involved in the growth of roots of A. thaliana (Renew et al., 

2005), maize shoots (Liszkay et al., 2003; Dunand et al., 2007) and maize leaves (Rodríguez et 

al., 2002). Conversely ROS is also involved in lignification of cell wall in the stems of Zinnia 

elegans (Barcelo, 2005) and cell cultures if Picea abis (Kärkönen et al., 2009). 

 

1.1.2 Quinone reductases (QRs) 

 QRs catalyse the reduction of quinones to quinoles by using NAD(P)H as electron 

donor. A QR was first discovered by Ernster and Navazio (1958) in the soluble cytoplasmic 

fraction from animal tissues and it was named DT-diaphorase and later vitamin K reductase 

(Maerki and Martius, 1961). Now it is known that QRs reduce several kinds of ring-containing 

substrates, including quinones, nitro-aromatic compounds, chromate and ferric iron (Deller et 

al., 2008). 

The first characterization of cytosolic QRs in plants was performed by Spitsberg and 

Coscia in 1982. Subsequently more QRs were found in several plant species both in the 
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cytosolic fraction (Sparla et al., 1996; 1998; 1999; Trost et al., 1995) and in plasma membrane 

(Guerrini et al., 1987; Luster and Buckhout, 1989; Pupillo et al., 1986; Serrano et al., 1994; 

Schopfer et al., 2008 [this work]).  

 

1.1.2.1 Structure and reaction mechanism of quinone reductases  

The structure and reaction mechanisms of animal, bacterial and yeast QRs is known in 

detail (Deller et al., 2008). QRs have a similar structure to bacterial flavodoxins, which is also 

called the flavodoxin fold. It contains a twisted central 

cluster of β-parallel sheets surrounded by α helices 

(Fig. 1.2). The flavin cofactor is FAD in mammals, 

FMN in plants and fungi, and either or in bacteria. The 

flavin is non-covalently bound. Bacterial flavodoxins 

are monomers, human quinone reductase, QR1, is a 

dimer, some bacterial and all the plant quinone 

reductases reported so far are tetramers (Deller et al., 

2008). The size of the monomer varies between 18-30 

kDa. Crystal structures obtained from bacterial and 

mammalian QRs suggest that each subunit is an 

independent catalytic subunit (Andrade et al., 2007; Li 

et al., 1995). QRs are clearly soluble enzymes but 

seem to have an affinity to membranes (Carey et al., 

2007; Jonas et al., 2006). 

All the described QRs of the flavodoxin family 

have a characteristic ping-pong reaction mechanism 

(Sollner et al., 2008). First NAD(P)H binds to the 

active site and the subsequent transfer of a hydride ion 

to the flavin forms a dihydroflavin. After NAD(P)+ has 

left the active site, the quinone binds to the same site 

and receives in a single step the hydride ion, and a 

proton originating from water, and leaves the site as 

quinol. No flavin semiquinone species have been detected in this reaction (Iyanagi and 

Yamazaki, 1970). Therefore, quinone reductases are considered as enzymes catalysing 

obligatory two-electron reactions. 

 

 

a

b

c

Figure 1.2 Structure of quinone 
reductases. a) E. coli flavodoxin b) 
Lot6p from S. cerevisiae. C) YhdA from 
B. subtilis. QR1 and Lot6p form dimers 
in solution whereas YhdA is a tetramer. 
The α helices are shown in blue and the 
β-sheets in purple. The flavin cofactor is 
shown in yellow. Figures are from Deller 
et al., (2008). 
 

8 



1.1.2.2 Biological functions of QRs 

 QRs are involved in many aspects of physiology. In animals QRs function as vitamin K 

reductases involved in blood clotting reactions (Gong et al., 2008). Both in plants and animals 

they are conscidered as PM electron transfer enzymes (Döring and Lüthje, 1996; Morré, 2004).  

QRs seem to be involved both in antioxidative and prooxidative reactions. Quinols 

produced by QRs can be removed from the active quinone pool by conjugation to glucuronic 

acid or sulphate (Shangari et al., 2005). Also a futile redox cycling of quinones by a QR and a 

quinol monooxygenase was reported in E. coli (Adams and Jia, 2004; 2006). These reactions 

are important because quinones can be reduced also to the semiquinone radical form which 

reacts readily with O2 forming ROS (Iyanaki and Yamazaki, 1969). A fungal QR functions in 

the detoxification of quinones derived from fungal break-down of lignin (Brock et al., 2005; 

Brock and Gold, 1996). Mammalian and bacterial QRs metabolise a number of toxic 

compounds such as benzene and azodyes, (Smith, 1999; Deller et al., 2008). However, it has 

been reported that both plant and animal QRs produce O2
•- in reactions involving NAD(P)H 

and quinones (Ernster et al., 1962; Spitsberg and Coscia, 1982). 

In plants QRs are up-regulated in response to salt-stress and pathogens (Nohzadeh 

Malakshah et al., 2007; Jiang et al., 2007; Greenshields et al., 2005). The exact role and mode 

of action of QRs in these responses is not known. Additionally, the FQR1 is encoded by an 

early auxin-responsive gene (Laskowski et al., 2002) which links QRs to hormone signalling. 

 

1.1.3 Peroxidases 

 There is evidence on low abundancies of PM-bound PRXs (Mika and Lüthje, 2003; 

Mika et al., 2008). Microscopic analysis of plant tissues show PRXs mainly in the cell wall 

(Passardi et al., 2006) and intracellular sites such as vacuoles (Hall and Sexton., 1972). 

PRXs are a large class of enzymes comprising both highly substrate-selective and non-

specific members. The substrate-specific PRX (class I PRXs e.g. ascorbate and glutathione 

PRX) reduce H2O2 to H2O and are considered as antioxidative enzymes. The non-specific 

PRXs (class III PRXs) are present only in plants and are secreted to the cell wall. They catalyse 

the reduction of H2O2 by acceptiong electrons from a wide range of phenolic substrates (SH2). 

This reaction has three steps as depicted in the following equations: 

 

  PRX [Fe3+]  + H2O2 → compound I [Fe4+ = O ··· por•+] + H2O 

  compound I + SH2 → SH• + compound II [Fe4+ = O ··· por] 
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  compound II + SH2 → SH• + PRX [Fe3+] +  H2O 

The initial electrons to reduce H2O2 originate from the heme iron and the porphyrin ring. The 

arising end products (SH•) are radicals and may react with each other to start polymerization 

reactions, as is the case with phenolic substrates targeted to lignin and suberin biosynthesis 

(Halliwell and Gutteridge, 2006). Also NADH serves as a PRX substrate to form NAD• which 

reacts readily with O2 to form O2
•-. O2

•- can combine with the PRX heme iron converting it into 

the labile perferryl form (Fe2+-O2/Fe3+-O2
•-), also designated as Compound III. This form is 

able to catalyse a reaction resembling the Fenton reaction (Chen and Schopfer, 1999): 

Compound III + H2O2 → PRX +  O2 + •OH + -OH 

 

There is evidence that •OH plays an important role in cell extension by attacking and 

breaking the load-bearing bonds in the cell wall. Characteristic xyloglucan fingerprints are 

detected in cell walls where •OH was formed chemically (Miller and Fry, 2001, Schopfer, 

2001) and in cell walls of ripening fruit (Fry et al., 2001) and elongating seedlings (Müller et 

al., 2009). •OH can be formed in the cell wall by the PRX-mediated Fenton reaction. 

 

1.1.4 Objectives of the PhD thesis with respect to ROS production in the plasma 

membrane  

 In this thesis the identities and biochemistry of PM ROS-producing enzymes were 

studied with the help of specific inhibitors. Different spectroscopic methods were used for 

detecting different forms of ROS.  The following following studies were performed: 

- NADPH-binding enzymes in PMs were isolated by chromatographic methods and a 

O2
•--producing QR was identified (chapter 2.1). 

- QR knock-out insertion lines of A. thaliana were characterised to reveal the biological 

role of QRs in plants (chapter 2.4) 

- Cadmium was tested as a potential inhibitor of the NOX activity (chapter 2.2). 

- Regulation of the NOX by O2
•- (end-product inhibition) and phosphorylation was 

studied in isolated PMs (chapter 2.3) 

 

1.2 ROS formation in mitochondria 

The mitochondrion is the energy factory of the cell. In its soluble matrix reside the 

Krebs cycle  enzymes (also called citric acid or tricarboxylic acid cycle) by which pyruvate and 
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a number of other organic acids  are oxidised and decarboxylated to form NADH, FADH2 in 

and CO2. The respiratory electron transfer chain is composed of four respiratory complexes and 

an ATP synthase. Figure 1.3. shows a simplified respiratory electron transfer chain that 

oxidises NADH and succinate. 

In mitochondria most ROS 

formation occurs at the level of 

respiratory complex I (NADH: 

ubiquinone oxidoreductase) and 

complex III. O2
•- can be formed at 

the FMN site or the quinone-binding 

site of the complex I via reverse 

electron transport from ubiquinol. 

Alternatively, a high NADH/NAD+ 

ratio can lead to O2
•- production at 

the FMN site (Murphy, 2009). 

Complex III can be partially 

inhibited by the fungal toxin 

antimycin A (AA) which leads to the 

stabilization of the semiquinone 

radical in the bifurcated reaction 

cycle and subsequently to O2
•- 

generation (Slater, 1973; Cape et al., 

2007, Zhang et al., 2007). There is 

evidence that certain metals, such as 

Zn2+ and Cd2+ bind to complex III 

between heme blow and cytc1 (Link 

and von Jagow, 1995) having a similar effect as AA in mammalian mitochondria (Wang et al., 

2004). 

 

 

 

1.2.1 Objectives of the PhD thesis with respect to ROS production in mitochondria 

In this thesis the toxicity of Cd2+ was investigated with respect to its potential inhibition 

of the PM NOX (chapter 2.2).  As Cd2+ generally increases cellular ROS production 

(Schützendübel and Polle, 2002), it was investigated if Cd2+ leads to increased ROS production 
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Figure 1.3. Respiratory electron transfer chain in the 
mitochondrion. The first two complexes transfer electrons to the 
ubiquinone pool in the membrane. Complex I, the 
NADH:ubiquinone oxidoreductase, passes electrons from NADH 
via FMN and 8-10 FeS clusters, at the last of which ubiquinone is 
reduced to QH2. Complex II, the succinate:ubiquinone 
oxidoreductase, passes electrons from succinate via FAD and 
three FeS clusters reducing ubiquinone to QH2. QH2 diffuses from 
the complexes to the membrane and further to complex III, the 
cytochrome bc1, which passes the electrons on by the bifurcated 
reaction. One e- is passed via the FeS cluster and cytf to the 
soluble cyt c, which donates the electrons to complex IV, the 
cytochrome oxidase. The other e- is passed on via two hemes to a 
quinone, which binds at a specific site, forming a semiquinone. A 
second bifurcated reaction passes again one e- to the cyt c and one 
e- to the semiquinone forming a QH2 (not shown), which enters 
the ubiquinone pool. Complex IV passes the electrons via two 
copper ions (CuA), heme a and a CuFe center (heme a3 and CuB) 
to O2 forming 2 H2O after the transfer of four electrons. Protons 
are transported by complexes I, II and IV to the intermembrane 
space creating a proton gradient that is used in and ATP synthesis 
(not shown).  
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also in plant mitochondria and if the increased ROS production in response to Cd2+ in vivo can 

be explained by this source. 

 

1.3 ROS formation in chloroplasts 

In photosynthesis the energy from 

light-driven reactions is used to 

assimilate CO2 (dark reactions). In 

this work some aspects of the light 

reactions leading to ROS 

production are addressed. Figure 

1.4. shows a simplified scheme of 

the electron transfer reactions of 

the two photosystems, PSII and 

PSI, the cytochrome b6f complex 

(cytb6f) and plastocyanin in the 

thylakoid membranes residing in 

the chloroplast. Under high light 

conditions, more light energy is 

captured by the photosystems than 

can be used by the sinks of 

reducing power, the Calvin cycle 

and nitrate reduction. This leads to 

over-reduction of the NADP pool 

and the plastoquinone pool. If the 

plastoquinone pool is completely 

reduced, the lack of an acceptor in 

the secondary quinone (QB) site 

will prevent the forward electron transport from QA to QB leading to the charge recombination 

reaction of the primary pair (P680
+

 Pheo-). 1O2 can be generated via the triplet chlorophyll (3P680) 

formed in the charge recombination reaction (Krieger-Liszkay et al. 2008). Over-reduction of 

the NADP pool is caused by the limitations in CO2 assimilation or other sinks of NADPH and 

leads to the use of O2 as an alternative electron acceptor at the acceptor side of PSI. This 

reaction produces O2
•- (Badger et al., 2000). Also other sites of ROS production, although less 

pronounced, have been found in the electron transfer chain, e.g. PSII (Pospíšil, 2009), 

P680

Pheo

QA

QH2

H2O
O2 + 4 H+

Q•-

FeS Cyt f

b heme low

b heme high

PC P700

A0

FeS

A1

Fd

Q

PSII PSICyt b6f

OEC

QB

lumen

stroma

Figure 1.4. Photosynthetic electron transfer chain. The central 
chlorophyll of PSII (P680) is excited by light. Charge separation 
takes place and the pheophytin (Pheo) is reduced. Next the 
electron is passed on via a bound quinone (QA) to a loosely bound 
quinone QB which, after accepting two electrons, leaves PSII and 
diffuses to the plastoquinone pool. Electrons which reduce the 
P680

+ are derived from H2O, catalysed by the oxygen evolving 
complex (OEC) of PSII. The electrons of the QH2 are passed on 
by the bifurcated reaction of the cytb6f complex. One e- reduces 
the FeS cluster and cytf and finally the soluble plastocyanin, 
which donates the electrons to PSI. The other e- is passed on via 
two hemes to a quinone, which binds at a specific site, forming a 
semiquinone. A second bifurcated reaction passes again one e- to 
the plastocyanin and one e- to the semiquinone forming a QH2 
(not shown), which enters the plastoquinone pool. The central 
chlorophyll of PSI (P700) is excited by light. Charge separation 
takes place and the following acceptors are subsequently reduced: 
A chlorophyll molecule (A0), then a VitK (A1), and finally the 
electron is passed through a series of FeS clusters to the soluble 
ferredoxin (Fd). From Fd finally NADP+ is reduced via the 
ferredoxin-NADP+-reductase (not shown). The water splitting and 
the cyt b6f transporting protons from the stroma to the thylakoid 
lumen create a proton gradient that is used in ATP synthesis (not 
shown).  
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plastosemiquinones in the thylakoid membranes (Ivanov et al., 2007) and the cytb6f complex 

(Suh et al., 2000). Plants can adjust the amount of incoming exitation energy by several means 

such as tuning the ratio of PSII and PSI exitation and/or energy dissipation processes in the 

light-harvesting antenna. Excess energy can also be dissipated to heat (Horton et al., 1996) or 

used to run the water-water cycle (Asada, 1999) and photorespiration (Kozaki and Takeba, 

1996). The water-water cycle and photorespiration involve the production of ROS followed by 

its detoxification by the antioxidative enzymes of chloroplast and peroxisomes, respectively. It 

can thus be seen that protection of the photosynthetic machinery can be brought about via ROS 

when an efficient antioxidant system is at hand. 

PTOX is a plastoquinol:oxygen oxidoreductase located in the stromal lamellae and is 

thought to produce H2O by the oxidation of two plastoquinol molecules (Carol and Kunz, 

2001). This is interpreted as an adjustive mechanism that keeps the quinone pool relatively 

oxidised. The proposed role for PTOX is controversial in many aspects. Evidence against the 

protective role was provided by Rosso et al. (2006) who observed no difference in the oxidation 

state of the plastoquinone pool in the WT and PTOX knock-out lines or PTOX-overexpressing 

A. thaliana, respectively. Yet PTOX is up-regulated in response to abiotic stresses (Streb et al., 

2005; Díaz et al., 2007; Stepien et al., 2008). 

 

1.3.1 Objectives of the PhD thesis with respect to ROS production in the chloroplast 

Given that the mechanism of O2 reduction by PTOX is not known and that is has been 

proposed to produce O2
•- in a side reaction (Affourtit et al., 2002), it was investigated whether 

PTOX produces ROS (chapter 2.5). Additionally its role as a photoprotective enzyme in low 

and high light stress was clarified. 

 

 

 

 

 

 

 

 

 

 

 

 

13 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

14 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.Results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 



 

 

 

 

 

 

 

 

 

 

 

2.1. Naphthoquinone-dependent generation of superoxide radicals by 
quinone reductase isolated from the plasma membrane of soybean  
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Naphthoquinone-Dependent Generation of Superoxide
Radicals by Quinone Reductase Isolated from the Plasma
Membrane of Soybean[W]

Peter Schopfer, Eiri Heyno, Friedel Drepper, and Anja Krieger-Liszkay*

Universität Freiburg, Institut für Biologie II, D–79104 Freiburg, Germany (P.S., F.D.); and Commissariat
à l’Energie Atomique, Institut de Biologie et Technologies de Saclay, CNRS Unité de Recherche Associée
2096, Service de Bioénergétique Biologie Structurale et Mécanisme, F–91191 Gif-sur-Yvette cedex, France
(E.H., A.K.-L.)

Using a tetrazolium-based assay, a NAD(P)H oxidoreductase was purified from plasma membranes prepared from soybean
(Glycine max) hypocotyls. The enzyme, a tetramer of 85 kD, produces O2

�2 by a reaction that depended on menadione or several
other 1,4-naphthoquinones, in apparent agreement with a classification as a one-electron-transferring flavoenzyme producing
semiquinone radicals. However, the enzyme displayed catalytic and molecular properties of obligatory two-electron-
transferring quinone reductases of the DT-diaphorase type, including insensitivity to inhibition by diphenyleneiodonium.
This apparent discrepancy was clarified by investigating the pH-dependent reactivity of menadionehydroquinone toward O2
and identifying the protein by mass spectrometry and immunological techniques. The enzyme turned out to be a classical
NAD(P)H:quinone-acceptor oxidoreductase (EC 1.6.5.2, formerly 1.6.99.2) that reduces menadione to menadionehydroquinone
and subsequently undergoes autoxidation at pH $ 6.5. Autoxidation involves the production of the semiquinone as an
intermediate, creating the conditions for one-electron reduction of O2. The possible function of this enzyme in the generation of
O2
�2 and H2O2 at the plasma membrane of plants in vivo is discussed.

The plasma membrane of plant cells displays trans-
membrane electron transport from cytoplasmic
NAD(P)H to various external electron acceptors, which
is accompanied by depolarization of the membrane
potential and secretion of H1 into the apoplast (Bérczi
and Møller, 2000; Vuletić et al., 2005; Lüthje, 2007).
Peculiar properties of this redox system, which can be
demonstrated in right-side-out plasma membrane ves-
icles (Menckhoff and Lüthje, 2004), are as follows: (1)
use of both NADH and NADPH as electron donors;
(2) use of artificial substrates such as ferricyanide
(FeCN), dichlorophenoleindophenole (DCPIP), or qui-
nones as electron acceptors; and (3) insensitivity to
KCN. The molecular composition and biochemical
function of this so-called ‘‘standard system’’ (Bienfait
and Lüttge, 1988) found in monocotyledonous and
dicotyledonous plants are not well understood at
present, despite numerous attempts to isolate and
characterize potentially related enzyme activities
from solubilized plasma membranes. The artificial
electron acceptors generally used for assaying these
activities provide no hints to the natural electron trans-
fer reaction catalyzed by this system in the plasma

membrane in vivo. The various operationally defined
names coined for these enzymes from their ill-charac-
terized catalytic activities, such as NAD(P)H dehydro-
genase, NAD(P)H oxidase, NAD(P)H-FeCN reductase,
NAD(P)H-duroquinone reductase, and NAD(P)H-
superoxide synthase, obscure the fact that there are
obviously several enzymes with overlapping substrate
specificities that have not yet been properly disentan-
gled.

In this context, it is of particular interest to know
whether the plasma membrane redox system is capa-
ble of transferring electrons from NAD(P)H to O2 and
whether such an activity is involved in the generation
of reactive oxygen species at the outer membrane face
(Murphy and Auh, 1996; van Gestelen et al., 1997;
Vuletić et al., 2003). Based on molecular genetic stud-
ies, this capacity is generally attributed to the ‘‘respi-
ratory burst oxidase’’ homologues (RBOHs; i.e. plant
equivalents to the NADPH oxidase [NOX] of mam-
malian phagocytes) that catalyze a transmembrane
electron transport from NADPH to O2 via FAD and
cytochrome (Cyt) b558, resulting in the formation of
superoxide radicals (O2

�2; Sumimoto et al., 2005). So
far, the expression of RBOH genes in plants has been
studied mainly at the level of transcription. Moreover,
Arabidopsis (Arabidopsis thaliana) mutants defective in
one or another member of the RBOH family have been
characterized (Torres and Dangl, 2005; Gapper and
Dolan, 2006). Using antibodies raised against RBOH
peptides, RBOH proteins have been identified by
immunoblotting in plasma membranes from several
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plant species (Keller et al., 1998; Sagi and Fluhr, 2001;
Simon-Plas et al., 2002) and by in situ imaging of GFP-
RBOH fusion protein (Kobayashi et al., 2006). How-
ever, RBOH proteins have not yet been isolated from
plants, and their catalytic properties and cofactor
requirements are still largely unknown. The ability of
diphenylene iodonium (DPI) to inhibit mammalian
NOX at low concentrations (,10 mM; Doussiere and
Vignais, 1992) has often been used as a diagnostic
feature for NOX activity in plant cells or cell fractions,
although DPI also inhibits other flavin- or heme-
containing enzymes, especially at higher concentra-
tions ($10 mM; Frahry and Schopfer, 1998; Doussiere
et al., 1999); therefore, it is no suitable tool to unequiv-
ocally identify NOX enzymes.

Attempts to isolate proteins with O2
�2 synthase

activity from plasma membranes by biochemical
methods have not yet led to homogeneous results.
van Gestelen et al. (1997) separated an O2

�2-producing,
FMN-containing protein fraction from FeCN/DCPIP
oxidoreductases in solubilized Phaseolus plasma mem-
branes. No cytochrome was detected. O2

�2 generation
was much higher with NADPH than with NADH and
could be inhibited by DPI, although only at high
concentrations (60 mM for 50% inhibition). The O2

�2-
producing activity of plasma membrane vesicles was
strongly elevated by 1,4-naphthoquinones (NQs) such
as juglone, and the active proteins could be divided by

ion exchange chromatography into a NADPH-specific,
NQ-independent fraction and three NQ-dependent
fractions (van Gestelen et al., 1998). The main NQ-
dependent fraction showed high specificity for NADH
compared with NADPH. The plasma membrane re-
duced Cyt c at pH 6 in a juglone-stimulated manner,
leading to the conclusion that semiquinones are in-
volved in the catalytic cycle.

Using Rosa cells as a source of plasma membranes,
Murphy et al. (2000) partly purified an O2

�2-producing
enzyme activity that showed apparent specificity for
either NADH or NADPH, depending on whether
lucigenin luminescence or Cyt c reduction was used
to assay O2

�2 formation. Spectroscopic evidence indi-
cated the presence of pterin rather than flavin in the
preparation. The activity was stimulated by NQ (men-
adione [MD]) and strongly inhibited by DPI (#0.5 mM

for 50% inhibition) and NaN3 but not by KCN.
Taken together, this fragmentary experimental evi-

dence illustrates that the enzymatic mechanism(s) for
O2
�2 generation in the plant plasma membrane may be

more complex than suggested by the concept modeled
on phagocyte NOX. In an attempt to elucidate this
complex picture, we are investigating the molecular
and catalytic properties of NAD(P)H-oxidizing en-
zymes that are potentially involved in O2

�2 generation
by plasma membranes isolated from soybean (Glycine
max) hypocotyls. In this article, we describe an enzyme

Figure 1. Purification of a MD-dependent
NAD(P)H oxidoreductase activity by chroma-
tography on Blue Sepharose (A) and Superdex
(B). A, A sample of 5 mL of solubilized plasma
membrane extract was applied to a 16- 3 1-cm
column of Blue Sepharose Fast Flow equili-
brated with 10 mM HEPES (pH 8.0) containing
0.2% (w/w) Tween 20. The column was washed
(0.5 mL min21) with 100 mL of the same buffer
(fractions 0–107), followed by gradient elution
(0–5 mM NADH; fractions 108–167) and 1 M

NaCl (fractions 168–200) in the same buffer. B,
A sample of 0.7 mL of enzyme purified as
shown above (fractions 110–120) together with
a small amount of vitamin B12 was applied to a
Superdex 200 HR 10/30 column, eluted (6 mL
h21) with 10 mM HEPES (pH 8.0), and collected
in 300-mL fractions. The column was calibrated
with Cyt c (12.4 kD), myoglobin (17.8 kD),
chymotrypsin (25 kD), ovalbumin (43 kD),
bovine serum albumin (67 kD), aldolase (160
kD), catalase (230 kD), and ferritin (440 kD) as
shown in the inset. The position of the oxido-
reductase is indicated by dashed lines.
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that is responsible for the NQ-stimulated production
of O2

�2 in these membranes. O2
�2-producing activity

was measured using the tetrazolium compound
Na,3#-(1-[phenylamino-carbonyl]-3,4-tetrazolium)-bis(4-
methoxy-6-nitro)benzenesulfonic acid hydrate (XTT),
which can be reduced by O2

�2 to a photometrically
detectable formazan (Able et al., 1998). To analyze the
reaction mechanism of O2

�2 generation, we developed
spectrophotometric methods enabling the measure-
ments of concentration changes of NAD(P)H, qui-
nones, and XTT in the same reaction mixture.

RESULTS AND DISCUSSION

Purification of a NAD(P)H Oxidoreductase Activity
from Solubilized Plasma Membranes

A plasma membrane fraction showing NADH-
dependent XTT reduction in the presence of MD and
detergent was isolated from the upper hypocotyl
region of dark-grown soybean seedlings by estab-
lished techniques and checked for contaminating
proteins (see ‘‘Materials and Methods’’). Extensive
washing of the membranes with 1.5 M NaCl or CaCl2
did not affect this activity (data not shown). The pro-
teins solubilized from these membranes by Tween 20
were subjected to affinity chromatography on a Blue
Sepharose column. Extensive washing with buffer re-
moved the bulk of the nonbound proteins, including a
FeCN reductase, from the bound XTT-reducing frac-
tion that could be eluted from the column with 1 mM

NADH (Fig. 1A). The protein concentration of the
active enzyme fraction was very low (4–8 mg mL21).
The elution profile obtained with the active enzyme
fraction after chromatography on a calibrated Super-
dex 200 column revealed a single peak of an apparent
molecular mass of approximately 85 kD (Fig. 1B).

Redox activities of this enzyme fraction in the absence
and presence of MD in comparison with the solubilized
plasma membrane are summarized in Table I.

The reaction catalyzed by the purified enzyme in the
presence of NAD(P)H and MD consumed O2. The
addition of XTT suppressed the O2 consumption, and
this suppression could be partially counteracted by
adding superoxide dismutase (SOD; Fig. 2). These

Table I. Redox activities of solubilized plasma membranes and the purified enzyme fraction eluted with NADH from the Blue Sepharose column

Activities were measured in the absence (2MD) or presence (1MD) of 100 mM MD at pH 7.5. Protein concentrations were 1.5 6 0.5 mg mL21

(solubilized proteins) and 6.4 6 0.4 mg mL21 (purified enzyme). XTT concentration was 500 mM. Ratio 5 (specific activity 1 MD)/(specific activity 2

MD); yield 5 (specific activity in the purified enzyme fraction/specific activity in the solubilized protein fraction).

Assay Reaction

Specific Activity Yield

Solubilized Protein Fraction Purified Enzyme Fraction
2MD 1MD

2MD 1MD Ratio 2MD 1MD Ratio

mmol min21 mg21 protein %

NADPH oxidation 0.0016 6 0.0004 0.15 6 0.01 94 ,0.1a 29 6 1 .290 – 83
NADH oxidation 0.0018 6 0.0020 0.16 6 0.01 89 ,0.1a 30 6 1 .300 – 79
XTT reduction with NADPH 0.0038 6 0.0001 0.10 6 0.002 26 ,0.1a 22 6 0.1 .220 – 92
XTT reduction with NADH 0.025 6 0.002 0.10 6 0.005 4 ,0.1a 19 6 1 .190 – 80
Cyt c reduction with NADPH 0.009 6 0.001 0.30 6 0.01 33 0.16 6 0.04 60 6 6 380 7 86
Cyt c reduction with NADH 0.017 6 0.003 0.31 6 0.01 18 0.11 6 0.05 63 6 4 570 3 87
FeCN reduction with NADPH 0.21 6 0.01 0.38 6 0.02 1.8 25 6 1 54 6 1 2.2 50 61
FeCN reduction with NADH 0.39 6 0.01 0.53 6 0.03 1.4 25 6 2 52 6 2 2.1 27 42
DCPIP reduction with NADPH 0.029 6 0.003 0.032 6 0.001 1.1 3.0 6 0.2 3.3 6 0.2 1.1 43 43
DCPIP reduction with NADH 0.028 6 0.003 0.031 6 0.003 1.1 2.2 6 0.2 2.2 6 0.2 1.0 33 30

aBelow detection limit.

Figure 2. Consumption of O2 by the NAD(P)H oxidoreductase, its
suppression by XTT, and the partial reversion of the suppression by
SOD (pH 7.5). The addition of NADPH (200 mM), MD (100 mM),
enzyme, XTT (100 mM), and SOD (100 mg mL21) is indicated by arrows.
The measurements were performed in a 2-mL total volume containing
1.3 mg mL21 purified enzyme.
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results are in agreement with a reaction mechanism
involving the reduction of O2 to O2

�2 that subsequently
reduces XTT to XTTH2, whereby O2 is regenerated
according to:

2 O2
�2

1 2 H1
1 XTT/2 O2 1 XTTH2

This reaction is suppressed by the disproportionation
of O2

�2 with SOD.
A number of conclusions can be drawn from these

data. (1) Utilizing adsorption to Blue Sepharose fol-
lowed by desorption with NADH resulted in an at
least 200-fold increase in specific activity of an 85-kD
NAD(P)H oxidoreductase isolated from solubilized
plasma membranes in a single purification step. A
closely related protocol was used by Luster and Buckhout
(1989) to purify an ‘‘electron transport protein’’ with
similar properties from maize (Zea mays) plasma mem-
branes. (2) Our purified enzyme consumes O2 and
reduces XTT and Cyt c in a MD-dependent reaction. Its
ability to reduce FeCN is slightly stimulated by MD,
while DCPIP is independent of MD. NADH and
NADPH are oxidized at similar rates in the presence
of MD. (3) In the absence of an electron acceptor except
O2, the NAD(P)H-oxidizing activity is very low in the
solubilized membrane fraction and not detectable in
the purified enzyme fraction. No NOX-type activity
could be detected in the elution profile of the Blue
Sepharose column (Fig. 1A), although the solubilized
membrane fraction does contain measurable amounts
of MD-independent XTT- and Cyt c-reducing activity.
(4) The purified enzyme accounts for 80% to 90% of the
NAD(P)H oxidoreductase activity detected by the XTT
assay in the presence of MD and about 50% of the
FeCN/DCPIP reductase activity present in the solubi-
lized membrane fraction.

Peroxidase Activity of the Purified Plasma Membranes

The formation and decomposition of reactive oxy-
gen species is affected by peroxidases. Moreover, hy-
droquinones can be converted into semiquinones by
these enzymes (Ohnishi et al., 1969). Plasma mem-
branes isolated from maize roots were reported to
contain at least two tightly bound guaiacol peroxi-
dases (Mika and Lüthje, 2003). We tested aliquots
(50 mg of protein) of our solubilized plasma membrane
fraction with the assay used by these authors and
found no detectable peroxidase activity. Using a tetra-
methylbenzidine-based assay with increased sensitiv-
ity revealed a peroxidase activity of 12 nmol min21

mL21 (6 nmol min21 mg21 protein), corresponding to
1.7 ng of horseradish peroxidase equivalents per mil-
ligram of protein estimated from a standard curve with
pure horseradish peroxidase. The peroxidase activity
solubilized from the plasma membrane accounted for
0.06% of the soluble peroxidase activity in the tissue
homogenate, indicating that significant amounts of
peroxidases appear not to be obligatory components
of plant plasma membranes.

Effects of Oxidoreductase Inhibitors

We investigated the effect of several diagnostic in-
hibitors on the NAD(P)H-oxidizing and XTT-reducing
activities of the enzyme purified from plasma mem-
branes to compare them with known classes of oxi-
doreductases. The data summarized in Figure 3
demonstrate that: (1) KCN and NaN3 (#10 mM) had
no effect on XTT reduction; (2) Zn21 and Cd21 inhibi-
ted XTT reduction only at very high concentrations
(50% inhibitory concentration [I50] 5 2 mM and 5 mM,
respectively); (3) DPI (#500 mM) had no effect on both
assay reactions; (4) Cibacron Blue and dicumarol
inhibited both assay reactions (I50 5 3–5 mM and
300 mM, respectively); and (5) Cu21 and Mn21 inhibited
XTT reduction but not NADPH oxidation (I50 5 1 mM

and 100 mM, respectively), indicating that these redox-
active ions interfered with the electron transfer from

Figure 3. Effects of various inhibitors on the NAD(P)H oxidoreductase
activity, measured either as oxidation of NADPH (200 mM; white
symbols, dashed lines) or reduction of XTT (100 mM; black symbols) in
the presence of MD (100 mM) at pH 7.5. NADPH oxidation was
measured in the absence of XTT. Reaction mixtures with dicumarol and
DPI contained up to 2% dimethyl sulfoxide, which had no effect on
enzyme activity (100% 5 4 mM min21 produced by 1.3 mg mL21

purified enzyme).

Table II. Km and Vmax values for various steps of the reaction system
catalyzed by the NAD(P)H oxidoreductase at pH 7.5

Km and Vmax values were obtained from linear Lineweaver-Burk plots
using equal amounts of purified enzyme. NAD(P)H (30–200 mM)
oxidation was determined from the decrease in A340 in the presence
of 100 mM MD. XTT (12–100 mM) reduction was determined from the
increase in A470 in the presence of 200 mM NADPH and 100 mM MD.
MD (20–200 mM) reduction was determined from the consumption of
NADPH (200 mM) in the absence of XTT.

Reaction Km Vmax

mM mM min21

NADPH oxidation 90a 4.1
NADH oxidation 200a 5.6
XTT reduction 14 3.6
MD reduction 70 7.1

aEquivalent values were obtained by measuring the reduction of XTT
(500 mM) under similar conditions.
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the reduced MD to XTT rather than with the initial
catalytic activity of the enzyme.

The following compounds exhibited no effect on
XTT reduction: rotenone (10 mM), piericidin A (100 mM),
nitrofurantoin (100 mM), quinacrine (100 mM), CaCl2 (2
mM), MgCl2 (2 mM), EDTA (4 mM), N-ethylmaleimide
(10 mM), 4-chloromercuribenzoate (400 mM), FMN (10
mM), and FAD (10 mM; data not shown).

An important result emerging from this list deserves
further consideration, namely the insensitivity of the
enzyme to DPI, an inhibitor inactivating many flavo-
enzymes, including NOX-type enzymes at less than 10
mM (Cross, 1987; Doussiere and Vignais, 1992). DPI
binds to, and thereby inactivates, the catalytic center of
these enzymes only after its reduction to the phenyl
radical (O’Donnell et al., 1994); therefore, it attacks
specifically one-electron-transferring flavoenzymes
such as NOX (Cross, 1987) or mitochondrial NADH:
ubiquinone reductase (Ragan and Bloxham, 1977). As a
consequence, flavoenzymes transferring two electrons
in one step from NAD(P)H to various acceptors are not
subject to inhibition by DPI (Cross, 1987). Examples of
this class are the NAD(P)H:quinone-acceptor oxidore-
ductases known as DT-diaphorases in animals (Lind
et al., 1990; Ross, 1997). Functionally related flavoen-
zymes have also been found in plants (Spitsberg
and Coscia, 1982; Luster and Buckhout, 1989; Valenti
et al., 1990; Serrano et al., 1994; Rescigno et al., 1995;
Trost et al., 1995, 1997; Sparla et al., 1996, 1998). These
enzymes catalyze the transfer of a hydride atom to
various benzoquinones and naphthoquinones, directly
forming the corresponding hydroquinones and thus

avoiding the intermediate semiquinone radical that
can reduce O2 to O2

�2 (Iyanagi and Yamazaki, 1970;
Lind et al., 1990; Sparla et al., 1996; Ross, 1997). A
purified quinone oxidoreductase investigated by Trost
et al. (1997) was shown to be insensitive to DPI. A
further remarkable feature of this group of enzymes is
that they can be inhibited by Cibacron Blue (Prestera
et al., 1992) and dicumarol (Lüthje et al., 1994; Rescigno
et al., 1995).

Evidently, the enzyme isolated from soybean plasma
membranes shares some important properties with
two-electron-transferring quinone reductases. There-
fore, the basic problem is to explain the ability of this
enzyme to elicit one-electron transfer from NAD(P)H,
presumably via quinone intermediates, to O2, a prop-
erty that appears to be incompatible with the reaction
mechanism of DPI-insensitive NAD(P)H oxidoreduc-
tases.

Catalytic Properties of NAD(P)H Oxidoreductase

The following experiments were conducted with the
purified enzyme fraction eluted from Blue Sepharose
by NADH (Fig. 1A). Table II shows the kinetic param-
eters for the substrates involved in the O2-reducing
reaction measured by the XTT assay. In order to
elucidate the role of quinones, we examined the ability
of several NQs and 1,4-benzoquinones (BQs) to re-
place MD in this reaction (Table III). Unsubstituted
NQ, 5-hydroxy-NQ, and 5-hydroxy,2-methyl-NQ sup-
ported XTT reduction similar to MD. The enzyme was
inactive with 2-hydroxy- and 2-methoxy-substituted

Table III. Quinone substrate specificity of the NAD(P)H oxidoreductase determined as NADPH oxidation, hydroquinone accumulation, or XTT
reduction with or without SOD

Enzyme activity was measured at pH 7.5 with 200 mM NADH, 100 mM quinone, 100 mM XTT with or without 100 mg mL21 SOD (in the case of XTT
reduction), and 0.13 mg mL21 purified enzyme. The percentage of the normalized activity is given in parentheses (the value for NADPH oxidation or
XTT reduction without SOD is set to 100%).

Sample

Enzyme Activity

NADPH

Oxidation

Hydroquinone

Accumulation

XTT Reduction

without SOD

XTT Reduction

with SOD

mM min21

NQ 6.9 6 0.4 (100) 1.1 6 0.1 (16) 4.9 6 0.4 (100) 1.0 6 0.1 (20)
2-Methyl-NQ (MD, vitamin K3) 4.5 6 0.2 (100) 2.0 6 0.1 (44) 4.0 6 0.1 (100) 1.9 6 0.1 (48)
5-Hydroxy-NQ (juglone) 5.7 6 0.4 (100) 0.01 6 0.05 (,1) 4.1 6 0.3 (100) 0.5 6 0.1 (12)
5-Hydroxy,2-methyl-NQ (plumbagin) 3.5 6 0.1 (100) 0.4 6 0.1 (11) 2.5 6 0.1 (100) 1.4 6 0.2 (56)
2-Hydroxy-NQ (lawsone) ,0.1 ,0.1 ,0.1 –
2-Methoxy-NQ ,0.1 ,0.1 ,0.1 –
2,3-Dimethoxy-NQ 0.1 6 0.2 ,0.1 0.2 6 0.1 –
2-Methyl,3-phythyl-NQ (phylloquinone, vitamin K1) 0.4 6 0.5 ,0.1 ,0.1 –
Menaquinone-4 (vitamin K2) ,0.1 0.4 6 0.2 ,0.1 –
BQ 4.3 6 0.3 (100) 4.8 6 1.0 (112) 0.02 6 0.02 –
2-Methyl-BQ (toluquinone) 6.1 6 1.0 (100) 5.9 6 0.8 (97) 0.01 6 0.02 –
2,5-Dimethyl-BQ (xyloquinone) 6.3 6 0.9 (100) 5.2 6 0.7 (83) 0.08 6 0.02 –
2,6-Dimethyl-BQ 6.8 6 1.0 (100) 4.8 6 0.9 (71) 0.01 6 0.02 –
2,3-Dimethoxy,5-methyl-BQ (ubiquinone 0) 5.0 6 0.2 (100) 4.7 6 0.2 (94) 0.04 6 0.02 –
Tetramethyl-BQ (duroquinone) 0.3 6 0.1 0.4 6 0.3 ,0.01 –
2,6-Dimethoxy-BQ ,0.1 ,0.1 ,0.2 –
2,5-Dihydroxy-BQ ,0.1 ,0.2 ,0.02 –
Tetrahydroxy-BQ ,0.1 ,0.1 ,0.2 –
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NQs as well as phylloquinone and menaquinone-4.
Only those NQs that can be reduced by NADPH to the
respective hydroquinones supported XTT reduction.
However, the accumulation of hydroquinones fell
short of NADPH consumption to an extent depending
on the type of NQ. XTT reduction in the presence of
active NQs could only partially be inhibited by re-
moving O2

�2 with a saturating amount of SOD, and
again this depended on the particular NQ. None of the
tested BQs supported XTT reduction, although several

of them were reduced by NADPH to the correspond-
ing hydroquinones that accumulated in stoichiometric
amounts. This result is in conflict with the reaction
catalyzed by one-electron-transferring reductases that
includes the intermediary formation of semiquinone.

Taken together, these results indicate that the en-
zyme is capable of utilizing several NQs and BQs as
electron acceptors, but only certain NQs can mediate
electron transfer to XTT. This situation is highly rem-
iniscent of the findings of Ernster et al. (1962) that
DT-diaphorase catalyzes the reduction of Cyt c in the
presence of some NQs but not in the presence of BQs.
It also appears from our data that the reduction of XTT
in the presence of active NQs can only in part be
attributed to the formation of O2

�2.
In order to clarify the connections between NADPH

oxidation and O2
�2 production, we examined the stoi-

chiometries between NADPH oxidation, O2 consump-
tion, and XTT reduction in the MD-mediated reaction
system (Fig. 4). If all electrons delivered by NADPH
are utilized for the reduction of O2 to O2

�2 (NADPH 1
2 O2 / NADP1 1 H1 1 2 O2

�2), the molar ratio of
NADPH oxidation to O2 consumption would be 1:2. If
the disproportionation of O2

�2 into H2O2 (2 O2
�2 1 2

H1 / H2O2 1 O2) is taken into account, the ratio will
be 1:1. Figure 4, A and B, shows that after a lag of about
20 s, the steady-state rates of these changes show a
ratio of 1:0.7, indicating that at the air-saturated O2
concentration (260 mM) about two-thirds of the elec-
trons removed from NADPH are utilized for reducing
O2. The O2 consumption could be reduced by half with
catalase, indicating that H2O2 is produced that decom-
poses according to H2O2 / H2O 1 ½ O2 (Fig. 4A).
About one-third of the electrons removed from
NADPH are utilized for accumulating menadionehy-
droquinone (MDH2). This portion can be significantly
increased by reducing the O2 concentration in the
reaction mixture from 260 mM to about 10 mM (Fig. 4B),
suggesting that MDH2 accumulation competes with
O2 reduction for electrons. (For technical reasons, it
was not possible to establish O2 concentrations lower
than 10 mM during the reaction.) If XTT was added to
the reaction mixture, it captured the electrons removed

Figure 4. Concentration changes of various substrates involved in the
transfer of electrons from NADPH to XTT or Cyt c in the reaction
catalyzed by the NAD(P)H oxidoreductase (200 mM NADPH and
100 mM MD, pH 7.5). A, O2 consumption with and without catalase
(200 mg mL21). B, MD reduction and simultaneously measured
NADPH oxidation at 260 mM O2 (aerobic) or about 10 mM O2

(anaerobic). C, Reduction of added XTT (100 mM) and simultaneously
measured NADPH oxidation under aerobic or anaerobic conditions. D,
Reduction of added Cyt c (50 mM) and simultaneously measured
NADPH oxidation under aerobic or anaerobic conditions.

Table IV. Effects of SOD (100 mg mL21) on various steps involved
in the transfer of electrons from NADPH to XTT in the reaction
catalyzed by the NAD(P)H oxidoreductase

Experimental details are as described for Figure 4. Inhibition of the
XTT reduction by SOD was saturated at $1 mg mL21. SOD (50 mg
mL21) inhibited XTT reduction by .95% if the enzyme was replaced by
a similarly active concentration (50 nM) of methoxyphenazine metho-
sulfate catalyzing the univalent reduction of O2 by NAD(P)H.

Reaction
Reaction Rate

2SOD 1SOD

mM min21

O2 consumption 1.9 6 0.3 1.7 6 0.3
NADPH consumption 3.3 6 0.5 3.4 6 0.1
MDH2 accumulation 1.2 6 0.3 1.1 6 0.2
XTT reduction 2.5 6 0.3 1.3 6 0.1
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from NADPH with a molar ratio that varied between
1:1 and 1:0.7 in different experiments at both air-
saturated and reduced O2 concentrations (Fig. 4C).
This correlation presumably reflects a variable contri-
bution of MDH2 accumulation that in turn is influ-
enced by the rate of the enzyme reaction. Similar to
XTT, Cyt c was able to capture most of the electrons
removed from NADPH (molar ratio of 1:1.7, in good
agreement with NADPH 1 2 Cyt coxidized / NADP1 1
H1 1 2 Cyt creduced; Fig. 4D).

It can be concluded from these results that the
electron transfer from NADPH can be accounted for
by the accumulation of MDH2 and, after a lag phase,
the consumption of O2. In the presence of XTT or Cyt c,
the electron transfer to these acceptors is essentially
complete and can occur via two competing routes,
only one of which involves the reduction of O2. This
conclusion is further supported by the finding that
SOD at saturating concentrations inhibits XTT reduc-
tion by 50% without affecting O2 reduction, NADPH
oxidation, or MDH2 accumulation (Table IV).

Another interesting property of the reaction system
catalyzed by the oxidoreductase emerged from the
investigation of the pH dependence of the NADPH-
oxidizing and the XTT-reducing activities (Fig. 5).
NADPH oxidation displays a broad asymmetric peak
between pH 4.5 and .9.0, with an optimum at pH 5.5.
However, XTT reduction covers only the high pH
range (pH . 6) of this curve, with an apparent opti-
mum at pH 7.5. Hence, in the range of pH 5 to 6,
NADPH oxidation takes place at a high rate, but the
electrons cannot be utilized for the reduction of XTT.
Figure 6 shows that under these conditions, no O2
consumption can be observed and the NADH oxida-
tion is accompanied by MDH2 accumulation with a
molar ratio of 1:1. Obviously, at pH 6, O2

�2 production
is completely shut down in favor of the accumulation
of MDH2.

Molecular Properties of the NAD(P)H Oxidoreductase

Two genetically unrelated families of two-electron-
transferring NAD(P)H:quinone-acceptor oxidoreduc-
tases have been identified in plants. Both contain FMN
and are based on subunits of similar size. The enzyme
cloned from Arabidopsis, AtNQR [for Arabidopsis
NAD(P)H:quinone-acceptor oxidoreductase], by Sparla
et al. (1999) belongs to a family of tetrameric flavo-
proteins composed of 21- to 22-kD subunits (Trost
et al., 1995, 1997; Sparla et al., 1998). The NAD(P)H:
quinone-acceptor reductase cloned from Arabidopsis,
AtFQR1, by Laskowski et al. (2002) belongs to the
WrbA family of flavoproteins that show sequence
similarities to flavodoxins and other prokaryotic and
fungal proteins. These enzymes are dimers or tetra-
mers of 21-kD subunits (Patridge and Ferry, 2006).

To test whether the NAD(P)H oxidoreductase puri-
fied from soybean plasma membranes was related to
one of these families, we examined its affinity to
antibodies raised against recombinant AtNQR and
AtFQR1. Native PAGE of cytosolic proteins, solubi-
lized plasma membranes, and purified oxidoreductase
revealed similar bands for MD-dependent O2

�2-
producing activity using nitroblue tetrazolium chlo-
ride (NBT) in-gel staining (Fig. 7A). Immunoblots of
these gels demonstrated that the activity purified from
the plasma membranes can be attributed to NQR (Fig.
7B), while the activity in the cytosolic fraction can be
attributed to FQR1 (Fig. 7C). For unknown reasons, the
activity in the plasma membrane fraction showed only
a very weak signal with the NQR antibody. When
similar samples were subjected to SDS-PAGE, no clear
protein bands could be detected by silver staining in
the purified enzyme preparation (Fig. 8). Only faint
bands at 60, 80 to 90, and 110 kD became visible,

Figure 5. pH dependence of NADPH oxidation and XTT reduction
affected by the NAD(P)H oxidoreductase in the presence of MD.
Experimental details are as described for Figure 4, except that the pH
was adjusted by mixing 20 mM HEPES and 20 mM MES. NADPH
oxidation was measured in the absence of XTT; however, similar results
were obtained in the presence of XTT.

Figure 6. NADPH oxidation, MDH2 accumulation, O2 consumption,
and XTT reduction affected by the NAD(P)H oxidoreductase at pH 6.
Experimental details are as described for Figure 4, except that the
reaction mixture was adjusted to pH 6.0 with MES.
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indicating the presence of impurities. NQRs are char-
acterized by an extraordinarily high specific activity
and, as such, the protein associated with the catalytic
activity has been reported to be difficult to detect
(Trost et al., 1997). Immunoblots of the SDS gels
showed a single band at approximately 22 kD, similar
to recombinant AtNQR, with the antibody against
NQR but not with the antibody against FQR1 in the
purified oxidoreductase preparation. On the other hand,
the FQR1 antibody gave a positive reaction with a
cytosolic antigen of very similar size (Fig. 8).

Given the molecular mass of approximately 85 kD
for the native oxidoreductase purified from plasma
membranes (Fig. 1B), these data are in agreement with
the finding that plant NQRs are homotetramers of
21.5-kD subunits (Sparla et al., 1996, 1999). Beyond
that, the enzyme demonstrates an immunological re-
lationship to AtNQR identified by Sparla et al. (1999)
rather than to AtFQR1 identified by Laskowski et al.
(2002). FQR1 appears to be at least in part responsible
for the quinone reductase activity in the cytosolic
fraction.

Mass spectrometry (MS) analysis performed with
the proteins extracted from the NBT-stained band
obtained with the purified plasma membrane enzyme
(Fig. 7A, lane 3) confirmed the homology with the
NAD(P)H:quinone-acceptor oxidoreductase NQR (EC
1.6.5.2, formerly EC 1.6.99.2). Table V summarizes the
peptides that identify a translation of the assembled
EST Glycine_max-35276 being homologous with
AtNQR (see also the sequence alignment provided as
Supplemental Table S1). Interestingly, the NQR con-
tains a FMN-binding site that was first identified in a
FMN reductase of Pseudomonas aeruginosa by x-ray

crystallography and that is clearly distinguishable
from the flavodoxin key fingerprint motif (Agarwal
et al., 2006). This FMN reductase shows high sequence
homology with NQR. The largest quantity of the NQR
peptides coincided with the center of the NBT-stained
gel bands. Most of the peptides identified in the
stained region of the gel were from lipoxygenase-4
(swissprot identifier P38417), which was not respon-
sible for the NBT reduction. Other peptides detected
were mainly from soybean ESTs, which were homol-
ogous with the fasciclin-like arabinogalactan proteins
1 and 2 from Arabidopsis (swissprot identifiers
Q9FM65 and Q9SU13). However, the profiles of these
signals did not match the profile of the NBT-staining
signal (data not shown). Two weak signals in the MS
spectra identify peptides of a FQR1 homolog (EST
Glycine_max-394114201), but their integrated intensity
was more than 30-fold smaller than that of peptides
from NQR. If significant, these signals are likely due to
a minor contamination with soluble proteins.

Figure 7. Native PAGE and immunoblot analysis of protein fractions
containing cytosolic proteins (lane 1), solubilized plasma membrane
proteins (lane 2), and purified NAD(P)H oxidoreductase protein (lane
3). Amounts of samples giving the same activity of XTT reduction (10
nmol XTTH2 min21 for A and 30 nmol XTTH2 min21 for B and C) were
loaded on the gel. A, The gel was stained for enzyme activity using the
NBT assay. B and C, Immunoblots were decorated with antibodies
directed against NQR and FQR1.

Figure 8. Silver-stained SDS-PAGE (8%) and immunoblot analysis of
protein fractions containing cytosolic proteins (lane 1), solubilized
plasma membrane proteins (lane 2), purified NAD(P)H oxidoreductase
protein (lane 3), and recombinant AtNQR (1 mg; lane 4). Samples with
the following activities were loaded onto the gel for silver staining: 8
nmol XTTH2 min21 (15 mg; lanes 1 and 2) and 140 nmol XTTH2 min21

(7.5 mg; lane 3); samples with the following activities were loaded onto
the gel for blotting: 30 nmol XTTH2 min21 (lanes 1 and 2) and 140 nmol
XTTH2 min21 (lane 3). Marker positions (kilodaltons) are given on the
left side. Immunoblots were decorated with antibodies directed against
NQR and FQR1. The amount of NQR protein in the plasma membrane
protein fraction (lane 2) was insufficient for detectable NQR antibody
binding.
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From the sequence data (Supplemental Table S1), it
is clear that NQR lacks all diagnostic features of an
integral membrane protein with membrane-spanning
helices. However, in agreement with previous investi-
gators (Luster and Buckhout, 1989; Valenti et al., 1990;
Serrano et al., 1994; Trost et al., 1997; van Gestelen et al.,
1997, 1998), we conclude that NQR can be present as a
peripheral membrane protein tightly bound to the
plasma membrane based on the following criteria: (1)
the enzyme can be liberated from the plasma mem-
brane by detergent but not by high salt (1.5 M CaCl2 or
NaCl), and (2) soluble proteins present in the homog-
enate, such as peroxidase, Glc-6-P dehydrogenase, and
FQR, were undetectable, or detectable only in traces,
in the solubilized membrane fraction. The other pro-
teins, identified as impurities in our NQR preparation
by mass spectrometry, show membrane association
domains. The lipoxygenase contains a polycystin/
lipoxygenase/a-toxin domain that may be involved
in protein-lipid interaction (Bateman and Sandford,
1999) and the fasciclin-like arabinogalactan-protein A
glycosylphosphatidylinositol anchor. The presence of
membrane-associated proteins in the purified plasma
membrane protein preparation may be taken as a
further indication of the membrane-associating nature
of NQR. Further studies are needed to clarify whether
NQR is attached to the inner or outer surface of the
plasma membrane (Bérczi and Møller, 1998).

Redox Properties of MDH2

The results reported to date indicate that the puri-
fied NQR shares many features with the two-electron-
transferring DT-diaphorases of mammals (Märki and
Martius, 1960; Ernster et al., 1962; Lind et al., 1990;
Ross, 1997) and certain quinone reductases of plants
(Luster and Buckhout, 1989; Trost et al., 1995; Sparla
et al., 1999), with the notable exception of the ability to
reduce O2 to O2

�2 at pH $ 6.5. This reaction implies the
formation of a semiquinone intermediate and the
capacity for one-electron-transferring reaction (van
Gestelen et al., 1998). A key to explain this seemingly

disparate property emerged when we investigated
the stability of MDH2 as a function of pH. When added
to buffered water containing 260 mM O2, MDH2 was
stable at acidic pH. However, autoxidation increased
steeply when the pH was raised to $6.5 (Fig. 9A). XTT
reduction was inhibited by SOD by only 50% (Fig. 9B).
The molar ratios (1:1 in the case of O2 and XTT, 1:2 in
the case of Cyt c) showed that the electron transfer
from MDH2 to these acceptors was complete (Fig. 10).
Net O2 consumption was prevented when XTT was
present (Fig. 10A), similar to the enzyme-catalyzed
reaction (Fig. 2). Moreover, in agreement with the
results shown in Table IV, SOD reduced the molar ratio
of MDH2 oxidation/XTT reduction from 1:1 to 1:0.5,
indicating that 50% of the electrons provided by
MDH2 could be diverted to XTT without the partici-
pation of O2

�2 (Fig. 10B). In the case of Cyt c, this
fraction increased to 70% (Fig. 10C).

Table V. Mass spectrometric identification of soybean NQR following in-gel digestion by trypsin of the NBT-stained band from native gel
electrophoresis (Fig. 7A, lane 3)

Peptidea Retention Timeb Mr(obs)c zd Mr(cal) Difference E Valuee Sequence (Modification)

16–27 38.4 1,101.6039 2 1,101.6029 0.0010 1.7E-10 M.AAVAGASSSVIK.V (acetylated
N terminus)

28–36 33.5 872.5078 2 872.5079 20.0001 2.7E-04 K.VAALSGSLR.K
47–55 30.9 959.5034 2 959.5036 20.0002 1.4E-03 R.SAIELSQGR.V
56–90 56.7 3,928.0185 3 3,928.0145 0.0040 5.9E-10 R.VEGLQIEYVDISPLPLLNTDLEVN-

GTYPPQVEAFR.Q
93–115 55.2 2,468.2830 2 2,468.2838 20.0008 1.4E-11 K.ILAADSILFASPEYNYSVASPLK.N
93–115 55.2 2,468.2842 3 2,468.2838 0.0004 4.7E-15 K.ILAADSILFASPEYNYSVASPLK.N

132–146 36.1 1,272.6573 2 1,272.6574 20.0001 3.2E-12 K.PAAIVSAGGGFGGGR.S

aSequence numbering is for PlantGDB-assembled EST PUT-161a-Glycine_max-35276. bRetention time (minutes) from reverse-
phase HPLC. cRelative molecular mass determined from mass/charge ratio and charge. dCharge determined from isotope distribution
observed. eExpected number of random hits having an equal or better score (probability scoring by the OMSSA program).

Figure 9. MDH2 autoxidation (A) and accompanying XTT reduction in
the absence and presence of SOD (B) as a function of pH. A, MDH2

(100 mM) from a freshly prepared 5 mM stock solution in ethanol was
added to HEPES (20 mM) adjusted to pH 5.0 to 7.7. The decrease of A290

due to the conversion of MDH2 to MD was recorded for #1 min. At pH
. 7.5, the rates were too rapid to be followed accurately. B, Similar
measurements recording the reduction of XTT (100 mM) with or without
SOD (100 mg mL21) in the presence of MDH2 (100 mM).
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The kinetics of MDH2 autoxidation, concomitant O2
uptake, and reduction of added XTT or Cyt c at pH 7.5
revealed that XTT and Cyt c are more potent acceptors
than O2 for electrons provided by MDH2 (Fig. 11).
Reducing the O2 concentration to about 10 mM strongly
reduced MDH2 autoxidation (Fig. 11A) but affected XTT
reduction only slightly (Fig. 11C) and Cyt c reduction not
at all (Fig. 11D). Hence, electron transfer from MDH2 to
XTTor Cyt c also can take place without the intermediary
formation of O2

�2. Moreover, aerobic MDH2 oxidation
was slowed by SOD, indicating that this reaction de-
pends in part on the formation of O2

�2 (Fig. 11A).
In summary, basic features observed in the redox

reaction catalyzed by the isolated oxidoreductase are
also found in the nonenzymatic reactions of MDH2 in
neutral or alkaline solutions. The enzyme functions as a
bona fide NQR that catalyzes an obligate two-electron
reduction of certain quinones and is consequently
insensitive to inhibition by DPI. However, some naph-
thohydroquinones produced by the enzyme, such as

MDH2, can act as converters from two-electron- to one-
electron-transferring reactions, depending on their
propensity to undergo autoxidation after activation at
high pH (compare with Table III). During the reaction,
intermediates are produced that can react either with
O2-forming O2

�2 or with artificial one-electron accep-
tors such as XTT or Cyt c. In retrospect, it is interesting
that an NQR assay has been developed based on this
principle (Prochaska and Santamaria, 1988). The dif-
fering susceptibility to autoxidation of various naph-
thohydroquinones produced by DT-diaphorase has
been described by Buffinton et al. (1989). Lind et al.
(1982) noted that MDH2 was stable at pH # 6.5 but
underwent autoxidation at pH 7.5.

Reaction Mechanisms Involved in the Oxidation of
MDH2 by O2 or XTT

The ability of redox-labile hydroquinones to form
semiquinones in alkaline solution (i.e. in their anionic

Figure 10. Molar relations in the electron transfer from MDH2 to O2 (A), XTT (B), or Cyt c (C) at pH 7.5. A, Various amounts of
MDH2 dissolved in ethanol were added to HEPES in the absence or presence of XTT (100 mM). The amounts of O2 consumed
were measured when the reaction was completed (after 6–10 min). B and C, Reduction of XTT (100 mM; B) or Cyt c (100 mM; C) in
the absence or presence of SOD (100 mg mL21) measured after completion of the reaction (after 1–2 min).

Figure 11. Kinetics of the autoxidation of MDH2 (A),
concomitant uptake of O2 (B), and reduction of added
XTT (C) or Cyt c (D) at pH 7.5. A, Oxidation of MDH2

(100 mM) was followed (A290) in 260 mM O2 (aerobic)
and about 10 mM O2 (anaerobic) in the absence or
presence of SOD (100 mg mL21). B, Decrease of O2

concentration during the oxidation of MDH2. C and
D, Reduction of XTT (200 mM; C) or Cyt c (200 mM; D)
added to 100 mM MDH2 aerobically or anaerobically.
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form) is well known in chemistry (Brunmark and
Cadenas, 1989). A general scheme illustrating the
reactions involved in MDH2 autoxidation via the sem-
iquinone (MD�2) intermediate state is depicted in
Figure 12. MDH2 produced by NQR (reaction 1) and
activated by deprotonation at pH $ 6.5 (reaction 2) can
undergo conversion to MD via two routes (A and B)
involving three one-electron-transferring reactions
(Cadenas, 1995):

MD22
1 O2/MD�2 1 O2

�2 ð3Þ

MD22
1 O2

�2
1 2 H1/MD�2 1 H2O2 ð4Þ

MD�2 1 O2/MD 1 O2
�2 ð5Þ

After initiation by reaction 3, autoxidation can be
propagated through the redox cycle of route B, reach-
ing a steady-state rate after overcoming a lag phase
(compare with. Figs. 4A and 11, A and B). If present,
XTT reacts with O2

�2 according to:

O2
�2

1 ½ XTT 1 H1/O2 1 ½ XTTH2 ð6Þ
Moreover, the data from Figures 10 and 11 demon-

strate that XTT can replace O2 by reacting either with
MD22 or with MD�2:

MD22
1 H1

1 ½ XTT/MD�2 1 ½ XTTH2 ð7Þ
or

MD�2 1 H1
1 ½ XTT/MD 1 ½ XTTH2 ð8Þ

Because of the negative standard redox potential of
the MD�2/MD couple (2203 mV) compared with the
MD22/MD�2 couple (1193 mV; Öllinger et al., 1990),
reaction 8 will be thermodynamically strongly favored
over reaction 7. However, in either case, only 50% of
the XTT will be reduced via O2

�2 (reaction 6) and route
B will be shut off due to the lack of O2

�2. This explains
the finding that the overall reaction can be inhibited by
50% with SOD (compare with Table IV; Figs. 9B and
10B). The lower inhibitory effect of SOD in the case of
Cyt c (Fig. 10C) could be due to the ability of this
acceptor to react to some extent with both MD22 and
MD�2. Evidently, XTT and Cyt c reduction specifically
detect O2

�2 production only to the extent that can be
inhibited by SOD.

The autoxidation of the hydroquinones is affected
by SOD in various ways (Öllinger et al., 1990). As
shown in Figure 11A, SOD causes a partial inhibition
of the O2-limited MDH2 oxidation. The removal of O2

�2

eliminated electron flow through route B. No effect of
SOD on NADPH oxidation, MDH2 accumulation, and
O2 consumption was detected in the much slower
autoxidation reaction limited by the enzymatic pro-
duction of MDH2 (Table IV), suggesting that O2

�2 had
no major influence on autoxidation under these con-
ditions.

Similar to SOD, electron acceptors such as XTT or
Cyt c will decrease the concentration of O2

�2 in the
reaction system, shutting down route B. Nevertheless,
electron flow is strongly enhanced even at very low O2
concentrations (Fig. 11, C and D). These results show
that route A is sufficient to mediate rapid electron flow
provided that suitable sinks are available to remove
O2
�2 and MD�2.

Potential Function of NQR in the Plasma Membrane
of Intact Cells

Based on their biochemical properties, quinones and
their reduced forms can exhibit both antioxidant and
prooxidant activities. For example, linoleic acid autox-
idation can be inhibited by phylloquinone and en-
hanced by phyllohydroquinone (Canfield et al., 1985).
With respect to their biological functions in animal
cells, cytosolic two-electron-transferring quinone re-
ductases are often considered to act as antioxidant
enzymes, protecting the cell against the harmful accu-
mulation of quinones that can produce toxic radicals
upon reduction by one-electron-transferring reduc-
tases (Lind et al., 1982; Cadenas, 1995; Ross, 1997). In
plants, an antioxidant function of two-electron-trans-
ferring quinone reductases was recently supported by
the observation that the expression of these enzymes
can be upregulated in vivo under stress conditions that
involve the formation of toxic oxidants (Matvienko
et al., 2001; Greenshields et al., 2005). On the other
hand, the supposition that these enzymes generally
serve as antioxidant tools to protect against quinone
toxicity has been challenged on the ground that redox-
labile hydroquinones can autoxidize in vivo with the

Figure 12. Redox chemistry involved in the MD-
mediated univalent reduction of O2 by route A and
route B. Reaction 1, Divalent enzymatic reduction of
MD to MDH2 by NQR; reaction 2, activation of MDH2

by deprotonation; reaction 3, univalent oxidation of
MD22, producing MD�2 (semiquinone) by reducing
O2 to O2

�2; reaction 4, univalent oxidation of MD22,
producing MD�2 by reducing O2

�2 to H2O2; reaction
5, oxidation of MD�2 by reducing O2 to O2

�2.
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formation of reactive oxygen species, including hydroxyl
radicals (Nutter et al., 1992; Dicker and Cederbaum,
1993; Cadenas, 1995). The plasma membrane plays an
important role as a site of O2

�2 and H2O2 generation,
serving functions such as cell wall expansion or path-
ogen defense. Although this performance is often
ascribed to NOX-type enzymes (Gapper and Dolan,
2006), alternative sources of reactive oxygen species
cannot be excluded. This is especially true in those
cases in which O2

�2 production cannot be inhibited by
even high concentrations of DPI and in which a
significant part of XTT or Cyt c reduction is resistant
to inhibition by SOD. Examples of striking DPI insen-
sitivity of O2

�2 production or transmembrane electron
transport by plasma membrane vesicles have been
reported (Menckhoff and Lüthje, 2004; Mojović et al.,
2004). As shown here, the NQR purified from plasma
membranes has a potential to elicit O2

�2 production,
unaffected by DPI, if supplied with a quinone sub-
strate such as MD. Autoxidation of the hydroquinone
produced in this way can lead directly to O2

�2 and
H2O2 formation. Alternatively, coupling of O2

�2 gen-
eration to hydroquinone oxidation could be accom-
plished by peroxidase at the apoplastic side of the
plasma membrane. Ohnishi et al. (1969) have shown
that horseradish peroxidase catalyzes the conversion
of hydroquinones to semiquinone radicals in the pres-
ence of H2O2, even at acidic pH not permitting autox-
idation. In both cases, a low-potential cytochrome as a
one-electron donor for the reduction of O2 would be
unnecessary. A low-potential b-type cytochrome is an
essential component of NOX enzymes but in fact has
never been detected in plasma membranes of plants
(Bérczi and Møller, 2000). Quinones such as ubiqui-
none or plastoquinone function as lipid-soluble, mo-
bile electron carriers in mitochondrial or thylakoid
membranes, suggesting a similar condition in the
plasma membrane (Barr et al., 1992). Specifically, this
property could be utilized to mediate an electron
transport from NAD(P)H oxidation by NQR at the
cytoplasmic face to O2 reduction at the apoplastic face
of the plasma membrane. In this case, only catalytic
amounts of quinone would be required, which un-
dergo redox cycling and thereby transport electrons
(and protons) across the membrane, in agreement with
the net equation describing the reaction catalyzed by
NOX:

NADðPÞH 1 2 O2/NADðPÞ1 1 H1
1 2 O2

�2

Basic questions arising in this context concern the
access to substrates and the environmental conditions
for the activity of NQR in or at the plasma membrane
in vivo. These questions are still wide open. Never-
theless, several findings have been reported hinting
at a redox-mediating function of quinones also in the
plasma membrane (e.g. the inhibition of electron
transport processes by ‘‘vitamin K antagonists’’ such
as dicumarol; Döring et al., 1992; Lüthje et al., 1994).
Although MD (vitamin K3) is not a normal constituent

of the plasma membrane, a substance with the chro-
matographic and spectroscopic properties of phyllo-
quinone (menadione with a phytyl side chain, vitamin
K1) has been isolated from plasma membrane prepa-
rations of maize roots (Lüthje et al., 1998; Lochner
et al., 2003). Phylloquinone serves as an electron
transfer component in PSI of photosynthesis (Brettel,
1997). Unfortunately, the solubility of phylloquinone
in water is extremely low, preventing a direct test of its
activity as a substrate for NQR in aqueous solution
(compare with Table III). The reactivity of the prenyl-
menadione derivatives (vitamin K series) with DT-
diaphorase in aqueous solution decreases with the
length of their prenyl side chain and parallel to their
insolubility in water (Märki and Martius, 1960). This
suggests that in lipophilic surroundings, phylloqui-
none can act as a substrate for NQR. It has indeed been
demonstrated that phylloquinone is easily reduced by
the DT-diaphorase if it is incorporated into the mem-
brane of liposomes and thus can transport electrons
from the outside to the inside of this vesicle (Martius
et al., 1975).

MATERIALS AND METHODS

Materials

Seedlings of soybean (Glycine max ‘Jutro’) were grown on wet vermiculite

in darkness for 4.5 d at 25�C. The top 2 cm of the hypocotyl was excised and

used for plasma membrane preparation.

Chemicals were obtained from Merck (polyethylene glycol 6000), Sigma or

Aldrich (quinones, horseradish peroxidase, Cibacron 3G-A, dicumarol, DPI,

nitrofurantoin, rotenone, piericidin A, N-ethylmaleimide, 4-chloromercuri-

benzoate, quinacrine, and bicinchoninic acid), Amersham Bioscience (Blue

Sepharose 6 Fast Flow), Pharmacia (Superdex 200 HR 10/30 column), Roche

Biochemicals (Cyt c, Cu/Zn-SOD, and catalase), and Polyscience (XTT).

MDH2 was synthesized after Fieser et al. (1939) and purified by silica gel

chromatography.

Quinone stock solutions (100 mM) were prepared in dimethyl sulfoxide or

ethanol (vitamins K1 and K2), diluted with assay buffer to 1 mM, and used

within the next 2 h. Juglone solutions had to be kept in darkness to prevent

disintegration. MDH2 was dissolved in water-free ethanol and added directly

to the reaction medium.

Preparation and Solubilization of Plasma Membranes

The procedure devised by Thein and Michalke (1988) was adopted with

some modifications. Batches (100 g) of hypocotyl segments were homogenized

with a blender in 400 mL of cold medium containing 10 mM Tris-HCl (pH 8.0),

20 mM Na2EDTA, 300 mM NaCl, 0.5 mM phenylmethylsulfonyl fluoride, and

1 g L21 bovine serum albumin. After filtering the slurry through nylon cloth, a

membrane fraction was isolated by differential centrifugation (30 min at

1,500g, 45 min at 100,000g, 4�C) and resuspended in 180 mL of medium

(without phenylmethylsulfonyl fluoride and albumin). Intracellular mem-

branes were precipitated by adding 0.043 g mL21 polyethylene glycol 6000

and stirring for 30 min on ice. After removing the precipitate by centrifugation

(30 min at 1,500g, 4�C), the plasma membranes contained in the supernatant

were pelleted (45 min at 100,000g, 4�C), resuspended in 3 mL of 20 mM HEPES

(pH 7.8) containing 20 mM Na2EDTA and 250 mM Suc, and stored at 270�C.

The purity of the isolated membrane fraction was ascertained by separat-

ing the proteins of the different fractions by SDS-PAGE followed by semidry

blotting on polyvinylidene difluoride membranes and decoration of the

membranes with specific polyclonal antibodies directed against the Rieske

protein (mitochondria) and the plasma membrane P-ATPase. The plasma

membrane fraction showed the strongest signal with the anti-P-ATPase

antibodies and no signal with the anti-Rieske antibodies, indicating that there
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was no detectable contamination by mitochondrial membranes (Supplemen-

tal Fig. S1). Conventional two-phase partitioning (Larsson et al., 1994) of

microsomes resulted in a plasma membrane fraction with very similar

properties if tested according to these criteria.

The cytosolic protein fraction was prepared from the homogenate by

removing insoluble material by centrifugation (45 min at 100,000g, 4�C).

Membrane localization of the oxidoreductase activity was tested by

incubating plasma membranes in 1.5 M CaCl2 or 1.5 M NaCl for 1 h at 4�C in

20 mM HEPES (pH 7.8), followed by washing three times with the same buffer.

Plasma membrane suspensions were solubilized by adding an equal

volume of 4% (w/v) Tween 20 and incubating for 30 min at 30�C. After

clearing by centrifugation (15 min at 12,000g), the enzyme solution could be

stored at 270�C without loss of activity for several months. The contamination

of the solubilized plasma membrane fraction with soluble proteins was

estimated by measuring the activity of the cytosolic marker enzyme Glc-6-P

dehydrogenase. The concentration of the Glc-6-P dehydrogenase in the mem-

brane fraction was about 5% of the concentration expected if the membrane

vesicles contained the same concentration as the cytosolic tissue fraction.

Protein Determination

The protein contents of enzyme extracts were estimated with the bicin-

choninic acid procedure as described by Kaushal and Barnes (1986) using

bovine serum albumin as a standard. This method provides reliable results

in the presence of detergents such as Tween 20 at protein concentrations of

$1 mg mL21.

Enzyme Assays

Photometric measurements of reaction rates at specific wavelengths

allowed the determination of XTT reduction, NAD(P)H oxidation, and hy-

droquinone accumulation in mixtures of these components. The standard

assay mixture contained 200 mM NADPH, 100 mM MD, 100 mM XTT, and

enzyme extract (start of reaction) in 20 mM HEPES (pH 7.5) in a total volume of

500 mL (25�C). XTT reduction was measured at 470 nm (e470 5 24.2 mM
21 cm21)

or 550 nm (e550 5 9.8 mM
21 cm21) for 1 to 2 min. NADPH oxidation was

measured at 340 nm (e340 5 6.21 mM
21 cm21) and corrected for absorbance

changes caused by XTT reduction (e340 5 5.4 mM
21 cm21). Absorbance changes

due to MD reduction at 340 nm (e340 5 20.09 mM
21 cm21) are negligible.

Because of overlapping absorbance spectra, the determination of coupled

NADPH oxidation and MDH2 accumulation (in the absence of XTT) required

measurements at two wavelengths (290 and 340 nm) and mathematical

separation of the two partial reactions using the following formulas (1-cm

cuvette):

DCNADPH 5 2 0:160 DA340 2 0:0066 DA290

DCMDH2 5 0:456 DA290 2 0:0675 DA340

Suitable wavelengths pairs and extinction coefficients for corresponding

measurements with other quinones were determined from difference spectra

(oxidized / reduced) as outlined in Supplemental Appendix S1. Modifica-

tions of the standard assays are described in the figure legends.

FeCN (500 mM) reduction was measured at 420 nm (e420 5 1.02 mM
21 cm21).

DCPIP (30 mM) reduction was measured at 600 nm (e600 5 22.0 mM
21 cm21).

Cyt c (50 mM) reduction was measured at 550 nm (e550 5 21.0 mM
21 cm21).

Anaerobic conditions during the enzyme reaction were obtained by

evacuating the reaction mixture followed by gassing with argon. This lowered

the O2 concentration by about 96% (10 mM).

Peroxidase activity was measured at 25�C either with 8.3 mM guaiacol and

8.8 mM H2O2 in 50 mM citrate-NaOH at pH 5.0 (470 nm, e470 5 26.6 mM
21 cm21;

Mika and Lüthje, 2003) or with 100 mM 3,3#,5,5#-tetramethylbenzidine and

5 mM H2O2 in the same buffer at pH 4.5 (654 nm, e654 5 39 mM
21 cm21; Imberty

et al., 1984). Tested with horseradish peroxidase (Sigma type VI; 300

purpurogallin units mg21 protein), the detection limits of these assays were

1 ng and 10 pg, respectively, in 1 mL of reaction mixture.

Oxygen consumption was measured with a Clark-type oxygen electrode

using 2 mL of standard assay mixture (25�C).

PAGE and Western Blotting

SDS-PAGE was carried out in 8% polyacrylamide. Proteins were visualized

by silver staining. Native PAGE was carried out using 0.1% CHAPS instead of

SDS. The sample buffer contained 40 mM Tris-HCl (pH 7.8), 0.1% CHAPS, 10%

glycerol, and 0.002% bromphenol blue. Samples were mixed with sample

buffer in a 2:1 ratio. The running buffer contained 25 mM Tris, 1.44% Gly, and

no detergent. Gels were incubated for 20 min in 50 mM Tris-HCl (pH 7.4),

0.2 mM NBT, 0.1 mM MgCl2, and 1 mM CaCl2 in the dark. The reaction was

started after 20 min of preincubation by adding 0.2 mM NADH and 0.1 mM

MD and continued for approximately 15 min.

Proteins were transferred onto nitrocellulose (SDS-PAGE) or polyvinyli-

dene difluoride (native PAGE) membranes by semidry blotting using a

Multiphor II Novablot unit (Amersham Bioscience). For detection, the ECL

system (Amersham Bioscience) was used according to the manufacturer’s

protocol.

Protein Identification by HPLC-Electrospray
Mass Spectrometry

The NBT-stained region of a native PAGE gel derived from a sample

of purified plasma membrane oxidoreductase (Fig. 7A, lane 3) was cut into

10 horizontal 2-mm strips that were processed individually to establish

abundance profiles of the identified peptides. After destaining the gel slices

and reduction of proteins by 10 mM 1,4-dithiothreitol, Cys residues were

modified by iodoacetamide at a final concentration of 55 mM for 30 min at

room temperature. After washing in 5 mM NH4HCO3 and dehydration by

ethanol, 0.25 mg of trypsin (Promega) in 5 mM NH4HCO3 was added to each

sample and incubated on ice for 20 min. The buffer was exchanged to 5 mM

NH4HCO3, and digestion was done overnight at 37�C. Peptides were

extracted successively with 0.1% formic acid and acetonitrile, dried, and

resuspended in 3% acetonitrile and 0.1% formic acid.

Peptide mixtures were separated for nano-LC-electrospray ionization-MS/

MS using a FAMOS autosampler (Dionex), an Ultimate inert HPLC system

(Dionex), and an Agilent HPLC 1100 pump connected to the nano-electrospray

ionization source of a Finnigan LTQ-FT (Thermo Electron Corporation) for

online mass detection. Peptides were first collected on a trap column (0.1 3 15

mm, Zorbax Eclipse XDB-C18, 5 mm; Agilent Technology) for desalting and

concentrating followed by separation on an analytical column made up by

fused silica emitters (0.075 3 105 mm, 6 mm; Proxeon Biosystems) filled with

Hydrosphere C18, 3 mm (YMC). Peptides were eluted during a 60-min

gradient using 97% water, 3% acetonitrile, and 0.1% formic acid as solvent A

and 80% acetonitrile, 20% water, and 0.1% formic acid as solvent B at a flow

rate of 0.15 mL min21.

Mass spectrometric detection consisted of full scans at a resolution of

25,000 followed by data-dependent selected ion scans at a resolution of 50,000

and low-resolution MS/MS scans using a dynamic exclusion of parent ion

masses for 60 s.

The MS and MS/MS spectra were searched against the soybean

EST assembly from PlantGDB (Dong et al., 2005; release October 2007, based

on GenBank release 161) and soybean and Arabidopsis (Arabidopsis thaliana)

proteins from the uniprot database (release 12.4, October 2007) using an in-

house installation of the program OMSSA (Geer et al., 2004; version 2.1).

Search results were filtered and sorted using in-house-written software

(F. Drepper, unpublished data). Peptide hits were considered significant if

the precursor and product ion masses matched within 2 ppm and 0.5 relative

mass units, respectively, and if the E-value was below 0.01.

Statistics

Data represent means or representative examples from measurements

repeated three to six times. Typical SE values are shown in Figure 5 and Tables

I, III, and IV but omitted in other figures for the sake of clarity.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Comparison of two methods of plasma mem-

brane preparation.

Supplemental Table S1. NQR sequence alignment.

Supplemental Appendix S1. Formulas and extinction coefficients used

for the determination of NAD(P)H oxidation and quinone reduction in

NADPH/quinone mixtures.

Schopfer et al.

876 Plant Physiol. Vol. 147, 2008



ACKNOWLEDGMENTS

We are grateful to K. Kienzler and B. Knapp (both Universität Freiburg)

for excellent technical assistance; Dr. W. Seiche (Universität Freiburg) for

synthesizing menadionehydroquinone; Drs. F. Sparla and P. Trost (Università
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Fig. S1. Comparison of two methods of plasma membrane preparation. 

Immunoblots of protein fractions prepared by PEG-fractionation according to Thein and 

Michalke (1988) or by dextran-PEG 2-phase system according to Larsson et al. (1994). 

Homogenate (1, 6), microsome fraction (2, 7), soluble protein fraction (3, 8), intracellular 

membrane vesicles (4, 9), plasma membrane fraction (5, 10). Samples containing 20 µg 

protein were loaded on the gel. Immunoblots were decorated with antibodies directed 

against P-ATPase and Rieske protein. Marker positions [kDa] are given on the right side. 

 
 
 



 



Table S1  
 
Multiple sequence alignment (CLUSTAL W 1.83) of plant NQR sequences from Arabidopsis, Vitis 
vinifera (Grape), Glycine max (soybean), Solanum tuberosum (potato) and Oryza sativa (rice). 
Peptides from the predicted soybean NQR identified by mass spectrometry are underlined. The FMN 
binding motif is shown in gray.  
 
                                                  ←  FMN  → 
Q9LK88|NQR_ARATH              1 MEAVTAIKP-LIRVAALSGSLRKTSFHTGLLRAAIDLTKESVPGLQIEYI 49 
A5AS03|A5AS03_VITVI           1 MAAAIEVQP-VIKVAALCGSLRKASFNRGLIRSAIKISKEAINGMEIEYV 49 
PUT-161a-Glycine_max-35276   15 MAAVAGASSSVIKVAALSGSLRKGSYNRALIRSAIELSQGRVEGLQIEYV 64 
Q8H9D2|NQR_SOLTU              1 ----MAAQP-VIKVAGLCGSLRKGSYNRGLLNAAMEICKDSITGMEIEYV 45 
Q941Z0|NQR1_ORYSJ             1 --MEAAAARPVIRVAAICGSLRKASYNGGLLRAAAGVCEESIPGLRVDHV 48 
Q941Y8|NQR2_ORYSJ             1 --MEGSTSPKALRVAAISGSLRRGSANTGLIRAAKEICEESIPGMVIDHV 48 
                                           ::**.:.****: * : .*:.:*  : :  : *: :::: 
 
Q9LK88|NQR_ARATH                DISPLPLINTDLEVNGT-YPPVVEAFRQKILEADSILFASPEYNFSVSAP 98 
A5AS03|A5AS03_VITVI             DIAPLPMLNTDLEVDGT-YPPAVEAFRQKILEADSILFASPEYNYSVTAP 98 
PUT-161a-Glycine_max-35276      DISPLPLLNTDLEVNGT-YPPQVEAFRQKILAADSILFASPEYNYSVASP 113 
Q8H9D2|NQR_SOLTU                DISPLPFLNTDLEVNGT-YPPVVEAFRKKIEEADCFLFASPEYNYSITGP 94 
Q941Z0|NQR1_ORYSJ               DISGLPLLNTDLETADGGFPPAVEAFRDKVRQADCFLFGSPEYNYSIATP 98 
Q941Y8|NQR2_ORYSJ               DIPDLPLLNTDMEVDDG-FPPAVEAFRASVRAADCFLFASPEYNYSISGP 97 
                                **. **::***:*. .  :** ***** .:  **.:**.*****:*:: * 
 
Q9LK88|NQR_ARATH                LKNALDWASRPPNVWADKPAAIISTGGGFGGGRSQYHLRQIGVFLDLHFI 148 
A5AS03|A5AS03_VITVI             LKNAIDWASRPPNVWADKPAAIISTGGGFGGGLSQYHLRQIGVYLDLHFI 148 
PUT-161a-Glycine_max-35276      LKNALDWASRAPNVWAGKPAAIVSAGGGFGGGRSQYHLRQIGVFLDLHFI 163 
Q8H9D2|NQR_SOLTU                LKNAIDWASRPPNVWADKAAAMVSAGGGFGGGRSQYHLRQIGVFLDLHFI 144 
Q941Z0|NQR1_ORYSJ               LKNALDWASRGQNCWADKPAAIVSAGGGFGGGRSQYHLRQVGVFLDLHFI 148 
Q941Y8|NQR2_ORYSJ               LKNALDWGSRPPNCWADRAAAIVSASGGSGGSRSMYHIRQVGVFLDIHFI 147 
                                ****:**.**  * **.:.**::*:.** **. * **:**:**:**:*** 
 
Q9LK88|NQR_ARATH                NKPEFTLNAFQPPQKFDAEGNLVDEVTKERLKQVLLSLQAFTLRLQGK-- 196 
A5AS03|A5AS03_VITVI             NKPEFFLNAFQPPAKFDAEGNLIDEDAKKRIKEVILSLQAFTRRLQGK-- 196 
PUT-161a-Glycine_max-35276      NKPEFFLNAFQPPAKFNNDGDLIDEDAKNRLKDVLLSLKEFTLRLQGKN- 212 
Q8H9D2|NQR_SOLTU                NKPEFFLNAFQQPPKFDSDGVLTDEETKQRLRAVLLALQALALKLKGKCE 194 
Q941Z0|NQR1_ORYSJ               NKPELAVKAFEQPPKFDSDGNLIDAQIRERIKQVLLSLQAFTLRLQKKD- 197 
Q941Y8|NQR2_ORYSJ               NKPEVFIKAHQPPKKFDSDGNLIDPEIKEELKDMLLSLQAFALRLQGKPA 197 
                                ****. ::*.: * **: :* * *   ::.:: ::*:*: :: :*: *   
 
Q9LK88|NQR_ARATH                ------ 
A5AS03|A5AS03_VITVI             ------ 
PUT-161a-Glycine_max-35276      ------ 
Q8H9D2|NQR_SOLTU                ------ 
Q941Z0|NQR1_ORYSJ               ------ 
Q941Y8|NQR2_ORYSJ               NSKHAA 203 
 
 
 



 



Appendix 

Formulas and extinction coefficients used for the determination of NAD(P)H oxidation and 

quinone reduction (hydroquinone accumulation) in NADPH/quinone mixtures. Suitable 

wavelengths pairs (λ1, λ2) were selected from absorbance (A) spectra of the quinones (100 µM) 

dissolved in 20 mM HEPES, pH 7.5, with 0.1% DMSO (0.1% ethanol + 2% Tween 20 in the 

case of vitamins k1 and k2) before and after exhaustive reduction with solid NaBH4. NAD(P)H 

was oxidized with catalytic amounts of methoxyphenazine methosulfate. Disregarding possible 

impurities of the commercially obtained quinones, differential (ox → red) extinction coefficients 

(ελ1, ελ2) were calculated and used for the estimation of concentration changes (Δca, Δcb, 

measured in a 1-cm cuvette) in a mixture of components a, b according to the general formulas: 

2
1

1
2 A

x
A

x
c

bb

a Δ−Δ=Δ λλ εε
, and 1

2
2

1 A
x

A
x

c
aa

b Δ−Δ=Δ λλ εε
,  

whereby ΔA1 = measured absorbance change at λ1, ΔA2 = measured absorbance change at λ2 and 
ababx 2112 λλλλ εεεε ⋅−⋅= . Δcb, b

1λε , b
2λε  refer to NAD(P)H →NAD(P)+. 

These formulas can be derived from the principle that the concentrations of the two pigments a, b 

in a mixture of these pigments can be calculated from the absorbance spectrum at two 

wavelengths (λ1, λ2) demonstrating large differences in ελ. From b
b

a
a ccA ⋅+⋅= 111 λλ εε , and 

a
a

b
b ccA ⋅+⋅= 222 λλ εε , the equations defining ca and cb can be derived by mutual substitution and 

rearrangement. This procedure has been exemplified in detail for the estimation of chlorophylls a 

and b in plant extracts (Strain HH, Svec WA, 1966). 

 

Component a  

(ox→red) 

λ1 

[nm] 

λ2 

[nm]

a
1λε   

[mM-1cm-1] 

a
2λε   

[mM-1cm-1]

b
1λε   

[mM-1cm-1] 

b
2λε   

[mM-1cm-1]

NQ 290 340 2.23 -0.35 -0.92 -6.21 

2-Methyl-NQ 290 340 2.18 -0.085 -0.92 -6.21 

5-Hydroxy-NQ 366 425 -0.98 -3.15 -3.38 0.00 

5-Hydroxy,2-methyl-NQ 420 366 -3.79 -1.41 0.00 -3.38 

2-Hydroxy-NQ 450 366 -2.92 1.52 0.00 -3.38 

2-Methoxy-NQ 282.3 340 -14.1 0.86 0.00 -6.21 

2,3-Dimethoxy-NQ 282.3 340 -8.16 -0.16 0.00 -6.21 



Vitamin k1 282.3 366 -1.24 -0.32 0.00 -3.38 

Vitamin k2 282.3 366 -1.24 -0.32 0.00 -3.38 

BQ 290 340 1.41 -0.008 -0.92 -6.21 

2-Methyl-BQ 282.3 340 2.61 -0.38 0.00 -6.21 

2,5-Dimethyl-BQ 282.3 340 3.11 -0.075 0.00 -6.21 

2,6-Dimethyl-BQ 282.3 340 2.54 -0.26 0.00 -6.21 

Ubiquinone 0 290 340 0.70 -0.25 -0.92 -6.21 

Tetramethyl-BQ 290 340 1.22 -0.17 -0.92 -6.21 

2,6-Dimethoxy-BQ 282.3 340 -11.2 -0.31 0.00 -6.21 

2,5-Dihydroxy-BQ 290 366 3.14 -0.31 -0.92 -3.38 

Tetrahyxdroxy-BQ 483 340 -16.9 -0.22 0.00 -6.21 

(NQ=1,4-naphthoquinone, BQ=1,4-benzoquinone) 
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Summary

• Cadmium (Cd2+) is an environmental pollutant that causes increased reactive oxygen
species (ROS) production. To determine the site of ROS production, the effect of
Cd2+ on ROS production was studied in isolated soybean (Glycine max) plasma
membranes, potato (Solanum tuberosum) tuber mitochondria and roots of intact
seedlings of soybean or cucumber (Cucumis sativus).
• The effects of Cd2+ on the kinetics of superoxide ( ), hydrogen peroxide (H2O2)
and hydroxyl radical (•OH) generation were followed using absorption, fluorescence
and spin-trapping electron paramagnetic resonance spectroscopy.
• In isolated plasma membranes, Cd2+ inhibited  production. This inhibition was
reversed by calcium (Ca2+) and magnesium (Mg2+). In isolated mitochondria, Cd2+

increased  and H2O2 production. In intact roots, Cd2+ stimulated H2O2 production
whereas it inhibited  and •OH production in a Ca2+-reversible manner.
• Cd2+ can be used to distinguish between ROS originating from mitochondria and
from the plasma membrane. This is achieved by measuring different ROS individually.
The immediate (≤ 1 h) consequence of exposure to Cd2+ in vivo is stimulation of ROS
production in the mitochondrial electron transfer chain and inhibition of NADPH
oxidase activity in the plasma membrane.

Key words: cadmium (Cd), calcium (Ca), mitochondrial electron transport chain,
NADPH oxidase, plasma membrane, reactive oxygen species (ROS).
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Introduction

Life in an oxygen-rich atmosphere has to deal with the danger
of oxidative stress. Reactive oxygen species (ROS), such as
superoxide ( ), hydrogen peroxide (H2O2) and hydroxyl
radicals (•OH), are produced during normal cell metabolism
but their production is drastically enhanced when plants are
exposed to natural abiotic stresses such as high light, low
temperatures and drought, and to biotic stresses such as attack
by pathogens or wounding (e.g. Scandalios, 2002). Environmental
pollutants such as heavy metal ions, for example cadmium
(Cd2+), are also known to induce oxidative stress (Schützendübel
& Polle, 2002). Although ROS are considered to be damaging

molecules, it is recognized that they play a major role in
defense against pathogens, cellular signaling pathways and
regulation of gene expression in a wide range of organisms,
including plants (e.g. Apel & Hirt, 2004).

ROS are generated in a variety of reactions. These include
the respiratory and photosynthetic electron transport chains
and side reactions of enzymes such as peroxidases. In addition,
specialized enzymes such as superoxide dismutases, xanthine
oxidase and NADPH oxidases (NOXs) produce ROS (Halliwell
& Gutteridge, 1999). ROS are not only produced in many
different reactions but also in different compartments of the
cell, including mitochondria, chloroplasts, peroxisomes, the
cytosol and the apoplast.

O2
i−
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Plant plasma membranes produce  to the apoplastic
side in response to different stimuli. This activity has been
widely accepted to originate from plasma membrane-localized
NOXs that reduce external O2 using cytoplasmic NADPH as
the electron source, although other plasma membrane-localized
or -associated enzymes may also contribute to  production.
Ten genes encode NOXs in Arabidopsis thaliana. These genes
are termed respiratory burst oxidase homologs A to J (RbohA–J)
because of their homology to the catalytic subunit gp91phox

(Nox2) of the NOX complex of mammalian phagocytes
(Torres & Dangl, 2005). The plant NADPH oxidases are
predicted to have six transmembrane helices with two heme-
binding sites, cytoplasmic binding sites for NADPH and FAD
at the C-terminus and two calcium (Ca2+)-binding EF-hand
motifs at the N-terminus (Torres & Dangl, 2005), a similarity
with the NOX5 NADPH oxidase in mammals (Banfi et al.,
2004). NOX-encoding genes are present in all plant species
investigated so far, and they have distinctive expression patterns.
Although the involvement of NOXs in important physiological
processes has been demonstrated in plants (e.g. Foreman et al.,
2003; Kwak et al., 2003; Potocký et al., 2007), their enzymatic
properties have rarely been studied. It has been shown that the
EF-hand motifs in plant NOXs bind 45Ca2+ (Keller et al.,
1998) and that Ca2+ stimulates the NOX activity of isolated
plasma membranes (Sagi & Fluhr, 2001). The activation of
mammalian NOX5 by Ca2+ in a cell-free system is in the
micromolar range (Banfi et al., 2004). Hence, in the plant
plasma membrane micromolar Ca2+ concentrations can also
be expected to lead to enhanced  production.

Ca2+-binding sites can be probed by other metals such as
lanthanides and cadmium. Cd2+ has been shown to block cysteine
groups in enzymes, leading to their inactivation (Van Assche &
Clijsters, 1990; Kabala et al., 2008), and to bind as a competitive
inhibitor to Ca2+-binding motifs such as radish calmodulin
(Rivetta et al., 1997) and the water-splitting complex of photo-
system II (Faller et al., 2005). Cd2+ is also known to block
proton transport in gp91phox (Henderson et al., 1988) and
in complex III of the mitochondrial electron transport chain
(Link & von Jagow, 1995). In addition, it has been reported
that Cd2+ leads to increased  production at complex III
(Wang et al., 2004). It has been known for more than 30 yr
that mitochondrial electron transport can lead to /H2O2
formation via the reaction of semiquinones with oxygen (e.g.
Boveris & Chance, 1973; Cape et al., 2007; Zhang et al., 2007).

It has also been proposed that the plasma membrane NOXs
may be implicated in the Cd2+-induced ROS production after
short-term exposure to the metal (Olmos et al., 2003; Garnier
et al., 2006). Long-term exposure of plants to Cd2+ in micro-
molar concentrations has been widely studied and the symptoms
(e.g. increased ROS production caused by the failure of the
cellular antioxidant system, cell death and growth defects) are
well characterized (Romero-Puertas et al., 2004; Rodriguez-
Serrano et al., 2006). In long-term exposure of plants to Cd2+,
the molecular mechanism leading to increased  production

at the plasma membrane seems to require signaling pathways
involving kinases, Ca2+ fluxes and de novo synthesis of NOX
(Romero-Puertas et al., 2004; Rodriguez-Serrano et al., 2006;
Van Belleghem, 2007).

In most biological systems it is difficult to determine the
site of ROS production in vivo. In most studies only H2O2 has
been measured. H2O2 is the only ROS that can diffuse easily
through aquaporins in the membranes and over larger distances
within the cell (Bienert et al., 2007). In this work we used
Cd2+ ions as a biochemical tool to distinguish between H2O2
originating from  formed by the mitochondria and that
originating from  formed by the plasma membrane NOX
using dyes and electron paramagnetic resonance (EPR) spin
traps specific for , H2O2 and •OH. Ca2+ was used as an
indicator of NOX activity and a potential competitor for
Cd2+. To link the in vitro data to the in vivo situation, we
studied the effect of short-term exposure to Cd2+ on ROS
production with intact roots of cucumber (Cucumis sativus)
and soybean (Glycine max) seedlings by measuring , H2O2
and •OH production.

Materials and Methods

Plant material

Different plant species were chosen for isolation of plasma
membranes (soybean) and mitochondria (potato) and for
in vivo (cucumber) experiments to obtain material with optimal
activity in reasonable quantities. Soybean (Glycine max (L.) Jutro)
seedlings were grown in the dark at 25°C in vermiculite for
4 d for plasma membrane preparation. Cucumber (Cucumis
sativus L.) and soybean seedlings were grown between damp
paper towels in a vertical position (root apex downwards)
in rectangular Petri dishes at 25°C for 3 d (soybean) or 4 d
(cucumber) in dim white light for in vivo measurements.
Under these conditions, seedlings with straight roots of
40–60 mm length were obtained. Arabidopsis thaliana (L.)
(background Columbia) wild type and rbohC and D mutants
were grown for 20 d in a vertical position on rectangular
plates (1% Phytagel and 4.3 g l–1 Murashige–Skoog basal
medium without hormones) in short-day conditions.

Potato (Solanum tuberosum L.) tubers were purchased from
the local market.

Isolation and solubilization of plasma membrane vesicles

Plasma membrane vesicles from etiolated soybean hypocotyls
were isolated according to Michalke & Schmieder (1979).
The top 1 cm of the hypocotyls was excised and incubated
for 10 min in a fourfold volume (fresh weight/volume) of
isolation buffer (10 mM Tris/HCl, pH 8.0, 20 mM Na2EDTA
and 300 mM NaCl) to which 0.1% bovine serum albumin
(BSA) and 0.5 mM phenylmethylsulfonyl fluoride (PMSF)
were added just before use. The hypocotyls were homogenized
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in a blender (Waring, Torrington, CT, USA) and filtered through
a nylon cloth, and the filtrate was centrifuged (30 min at
1300 g and 4°C). The supernatant (raw fraction) was again
centrifuged (45 min at 91 000 g and 4°C) to separate soluble
proteins and membranes. The pellet was resuspended in
isolation buffer and homogenized in a glass potter. The
homogenate was diluted twofold (fresh weight/volume) with
isolation buffer. Polyethylene glycol (PEG) 6000 was added
(4.3 g per 100 ml), and the mixture was stirred on ice for
30 min, followed by centrifugation (30 min at 1300 g and 4°C)
to separate the intracellular membranes from plasma membranes.
The supernatant, containing the plasma membranes, was
centrifuged (45 min at 91 000 g and 4°C). The pellet was
resuspended in isolation buffer without Na2EDTA and
homogenized in a glass potter. This method resulted in plasma
membrane preparations containing 1.5–2 mg protein ml–1.

Plasma membranes were solubilized with 2% Tween-20
(weight/volume) for 30 min at 45°C. The supernatant obtained
after centrifugation (12 000 g in a bench centrifuge for 5 min)
was stored at –70°C until use.

Isolation of mitochondria from potato tubers

Mitochondria were isolated according to Douce et al. (1987).
Peeled tubers were macerated with a Moulinex (type 750)
vegetable juice machine. The juice (c. 500 ml) was made up
to 1000 ml with cold isolation buffer (0.5 M sorbitol, 8 mM
Na2EDTA and 80 mM 3-[N-morpholino] propane-sulfonic acid
(MOPS), pH 7.5, with 0.4% BSA, 0.5% polyvinylpyrolidone
and 8 mM cysteine added just before use), filtered through a
nylon cloth and centrifuged (10 min at 370 g and 4°C). The
supernatant was filtered again through a nylon cloth and
centrifuged (15 min at 1000 g and 4°C). The supernatant was
centrifuged (20 min at 11 700 g and 4°C) and the pellet was
resuspended in 40 ml of cold Percoll-gradient buffer (25%
Percoll, 0.4 M sorbitol and 100 mM MOPS, pH 6.9) and
centrifuged (45 min at 30 000 g and 4°C). The white layer
containing the mitochondria was collected and mixed with 8
volumes of cold wash buffer (0.4 M sorbitol and 10 mM
MOPS, pH 7.2, and freshly added 0.1% BSA). After
centrifugation (20 min at 8000 g and 4°C), the pelleted
mitochondria were resuspended in measuring buffer (0.4 M
sucrose, 5 mM MgCl2, 30 mM KCl and 20 mM HEPES, pH
7.3) and used for measurements or frozen as droplets in liquid
nitrogen and stored at –70°C. The droplets were rapidly thawed
in a thin glass tube in 90°C water and immediately cooled in
ice-water. This method resulted in basal respiratory activity of
41 ± 7 nmol O2 mg–1 protein min–1 in the presence of 5 mM
succinate, resembling the rates reported in Ravanel et al. (1984).

Determination of protein concentration

The protein concentration of the samples was determined
with the Bradford assay (Bradford, 1976). In the presence of

detergents the Amido black assay was used instead (Schaffner
& Weissmann, 1973).

Ca2+ depletion by Chelex 100

Solubilized plasma membranes were depleted of Ca2+ by
incubation with Chelex 100 beads (50–100 dry mesh; Sigma-
Aldrich, St. Quertin Fallavier, France) according to Kashino et al.
(1986). Membranes (0.5 ml, corresponding to c. 0.75 mg
protein ml–1) were incubated in 0.1–0.3 g Chelex 100 for
6 min at room temperature. During the incubation the mixture
was vortexed for 10 s every 1 min. The Chelex-free samples
were collected using a pipette.

SDS-PAGE and western blotting

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out in 8–12% gradient polyacrylamide
gels stained with silver. Western blotting was performed using
a Multiphor II Novablot unit (Amersham Bioscience, Piscataway,
NJ, USA). For detection, the enhanced chemoluminescence
(ECL) system (Amersham Bioscience) was used according to the
manufacturer’s protocol.

Determination of NADH and NADPH oxidation

The kinetics of NADH and NADPH oxidation by solubilized
plasma membranes were measured photometrically for 10 min
as the decrease in absorbance at 340 nm at 25°C using the molar
extinction coefficient ε340 = 6.2 × 103 M–1 cm–1. The reaction
mixture (1 ml) contained 25 µg of plasma membrane protein
and 200 µM NADH or NADPH in 20 mM HEPES, pH 7.8.

Detection of  by XTT reduction or 
cytochrome c reduction

The kinetics of  production was measured photometrically
as the increase in absorbance of Na, 3′-(1-(phenylaminocarbonyl)-
3,4-tetrazolium)-bis(4-methoxy-6-nitro)benzenesulfonic acid
hydrate (XTT) at 470 nm.  production was calculated
using the molar extinction coefficient ε470 = 21.6 mM–1 cm−1

(Sutherland & Learmonth, 1997) according to the equation:

 production of solubilized plasma membranes was measured
in 20 mM phosphate buffer, pH 7.8. Measurements with
CdCl2 were performed in 20 mM HEPES buffer, pH 7.8,
to avoid the formation of precipitates. The reaction mixture
(1 ml) contained 0.5 mM XTT and 25 µg of solubilized
membrane protein and was incubated for 5 min in darkness
at 25°C. The reaction was started by adding 200 µM NADH.

 production of roots was measured in 10 mM MES buffer,
pH 6.5, containing 0.5 mM XTT. The roots of four intact
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cucumber seedlings were placed in 5 ml of reaction mixture.
Samples (1 ml) were measured at the indicated times. The
reaction mixture was bubbled with air during the incubation.

Alternatively, cytochrome c (cyt c) reduction was measured at
550 nm in the presence of 50 µM cyt c (ε550 = 21.0 mM–1 cm–1).

Determination of H2O2 production by scopoletin 
oxidation

The kinetics of H2O2 production were measured as the
decrease in scopoletin fluorescence at 25°C at 350 nm (excitation)
and 460 nm (emission) (Staniek & Nohl, 1999). A standard
curve with known H2O2 concentrations was determined for
5 µM scopoletin in the measuring buffer. H2O2 production
in mitochondria was measured after 30 min of incubation
(1 mg protein ml–1) in the measuring buffer (see isolation of
mitochondria) containing 5 µM scopoletin, 10 U horseradish
peroxidase (HRP), 0.5 mM succinate and 2 µM mesoxalonitrile
3-chlorophenylhydrazone (CCCP) as an uncoupler. To avoid
perturbations of the fluorescence, mitochondria were sedimented
by centrifugation (5 min at 9000 g and 25°C) before measuring
the fluorescence of the supernatant. All results were in the
linear region of the standard curve.

H2O2 production in roots was measured in 10 mM MES,
pH 6.5, containing 5 µM scopoletin. The roots of four intact
cucumber seedlings or of three soybean seedlings were placed
in 5 ml of assay medium. In case of A. thaliana, 20 seedlings
were incubated in 1.5 ml of assay medium. Samples (1 ml)
were measured at the indicated times. The assay medium was
bubbled with air during the incubation.

EPR measurements

EPR spectra were recorded at room temperature with a Bruker
300 X-band spectrometer at 9.69 GHz microwave frequency,
63 mW microwave power and 100 kHz modulation frequency.
For  detection in solubilized plasma membranes, 200 µg ml–1

protein was incubated for 10 min in 10 mM phosphate
buffer, pH 7.5, containing 200 µM NADH and 25 mM
2-ethoxycarbonyl-2-methyl-3,4-dihydro-2H-pyrrole-1-oxide
(EMPO) (Olive et al., 2000) in the presence of 50 µg ml–1

superoxide dismutase (SOD) or 1 mM KCN, respectively.
For  detection in isolated mitochondria, 1 mg protein ml–1

was incubated for 5 min in measuring buffer (see isolation of
mitochondria) containing 25 mM EMPO, 0.5 mM succinate,
2 µM CCCP and, if indicated, 30 µM CdCl2 or 2 µM
antimycin A. The pure adducts of EMPO were obtained
by dissolving KO2 in 10 mM phosphate buffer, pH 7.5
(  adduct), and by the Fenton reaction using 10 µM
FeSO4 + 100 µM H2O2 (

•OH adduct).
For •OH detection in roots, four intact cucumber or soy-

bean seedlings were incubated for 1 h in 10 mM MES
buffer, pH 6.5, 50 mM N-tert-butyl-α-(4-pyridyl)nitrone
N′-oxide (4-POBN) and 4% ethanol (Janzen et al., 1978).

Statistics

The data represent means or representative examples from
measurements repeated 3–6 times. Typical standard errors are
shown in Figs 4(a) and 6, and in tables, but omitted in other
figures for the sake of clarity.

Results

Isolation of plasma membranes from soybean 
hypocotyls

Plasma membranes were isolated from soybean hypocotyls
using a PEG-based membrane fractionation protocol (Michalke
& Schmieder, 1979). Proteins at different isolation steps were
separated by SDS gel electrophoresis and blotted (Fig. 1). To
verify the separation of plasma membranes from other cellular
membranes by PEG sedimentation, immunodetection was
performed with antibodies directed against mitochondrial
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Fig. 1 Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) (a) and immunoblots (b) of protein fractions obtained 
from plasma membranes isolated from soybean. Lane 1, raw fraction; 
lane 2, total membranes; lane 3, soluble proteins; lane 4, intracellular 
membranes, and lane 5, plasma membranes. The immunoblot was 
decorated with polyclonal antibodies directed against the ATPase of 
the plasma membrane, Rieske protein and NADPH oxidase. In each 
lane, 20 µg of protein was loaded. The SDS gel was stained with 
silver.
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Rieske protein and plasma membrane P-ATPase. The Rieske
protein was detected only in the total membrane and the
intracellular membrane fractions. P-ATPase was detected in
the total membrane, weakly in the intracellular membrane
and strongly in the plasma membrane fractions. Plasma
membrane isolation using a two-phase separation protocol
(Larsson et al., 1994) resulted in similar protein compositions
(data not shown). The presence of a NOX protein in the
plasma membrane fraction was shown by immunodetection
using anti-NtrbohD antibodies (Simon-Plas et al., 2002). A
weak signal was detected in total membrane and intracellular
membrane fractions while a strong signal was found in the
plasma membrane fraction.

 production in solubilized plasma membranes

Solubilized plasma membranes produced  when the electron
donor NADH or NADPH was present. Solubilization was
necessary to allow access to the substrates. Nonsolubilized
membranes produced only 10% of the  generated by the
solubilized membranes. The activity was measured photo-
metrically as NADH oxidation or reduction of either XTT or
cytochrome c (Table 1). When NADPH instead of NADH
was used as substrate, similar rates for the oxidation were
obtained. The activities, measured in the absence of SOD,
resembled those reported for plasma membrane preparations
in the literature (Brightman et al., 1988; DeHahn et al., 1997;
Van Gestelen et al., 1997). In the presence of SOD, the NADH
reduction was stimulated almost tenfold, indicating that 
inhibits NAD(P)H reduction when it is not removed.

The stoichiometry of NADH oxidation (measured in the
presence of SOD) to XTT reduction was almost 1 : 1 (both are
two-electron reactions), while the reduction of cyt c (one-electron
acceptor) was lower than the theoretically expected 1 : 2
stoichiometry. This might be a result of the relatively low
concentration of cyt c used in the assay. Addition of SOD
to the XTT or cytochrome c reduction assay inhibited the
reduction of the electron acceptors almost completely. Therefore
these assays can be used to determine  production.

 production was shown independently by EPR spectro-
scopy using the spin trap EMPO (Fig. 2). EMPO reacts with
both  and •OH and gives specific adducts which can be
distinguished by their hyperfine splitting pattern (Olive et al.,
2000). Spectrum 1 presents the EMPO/  adduct which was
formed by dissolving KO2 in the assay buffer. Measurements
of solubilized plasma membranes incubated with NADH
showed the typical spectrum of the EMPO/  adduct
(spectrum 2), which was almost completely abolished in the
presence of the  scavenger SOD (spectrum 3). The signal
of the EMPO/  adduct was unaffected by KCN (spectrum 4),
ruling out plasma membrane-bound peroxidases (Mika &
Lüthje, 2003) as the source of . Diphenyleneiodonium
chloride (DPI) inhibited  production at low concentration
both in EPR and in XTT reduction measurements (Fig. 3).
Fifty per cent inhibition was observed at 1.5 µM DPI, indicating
a specific inhibitory effect. DPI is an inhibitor of the
mammalian NOX at low micromolar concentrations (< 10 µM;
Doussiere & Vignais, 1992).

Table 1 Activity of solubilized plasma membranes of soybean

Assay reaction

Specific activity (nmol mg–1 protein min–1)

–SOD +SOD

NADH oxidation 2.9 ± 0.20 26.9 ± 0.22
XTT reduction 31.0 ± 1.01 1.03 ± 0.02
Cyt c reduction 34.0 ± 0.16 0

Activities were measured in the absence or presence of 50 µg ml–1 
superoxide dismutase (SOD). The reaction assay contained 
25 µg protein ml–1, 200 µM NADH and either 500 µM Na,3′-
(1-(phenylaminocarbonyl)-3,4-tetrazolium)-bis(4-methoxy-6-
nitro)benzenesulfonic (XTT) or 50 µM cytochrome c (Cyt c).
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Fig. 2  production in solubilized plasma membranes isolated 
from soybean measured by spin trapping electron paramagnetic 
resonance (EPR) spectroscopy. (1) Characteristic spectrum of the 
2-ethoxycarbonyl-2-methyl-3,4-dihydro-2H-pyrrole-1-oxide 
(EMPO)/  adduct (control), (2) plasma membranes, (3) plasma 
membranes in the presence of 50 µg ml–1 superoxide dismutase 
(SOD) and (4) plasma membranes in the presence of 1 mM KCN. 
The samples were incubated for 10 min in 10 mM phosphate buffer, 
pH 7.5, containing 200 µg of plasma membrane proteins ml–1, 
200 µM NADH and 25 mM EMPO. The spectra are representative 
of at least six measurements.
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Effect of CaCl2 or MgCl2 on  production in 
solubilized plasma membranes

The inhibition of  production by DPI (shown in Fig. 3)
is in agreement with the assumption that NOX is respon-
sible for the  production observed in solubilized plasma
membranes. To further test this assumption we investigated
the effect of Ca2+ on  production. Ca2+ is known to bind
to the EF-hand motifs of the NOX encoded by the AtrbohA
gene (Keller et al., 1998) and to stimulate the activity of NOX
in tobacco (Nicotiana tabacum) and tomato (Lycopersicon
esculentum) plasma membranes (Sagi & Fluhr, 2001). Indeed,
5 mM Ca2+ increased the  production in solubilized plasma
membranes by 30% (Table 2) but it is possible that the plasma
membranes used here were not fully depleted of Ca2+. We
therefore depleted the solubilized plasma membranes of
Ca2+ by preincubating them with the Ca2+ chelator Chelex
100 or ethylene glycol tetraacetic acid (EGTA). Incubation
with Chelex 100 or 1 mM EGTA resulted in a 28 or 77%
reduction, respectively, in  production (Table 2). In the
Chelex 100-treated membranes, Ca2+ and magnesium (Mg2+)
both stimulated the activity. The initial activity was already
reached at a concentration of 10 µM.  production was
reduced more efficiently by 1 mM EGTA than by Chelex
100, but Ca2+ or Mg2+ in the millimolar range was needed
to restore the initial activity.

Effect of CdCl2 and CaCl2 on  production in 
solubilized plasma membranes

Cd2+ is known to cause oxidative stress in the cell and NOX
was reported to be involved in this process in vivo (Olmos
et al., 2003; Garnier et al., 2006). As a potent competitor for
Ca2+ and an enzyme inactivator (Rivetta et al., 1997; Faller
et al., 2005), Cd2+ may bind to the EF-hand motifs of the
NOX and affect the enzyme activity. We tested the effect of
Cd2+ on the  production of plasma membranes. Cd2+

inhibited  production even at the lowest concentration
used (100 µM). Concentrations > 1 mM resulted in 85%
inhibition (Fig. 4a).

Given that Cd2+ often acts on Ca2+-binding sites, we tested
the effect of Ca2+ on the Cd2+-induced inhibition of 
production. Fig. 4(a) shows that Ca2+ and Mg2+ competed
efficiently with Cd2+: when 5 mM Ca2+ or Mg2+ was present
300 µM Cd2+ had no inhibitory effect. To show the Ca2+

dependence, the activity of samples containing 0.3–1 mM
Cd2+ was measured in the presence of different Ca2+ con-
centrations (Fig. 4b). To determine the inhibition constant (Ki)
for Cd2+ the data of Fig. 4(b) are presented as a Dixon plot,
including the data for 100 µM Cd2+ (Fig. 4c). The straight
lines intersect at the same value, indicative of Cd2+ acting as a
competitive inhibitor at the Ca2+-binding site. The intersection
of the lines, that is, Ki, is approx. 180 µM. A plot of the slopes
obtained from the Dixon plot against the Ca2+ concentration
(inset, Fig. 4c) resulted in a straight line, a further indication
of competitive inhibition. The intercept is not at 0, because
the samples were not depleted of Ca2+ before the addition of
Cd2+. This may explain why the Ki value is relatively high;
Ca2+ in its binding site has first to be displaced by Cd2+.
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Fig. 3 Effect of diphenyleneiodonium chloride (DPI) on 
 production in solubilized plasma membranes isolated from 

soybean.  production was measured using electron paramagnetic 
resonance (EPR) spectroscopy with 2-ethoxycarbonyl-2-methyl-3,4-
dihydro-2H-pyrrole-1-oxide (EMPO) as a spin trap (closed circles) 
and using optical methods, in which it was measured as Na,3′-
(1-(phenylaminocarbonyl)-3,4-tetrazolium)-bis(4-methoxy-6-
nitro)benzenesulfonic acid hydrate (XTT) reduction (open circles). 
Maximum activity (100%) corresponds to 31 ± 1 nmol XTTH2 
mg–1 min–1. The samples were incubated for 10 min in 10 mM 
phosphate buffer, pH 7.5, containing 200 µg of plasma membrane 
proteins ml–1, 200 µM NADH and 25 mM EMPO. For the XTT test 
0.5 mM XTT was added instead of EMPO. Measurements using XTT 
were only performed at low diphenyleneiodonium chloride (DPI) 
concentrations because higher DPI concentrations interfered with 
the assay.
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Table 2 Effect of divalent cations and chelators on -producing 
activity in solubilized plasma membranes of soybean

Treatment  production (%)

No treatment (control) 100
+ 5 mM CaCl2 125 ± 6
+ 5 mM MgCl2 126 ± 4
1 mM EGTA 23 ± 7
Chelex 72 ± 7
+ 10 µM CaCl2 95 ± 4
+ 100 µM CaCl2 97 ± 7
+ 500 µM CaCl2 103 ± 5
+ 10 µM MgCl2 91 ± 9
+ 100 µM MgCl2 104 ± 6
+ 500 µM MgCl2 108 ± 5

 production was measured as Na,3′-(1-(phenylaminocarbonyl)-
3,4-tetrazolium)-bis(4-methoxy-6-nitro)benzenesulfonic (XTT) 
reduction in the presence of 200 µM NADH. 100% activity 
corresponds to 31.6 ± 0.9 nmol XTTH2 mg–1 protein min–1.
EGTA, ethylene glycol tetraacetic acid. 
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Effect of CdCl2 on  and H2O2 production in isolated 
potato tuber mitochondria

Cd2+ stimulates  production in isolated mitochondria from
animal tissue (Wang et al., 2004) by inhibiting the electron
transfer at respiratory complex III (Miccadei & Floridi, 1993).
Antimycin A is a well-known inhibitor of complex III. The
binding of antimycin A to complex III results in increased
ROS formation (e.g. Boveris et al., 1972) and this is thought
to be attributable to the accumulation of semiubiquinone
radicals that react with O2 to form  (e.g. Cape et al., 2007;
Zhang et al., 2007).

To investigate plant mitochondria as a potential source of
ROS in response to Cd2+, we monitored  generation indirectly
using the oxygen electrode, measuring the catalase-induced
decrease in oxygen consumption. We found that 10–30 µM
Cd2+ decreased succinate-driven oxygen consumption by 75%,
while 2 µM antimycin A decreased it by 50%. (Two molecules
of  are transformed by mitochondrial SOD into H2O2
and O2. Catalase spilts two molecules of H2O2 into H2O and
O2. The evolved O2 is detected as a further decrease in O2
consumption.)

 production could not be measured by XTT. The most
likely explanation for this is that it simply does not enter
the mitochondria. Instead, we measured  production in
isolated mitochondria by EPR spectroscopy using the EMPO
spin trap. Spectra a and f (Fig. 5) show the EMPO/  and
EMPO/•OH adducts from KO2 and the Fenton reaction,
respectively. The dashed lines represent the hyperfine splitting
pattern of the EMPO/  adduct. Because of the short lifetime
of the EMPO/  adduct, mitochondria were incubated with
the spin trap for only 5 min rather than the 30 min used for
H2O2 measurements (Fig. 6). In the presence of 30 µM Cd2+

or 2 µM antimycin A (spectra b and c), significant produc-
tion of the EMPO/  adduct was seen. In the absence of the
inhibitors, the EMPO/  adduct was significantly smaller
(spectrum c). SOD abolished the antimycin A-induced
EMPO/  signal (spectrum 5e), indicating that  caused
the hyperfine splitting seen in spectra 5b, c and d. In the
presence of SOD, a pure signal of the EMPO/•OH adduct
was obtained. This signal is also present in spectra b and c,
indicating that part of the generated  is immediately trans-
ferred by mitochondrial SOD to H2O2. H2O2 reacts in the
presence of transition metals, which are present in the mito-
chondria, to form •OH. In the presence of SOD and catalase,
no EMPO spin trap adduct was detected (not shown). The
spectra obtained with mitochondria are much noisier than
those obtained with plasma membranes (Fig. 2) because of
the more complex composition of the assay medium. High
sorbitol concentrations, HEPES and traces of Percoll in the
measuring buffer interfere with the spin trapping assay and
induce changes in the hyperfine splitting.

H2O2 production of the succinate-respiring mitochondria
was measured by fluorescence spectroscopy using the scopoletin
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Fig. 4 Effect of CdCl2 and CaCl2 on  production in solubilized 
plasma membranes isolated from soybean.  production was 
measured as Na,3′-(1-(phenylaminocarbonyl)-3,4-tetrazolium)-
bis(4-methoxy-6-nitro)benzenesulfonic acid hydrate (XTT) reduction. 
(a) Dependence of  production on the CdCl2 concentration 
(closed circles), in the presence of 5 mM CaCl2 (open circles) and 
5 mM MgCl2 (open triangles). The mean values and SE bars were 
calculated from at least five measurements. (b) Dependence of  
production on CaCl2 in the presence of 300 µM (closed squares), 
500 µM (closed diamonds) and 1 mM (closed triangles) CdCl2. (c) 
Dixon plot of the data shown in (b); 100 µM (open squares), 500 µM 
(open diamonds), 1 mM (stars) and 5 mM (open cirlces) CaCl2. 
The lines were fitted by linear regression. Inset: slopes from the Dixon 
plot plotted against reciprocal CaCl2 concentration. 100% activity 
corresponds to 31 ± 1 nmol XTTH2 mg–1 protein min–1. Samples 
contained 25 µg of plasma membrane protein, 0.5 mM XTT and 
200 µM NADH. Samples were incubated for 5 min at room 
temperature with the given divalent cation concentration before 
starting the reaction by adding NADH.
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oxidation assay (Staniek & Noll, 1999) (Fig. 6). The control
rate of H2O2 production in mitochondria was 0.02 nmol
min–1 mg–1 protein with 0.5 mM succinate as electron donor.
The control values were increased twofold by 10 µM Cd2+

and almost threefold by 30 µM Cd2+. A fourfold increase in
H2O2 production was induced by 2 µM antimycin A. Both
methods of measuring H2O2 (EMPO and scopoletin) showed
that ROS production was succinante-dependent and that it
could be stimulated by antimycin A. This behavior is specific
for mitochondrially generated ROS and would not occur if
the ROS originated from any potential contamination from
peroxisomes which might be present in our mitochondrial
preparation (see Corpas et al., 2001; del Río et al., 2002;
Hänsch et al., 2006; Nyathi & Baker, 2006 for evidence of
ROS production in peroxisomens).

Effect of CdCl2 on  and H2O2 production 
in intact roots

It has been reported that Cd2+ stimulates extracellular H2O2
generation in tobacco cell cultures upon short-term exposure
to the cation (Olmos et al., 2003; Garnier et al., 2006). The
question arises as to whether Cd2+ affects the activity of the
NOX in the plasma membrane or rather stimulates /H2O2
production in the mitochondria. We measured the production
of  and H2O2 by intact roots of cucumber and soybean
seedlings for 1 h using XTT reduction as a measurement for

 and scopoletin oxidation as a measurement for H2O2
(Fig. 7a–d). The rates of  and H2O2 production were
uncorrelated.  production was inhibited by Cd2+ (Fig. 7a,c)
while H2O2 production was stimulated (Fig. 7b,d). As Ca2+

reversed the Cd2+-induced inhibition of  production in
vitro (Fig. 4), we investigated the effect of Ca2+ and Cd2+ in
vivo. When both Cd2+ and Ca2+ were present, the inhibitory
effect of Cd2+ on  production was overridden (Fig. 7a,c).
As antimycin A and Cd2+ stimulated ROS production in
isolated mitochondria, we investigated the effect of antimycin
A on H2O2 production. In the presence of antimycin A the
extracellular concentration of H2O2 was increased (Fig. 7b)
while  production was slightly inhibited (c. 15%; data not
shown). The increase in H2O2 production by antimycin A
shows that the H2O2 originating from mitochondrial electron
transport can travel long distances out of the cell to the
apoplast and/or out of the roots.

In absolute terms, the effects of Cd2+ on  and H2O2
production in cucumber and soybean roots are different but
the qualitative effects are the same:  production is inhibited
and H2O2 production is stimulated. In soybean the rate of

 production measured by XTT was approximately four to
five times lower than in cucumber roots. This may be a result
of restricted diffusion of XTT and Cd2+ into and out of the
apoplast in soybean compared with cucumber roots (see next

Fig. 5 Effect of CdCl2 and antimycin A on  production in 
mitochondria isolated from potato. Mitochondrial  production 
was measured by electron paramagnetic resonance (EPR) 
spectroscopy using the 2-ethoxycarbonyl-2-methyl-3,4-dihydro-2H-
pyrrole-1-oxide (EMPO) spin trap. (a) Characteristic spectrum of 
EMPO/ , (b) mitochondria in the presence of 30 µM CdCl2, (c) 
mitochondria in the presence of 2 µM antimycin A, (d) mitochondria 
in control conditions, (e) mitochondria in the presence of 2 µM 
antimycin A and 50 µg superoxide dismutase (SOD), and (f) 
characteristic spectrum for the EMPO/•OH adduct produced by the 
Fenton reaction in 10 mM phosphate buffer, pH 7.5. All 
measurements with mitochodria (1 mg protein ml–1) were performed 
in the measuring buffer (see the Materials and Methods) containing 
0.5 mM succinate as an electron donor and 0.2 µM mesoxalonitrile 
3-chlorophenylhydrazone (CCCP) as an uncoupler. The dashed lines 
indicate the hyperfine splitting pattern of the EMPO/  adduct. The 
spectra are representative of at least three measurements in the 
indicated conditions.
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Fig. 6 Effect of CdCl2 and antimycin A (AA) on H2O2 production in 
isolated mitochondria from potato. H2O2 production was measured 
as scopoletin oxidation. Mitochondria were incubated for 30 min in 
the measuring buffer (see the Materials and Methods) containing 
0.5 mM succinate as an electron donor and 0.2 µM mesoxalonitrile 
3-chlorophenylhydrazone (CCCP) as an uncoupler, 10 U horseradish 
peroxidase and 5 µM scopoletin.
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section). In the absence of Cd2+ the rate of H2O2 production
in soybean was higher than in cucumber, while the effects of
Cd2+ on both  and H2O2 production were lower in soybean
than in cucumber.

Effect of CdCl2 on •OH production in intact roots

It has been reported previously that ROS, especially •OH, are
involved in extension growth (Schopfer et al., 2002). As •OH
production in roots has been shown to require both  and
H2O2 (Liszkay et al., 2004) the question arises as to whether
Cd2+ stimulates or inhibits •OH production. We measured
•OH production in roots in response to Cd2+ and Ca2+ by
spin trapping EPR spectroscopy using EtOH/POBN as a spin
trap (Janzen et al., 1978). After 1 h of incubation without
added cations a characteristic EPR spectrum of the stable
nitroxide radical was detected (Fig. 8, spectrum 1). The
presence of 5 mM Ca2+ in the reaction medium increased the
signal size by 30% (Fig. 8, spectrum 2). The presence of
300 µM Cd2+ decreased the signal size drastically (Fig. 8,
spectrum 3). In the presence of both Ca2+ (5 mM) and Cd2+

(300 µM) the signal size was restored to the same level as seen
in the presence of only Ca2+ (Fig. 8, spectrum 4).

In Fig. 8, •OH generation was measured with cucumber
and soybean roots. Qualitatively the effect of the cations was
the same in both species. However, quantitatively the effect
differed significantly, being more pronounced in cucumber.
This was probably caused by lower penetration of the spin
traps and the cations into the soybean roots. (We observed
significant differences in the amount of •OH formation
in roots from several plant species. The largest signals

Fig. 7 Effect of CdCl2 and CaCl2 on 
 and H2O2 production in roots. 
 production was measured as Na,3′-

(1-(phenylaminocarbonyl)-3,4-tetrazolium)-
bis(4-methoxy-6-nitro)benzenesulfonic 
acid hydrate (XTT) reduction in cucumber 
(a) and soybean (c), and H2O2 production 
was measured as scopoletin oxidation in 
cucumber (b) and soybean (d). Symbols: 
control, dashed line, closed circles; 300 µM 
CdCl2, closed squares; 3 mM CdCl2, closed 
triangles, apex up; 5 mM CaCl2, open circles; 
5 mM CaCl2 + 300 µM CdCl2, closed 
triangles, apex down; 2 µM antimycin A, 
crosses. Roots of intact cucumber (a, b) and 
soybean seedlings (c, d) were incubated in 
10 mM MES, pH 6.5, containing 0.5 mM 
XTT or 5 µM scopoletin. The results are mean 
values of at least three independent 
measurements.
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Fig. 8 Effect of CdCl2 and CaCl2 on •OH production in roots. 
•OH was measured using electron paramagnetic resonance (EPR) 
as a hydroxyethyl–N-tert-butyl-α-(4-pyridyl)nitrone N′-oxide 
(4-POBN) adduct. (1) Control, (2) 5 mM CaCl2, (3) 300 µM CdCl2, 
and (4) 300 µM CdCl2 + 5 mM CaCl2. The roots of 4-d-old intact 
cucumber seedlings and 3-d-old soybean seedlings were incubated in 
10 mM MES, pH 6.5, containing 50 mM 4-POBN and 4% ethanol for 
60 min. From the spectra the hyperfine splitting constants were 
determined to be AN = 15.61 G and AH = 2.59 G, similar to values 
reported in the literature (Finkelstein et al., 1982; Ramos et al., 1992). 
The spectra are representative of at least three measurements in 
indicated conditions.
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compared to fresh weights were obtained from A. thaliana
and cucumber, followed by cress (Lepidium sativum), pea
(Pisum sativum), soybean and maize (Zea mays). The access of
the spin trap to the apoplast seems to be more restricted in
species with more robust roots.)

Comparing the data in Figs 7 and 8, it can be seen that the effects
of Cd2+ and Ca2+ on •OH resemble those observed for  pro-
duction.  production by the Cd2+-sensitive NAD(P)H
oxidase seems to be required for this process. H2O2 alone, in
the absence of , is not sufficient to generate •OH in the
apoplast as H2O2 production increases after the addition of
Cd2+ (Fig. 7b,d) while •OH production decreases (Fig. 8).

Discussion

In the present study, Cd2+-dependent ROS production at the
level of the plasma membrane and mitochondrial electron
transport chain was investigated in vitro and in vivo.  and
H2O2 production was followed after exposure of isolated
plasma membranes, mitochondria or intact roots to Cd2+.

 production by isolated plasma membranes was inhibited
by Cd2+ competitively to Ca2+ (Fig. 4) while the addition of
Cd2+ stimulated  and H2O2 generation by mitochondria
(Figs 5, 6). Upon exposure of intact roots to Cd2+, 
formation was inhibited (Fig. 7a,c) while H2O2 formation
increased (Fig. 7b,d). Therefore, we conclude that the Cd2+-
induced generation of ROS, namely H2O2, originates from inside
the root cells, mainly from mitochondrial electron transport.

In our work with isolated plasma membranes, at least part
of the  was produced by a plasma membrane NADPH
oxidase as this activity was inhibited by low concentrations of
DPI (Ki = 1.5 µM) whereas KCN, an inhibitor of peroxidases,
had no effect on the activity (Figs 2, 3). Potential -producing
enzymes in the plasma membrane are NOXs (Torres & Dangl,
2005) and quinone oxidoreductases (Schopfer et al., 2008).
Furthermore, the activity was stimulated by Ca2+ (Table 2)
and inhibited by Cd2+ in a competitive manner (Fig. 4). The
inhibition by low concentrations of DPI and the antagonis-
tic effects of Ca2+ and Cd2+ indicate that the NADPH oxidase
activity investigated in the present study can be attributed to
a NOX activity. Sagi & Fluhr (2001) observed a twofold
increase of  production in isolated tobacco and tomato
plasma membranes in response to millimolar Ca2+ concentra-
tions, while in the present study  production was only
slightly (up to 30%) increased by 1–5 mM Ca2+. The maxi-
mum  production activity obtained in soybean plasma
membranes was similar to that reported previously for
tobacco plasma membranes (Sagi & Fluhr, 2001). In contrast
to the data reported by Sagi & Fluhr (2001), after depletion
of the samples of cations using Chelex 100, the activity could
be restored to the control level even with micromolar Ca2+

concentrations (Table 2). The human EF-hand motif-containing
NOX5 was previously shown to be activated at low micromolar
Ca2+ concentrations (Banfi et al., 2004), in accordance with

the data presented here. In the present work, Mg2+ had similar
effects to Ca2+ on  production. Binding of Mg2+ and
manganese (Mn2+) to the EF-hand motif of 13-4-4 proteins
was reported previously (Athwal & Huber, 2002). It remains
to be investigated whether these cations bind to the EF-hand
motifs of NADPH oxidase and further whether the effect of
Mg2+ and Mn2+ is restricted to plants, as the EF-hand motifs
of the human NOX5 do not bind Mg2+ (Banfi et al., 2004).

It has been demonstrated that Cd2+ increases ROS formation
in mitochondria from animals (Wang et al., 2004). Here, Cd2+

and antimycin A stimulated  and H2O2 production in
plant mitochondria respiring on succinate (Figs 5, 6). In
animal tissue mitochondria are thought to be among the
major targets of Cd2+ toxicity (Martel et al., 1990). Cd2+ and
zinc (Zn2+) are well-known inhibitors of electron transport in
mitochondria (Skulachev et al., 1967). Cd2+ blocks electron
transfer between semiquinone and cytochrome b in respiratory
complex III (Miccadei & Floridi, 1993) and causes the
accumulation of semiquinone radicals, leading to the formation
of  (Wang et al., 2004). The binding site of Cd2+ in complex
III is likely to be the same as that of Zn2+, that is, blocking
a protonable group which is thought to be associated with
deprotonation reactions of the quinol oxidation site in complex
III (Link & von Jagow, 1995; Giachini et al., 2007).

We attribute most of the  production measured in vivo
to NOX activity because it was inhibited by Cd2+ and this
inhibition was reversed by Ca2+ both in vitro and in vivo
(Figs 4, 7a,c, 8). We can exclude the possibility that peroxidases
are the source of  production, because we found that
isolated horseradish peroxidase was insensitive to Cd2+ at the
concentration used here (data not shown). It has been proposed
previously that the production of •OH involved in extension
growth is initiated by NAD(P)H oxidase-catalyzed formation
of  at the plasma membrane (Schopfer et al., 2002; Liszkay
et al., 2004) and involves peroxidases, which are abundant in
the cell wall (Dunand et al., 2007). In the presence of  the
catalytic heme in peroxidases is converted into its so-called
‘compound III’. In this state peroxidases transform H2O2 into
−OH and •OH (Chen & Schopfer, 1999; Schopfer et al.,
2002). Thus, in the presence of H2O2, a measure of the pro-
duction of •OH (Fig. 8) reflects the amount of  produced
in the apoplast in vivo. The , generated at the plasma
membrane, is needed for the activation of the peroxidase to
compound III.  seems to be necessary in more than just
catalytic amounts, because in the presence of Cd2+  pro-
duction (Fig. 7a,c) and •OH production (Fig. 8) are strongly
inhibited while H2O2 increases with time (Fig. 7b,d).

Cd2+-induced H2O2 production in vivo is likely to originate
largely from mitochondrial electron transfer as Cd2+ increased
ROS production in isolated mitochondria (Figs 5, 6). According
to Varga et al. (2002), in cucumber, c. 70% of the extracellular
Cd2+ can reach the cytoplasm, implying that a high percentage
of the added Cd2+ will reach the mitochondria. H2O2 pro-
duced inside the mitochondria seems to be able to diffuse out
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of the cells as in the presence of antimycin A the amount of
extracellular H2O2 was increased (Fig. 7b). In addition to H2O2
of mitochondrial origin, a basal level of peroxisomal H2O2
production (Corpas et al., 2001; del Río et al., 2002; Hänsch
et al., 2006; Nyathi & Baker, 2006) may affect the total amount
of H2O2 produced by intact roots.

Increased H2O2 production during short-term exposure of
tobacco cell cultures to Cd2+ has been reported previously
(Olmos et al., 2003; Garnier et al., 2006; Ortega-Villasante
et al., 2007). Using video microscopy Ortega-Villasante et al.
(2007) recently observed Cd2+-induced H2O2 generation
inside and outside of roots, in agreement with our present
conclusions. Olmos et al. (2003) and Garnier et al. (2006),
however, concluded that NOX activity is responsible for
Cd2+-induced H2O2 production, at least during the initial
phase of the oxidative burst. Using tobacco cell cultures Olmos
et al. (2003) measured Cd2+-induced H2O2 generation which
was strongly inhibited by DPI and interpreted this as evidence
for the involvement of a NOX-like enzyme in ROS production.
Addition of DPI abolishes the Cd2+-induced generation of
H2O2 in vivo and this is often taken as a sign of the involve-
ment of a plasma membrane NOX-like enzyme in the Cd2+-
induced oxidative burst (Olmos et al., 2003; Romero-Puertas
et al., 2004; Rodriguez-Serrano et al., 2006). DPI is often
regarded as a specific inhibitor of NOX at low micromolar
concentrations (< 10 µM; Doussiere & Vignais, 1992) although
it also inhibits complex I of the respiratory chain at equally
low concentrations (Ragan & Bloxham, 1977). Therefore,
DPI also inhibits mitochondrial ROS production in vivo. In
addition, DPI inhibits other flavin-containing enzymes at
higher concentrations (≥ 10 µM; Doussiere et al., 1992) and
peroxidases at even higher concentrations (Frahry & Schopfer,
1998). In our hands, DPI inhibited Cd2+-induced H2O2
production in roots (data not shown) but because of the
different sites of action of this inhibitor it seems to us to be
impossible to draw conclusions from this fact.

Garnier et al. (2006) identified different phases of Cd2+-
induced ROS production using tobacco cell cultures. A tran-
sient first wave was linked to the activity of plasma membrane
NOX and a second longer lasting wave to  production in
mitochondria, and a third wave was characterized by lipid
hydroperoxide accumulation concomitant with cell death. The
first wave was completely abolished in an antisense construct
of NtrbohD, implying that the NOXs of the plasma membrane
were responsible for the first wave. We measured Cd2+-
induced H2O2 production using mutants of atrbohC and
atrbohD defective in NOX activity (Torres et al., 2005). ROS
production is decreased in atrbohC (Foreman et al., 2003;
Renew et al., 2005). In the atrbohC mutant, Cd2+ stimulated
H2O2 production to the same extent as in wild type (Supple-
mentary Material Fig. S1), indicating that the Cd2+-dependent
H2O2 generation was not impaired in this mutant and was
therefore not linked to NOX activity. In atrbohD, Cd2+-
induced H2O2 production was abolished, in agreement with

Garnier et al. (2006). This observation is in contradiction to
the results presented here, which clearly indicate that Cd2+

induces mitochrondrial ROS production. This seems to indicate
that some other processes involved in Cd2+ uptake or toxicity
are impaired in the atrbohD mutant and in NtrbohD antisense
strains (Garnier et al., 2006). Sagi et al. (2004) investigated Rboh
antisense lines in tomato and reported major pleiotrophic effects
on the phenotype of the plant and its reproductive organs. A
total of 384 expressed sequence tags (ESTs) were down-regulated
and 485 ESTs were up-regulated in the Rboh antisense line.
According to Sagi et al. (2004), Rbohs play a role in redox-related
cellular activities and they affect the level of the expression of
ROS-dependent genes, signal transduction and developmental
processes. Therefore, it seems to be difficult to draw conclusions
from Rboh antisense lines. Further investigations must be
performed on antisense lines to investigate in detail whether
the lack of the Cd2+-induced ROS generation is attributable
to alterations in the amount of ROS-detoxifying enzymes or
to alteration of other metabolic processes.

A short time of exposure to the metal is crucial to study the
primary effect of Cd2+ toxicity. After a long-term exposure of
plants to Cd2+ many physiological processes are affected. Higher
expression levels of Rbohs have been reported after long-term
exposure of plants to Cd2+ (Van Belleghem, 2007) and
chelation of Cd2+ takes place in the cytosol (Schützendübel &
Polle, 2002). Furthermore, Cd2+ increases the concentration
of abscisic acid (ABA) (Hsu & Kao, 2003), which is known
to lead to the activation of the NOX (Kwak et al., 2003).
Long-term exposure of plants to Cd2+ has been reported to
activate  and H2O2 production both in the cytoplasm and
in the plasma membrane, where NOX is thought to be
responsible for the activity (Romero-Puertas et al., 2004;
Rodriguez-Serrano et al., 2006).

One problem limiting progress in understanding the
biological role of ROS is that it is difficult to attribute an
oxidative burst to a well-defined ROS-producing reaction. A new
view of the primary sources of ROS produced in response to
signaling is developing. Ashtamker et al. (2007) using tobacco
cell cultures reported a first cryptogein-induced H2O2 burst
in mitochondria, the endoplasmic reticulum and the nucleus
followed by a second burst at the plasma membrane after a few
seconds. In a mammalian system, mitochondrial H2O2 pro-
duction in response to a stress signal partially mediated the acti-
vation of Nox1 after a lag time of a few hours (Lee et al., 2006).
The availability of inhibitors of enzymatic reactions producing
ROS in specific cell compartments, as shown here for Cd2+,
may elucidate the complex interaction of ROS-producing
reactions in vivo.
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Fig.S1 Effect of 300 µM CdCl2 on H2O2 production in Atrboh mutants. Closed 

symbols, absence of CdCl2; open symbols, presence of CdCl2; circles, dashed line, wt; 

squares, dotted line, AtrbohD mutant; triangles, solid line, AtrbohC mutant. Twenty-

day-old seedlings were incubated for the given time in the assay medium. 
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Abstract 

In the present study we investigated superoxide producing enzymes of plasma membranes 

isolated from etiolated soybean seedlings. Evidence is presented that quinone reductases and 

NAD(P)H oxidases are involved in the production reactive oxygen species (ROS) in plasma 

membranes. We used the XTT reduction assay for detecting superoxide generation and spin-

trapping EPR spectroscopy for detecting hydroxyl radical generation in PMs. The quinone 

reductase activity could be distinguished from background superoxide-generating NAD(P)H 

oxidases by differences in substrate requirements and different sensitivities to inhibitors.  

Peroxidase activities, also leading to ROS production, were not observed in the PM. Similarly, 

no hydroxyl radical-generating activity was observed in the absence of Fe2+. Regulation of the 

activity of superoxide-producing enzymes by phosphorylation and end-product inhibition was 

tested. Finally, evidence for a naphtoquinone species in the plasma membranes is presented by 

Fourier transform infrared spectroscopy and high field EPR spectroscopy. 

 

Abbreviations: CDPK, Calcium-dependent protein kinase; MD, menadione; NOX, 

NADPH oxidase; O2
•-, superoxide; •OH, hydroxyl radical; OST-1, open stomata-1; PM, 

plasma membrane; PRX, peroxidase; QR, quinone reductase; SnRK2, sucrose non-

fermenting related kinase 2; XO, xanthin oxidase 

 

Introduction 

 The plant plasma membrane (PM) contains at least two classes of enzymes able to 

reduce O2 to the superoxide radical (O2
•-) using NAD(P)H as electron donor: 1) Phagocyte-type 

NADPH oxidases (NOXs), also called Rboh enzymes (respiratory burst oxidase homolog), 

which are trans-membrane enzymes that catalyse the oxidation of intracellular NADPH 

reducing apoplastic O2 (Torres and Dangl, 2005) and 2) PM-associated quinone reductases 

(QRs) which indirectly produce O2
•- when their end-products, dihydroquinones, deprotonate 

and react with O2 (Schopfer et al., 2008). In addition it has been reported that peroxidases are 

located in plant plasma membranes of roots (Mika and Lüthje, 2003; Mika et al., 2008).  

The presence of a phagocyte-type NOX in plant PMs is well accepted - at the genetic 

level - and its involvement in many plant responses has been elucidated during the last decade 

(Torres and Dangl, 2005). However its biochemistry is still poorly understood. Many 

regulatory mechanisms of plant NOXs have been found with the help of mutant studies and the 

knowledge from the mammalian NOXs (Torres and Dangl., 2005; Sumimoto, 2008). There is 

evidence of the regulation of NOX by phosphorylation in vivo. Proteomic studies have revealed 

phosphorylation of serine-residues in A. thaliana, potato and tobacco Rboh proteins in response 
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to elicitor treatment (Benschop et al., 2007; Nühse et al., 2007; Kobayashi et al., 2008). 

Similarly, the addition of a phosphatase inhibitor led to phosphorylation and activation of 

AtrbohD (Ogasawara et al., 2008). It is yet to be shown if PM O2
•- production can be regulated 

by phosphorylation. 

 End product inhibition of O2
•--producing enzymes in PMs was suggested recently by 

our group. We found a mismatch in the stoichiometry of O2
•- production and NAD(P)H 

oxidation of PMs. This effect was eliminated by the addition of SOD which highly stimulated 

NAD(P)H oxidation (Heyno et al., 2008). Low NAD(P)H oxidation rates by isolated PMs in 

the absence of artificial electron acceptors have been reported earlier (Buckhout and Hrubec, 

1986; Askerlund et al., 1988), but at the time it was concluded that O2 was not a viable acceptor 

in PM redox reactions.  

QRs catalyse the 2-electron reduction of quinones to dihydroquinones and are found in 

the cytosol (Sparla et al., 1996; 1998; 1999; Trost et al., 1995) and PMs (Guerrini et al., 1987; 

Luster and Buckhout, 1989; Pupillo et al., 1986; Serrano et al., 1994, Schopfer et al., 2008) in 

plants. Given the lack of information on NOX and the indirect generation of ROS by QRs, the 

latter are sometimes regarded as an alternative source of ROS in the PMs (Schopfer et al., 

2008). Although QRs mediate ROS production in vitro, it is not known if these enzymes can 

serve as a source of ROS in vivo. A quinone substrate in the PM is a crucial point for this 

activity. Evidence for PM electron transfer reactions involving vitamin K1 in cultured carrot 

cells was presented by Barr et al. (1992) and a vitamin K-type quinone was extracted from 

isolated PMs of Zea mays roots (Lüthje et al.,1998)  Unfortunately, there are no further studies 

on the nature of plant PM quinones, e.g. amounts or biochemical properties. On the contrary, 

evidence for ubiquinones (UQ) in mammalian PMs is solid (Kalén et al., 1987). Furthermore, 

depleting rat liver PMs of UQ led to decreased ferricyanide reduction rates which were 

recovered after re-introducing UQ but not vitamin K to the membranes (Sun et al., 1992). 

Peroxidases (PRXs) generate O2
•- via the 1-electron oxidation of NADH (Halliwell and 

Gutteridge, 2003). PRXs are thought to reside mainly in the cell wall but there is evidence for 

low abundances of PM-bound PRXs in PM isolated from maize roots (Mika and Lüthje, 2003; 

Mika et al., 2008). In the presence of O2
•- and H2O2 the heme protein PRX can give rise to 

hydroxyl radical (•OH) in a Fenton-type reaction, effectively replacing the Fenton catalyst 

Fe2+/Fe3+ (Chen and Schopfer, 1999): 

 

Fe3+ + O2
•- → Fe2+ + O2 

   H2O2 + Fe2+ → •OH + -OH + Fe3+ 
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Given this scenario, the formation of O2
•- by the PM, which also serves as the source of H2O2 

via spontaneous or SOD-catalyzed O2
•- dismutation, can theoretically initiate the generation of 

•OH. 

The production of •OH by living plant tissues presumably involving PM enzyme 

activities has been demonstrated with the help of electron paramagnetic resonance (EPR) 

spectroscopy using ethanol/α-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN) as a specific 

spin-trapping system (Kuchitsu et al., 1995; Schopfer et al., 2002; Liszkay et al., 2003; 2004; 

Renew et al., 2005). However, it has not yet been clearly established whether the apoplastic 

generation of •OH in vivo represents an intrinsic property of the PM or an accessory function 

catalysed by cell wall PRXs supplied with O2
•- and H2O2 originating from the PM. Spatially 

separated production of O2
•- (by the PM) and •OH (within the cell wall) has been proposed as a 

central feature of a hypothesis in which PRX-generated •OH functions as a wall-loosening 

agent in cell growth (Schopfer et al., 2002; Liszkay et al., 2004; Schopfer and Liszkay, 2006). 

On the other hand, NADH-dependent but O2
•--independent •OH production by PMs was 

reported by Mojović et al (2004), which seems to be a PRX-independent mechanism. 

 Many of the mechanistic constraints of these three enzymes are unknown. In the present 

work we investigated the substrate preference and regulation of the NAD(P)H-dependent ROS-

producing activities NOX and QR. We distinguished between these two activities in PMs based 

on sensitivities to inhibitors. Furthermore we studied the presence of quinones in the PM by 

specific spectroscopic approaches. The electronic/chemical structure of quinones and their 

corresponding reduced forms (semiquinone and quinol) are readily detectable using 

optical/vibrational and magnetic resonance spectroscopies. We have used high field electron 

paramagnetic resonance (HFEPR) and Fourier transform infrared (FTIR) spectroscopies to 

detect and characterise a quinone species in isolated PMs. In addition, we investigated the 

presence of PRXs in PMs and the ability of PMs to generate •OH. To clarify the biochemical 

relationship between O2
•- and •OH generation, we have investigated the formation of these 

radicals in isolated PMs and critically addressed the question whether PRXs are present in PMs 

isolated form soybean hypocotyl. Last, we applied for the first time a phosphorylation assay on 

isolated PM and followed changes in O2
•--generation. In addition, we investigated the 

regulation mechanism of O2
•--producing enzymes by end product inhibition in more detail. 

 

Materials and methods 

 

Plant material 

Seedlings of Glycine max L. (cv Jutro) were grown on wet vermiculite in darkness for 4.5 days 
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at 25°C. The top 2 cm of the hypocotyl were excised and used for plasma membrane 

preparation. 

 

Isolation of plasma membranes from etiolated soybean hypocotyls 

The PMs were isolated according to Thein and Michalke (1988) with some 

modifications. The top 1 cm of the hypocotyls were excised and incubated for 10 min in four-

fold volume (fresh weight/volume) of isolation buffer (10 mM Tris/HCl pH 8.0, 20 mM 

Na2EDTA, 300 mM NaCl) to which 0.1% BSA and 0.5 mM phenylmethylsulfonyl fluoride 

(PMSF) were added prior to use. The hypocotyls were homogenised in a blender (Waring), 

filtered through a nylon cloth, and centrifuged (30 min at 1300 g, 4°C). The supernatant (raw 

fraction) was centrifuged (45 min at 91 000 g, 4°C) to separate soluble proteins and 

membranes. The pellet was resuspended in isolation buffer and homogenised in a glass potter. 

The homogenate was diluted two-fold with isolation buffer. Polyethylene glycol (PEG) 6000 

was added (4.3 g/100 ml), and the mixture was stirred on ice for 30 min, followed by 

centrifugation (30 min at 1300 g, 4°C) to sediment the intracellular membranes. The 

supernatant, containing the PMs, was centrifuged (45 min at 91 000 g, 4°C). If washed, the 

pellet was resuspended in two-fold volume of 1.5 M KCl, centrifuged (45 min at 91 000 g, 

4°C), and the pellet was resuspensed in 20 mM HEPES buffer (pH 7.8) and stored in -70 °C. 

Otherwise, the final pellet of the isolation procedure was resuspended directly in HEPES 

buffer. 

The isolated PMs were solubilised by adding 4 % Tween-20 and incubating for 30 min 

at 30 °C, after which the membranes were placed on ice. Perforation of the membranes was 

done by adding 0.025% Triton-X100 and incubating for 30 min on ice. The intactness of the 

isolated membranes was determined by comparing the rates of O2
•- production (XTT reduction) 

and •OH production (spin trapping EPR with 4-POBN) by the plasma membrane in the absence 

and presence of detergents. 

 

Measurements of NADH oxidation 

 NADH oxidation was measured at 340 nm (ε340 =6.21 mM-1 cm-1). The reaction mixture 

contained 200 µM NADH and 10-100 µg PM ml-1 H in 20 mM HEPES buffer, pH 7.5 (25°C). 

The reaction was followed for 5-20 min. 

 

Measurements of O2
•- production by XTT 

O2
•- production was measured by the reduction of Na,3’-[1- [(phenylamino)-carbonyl]-

3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzenesulfonic acid hydrate) at 470 nm (ε470 = 21.6 
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mM-1 cm-1). XTT is apparently a 2-electron acceptor, therefore O2
•- reacts with it in the 

stoichiometry of 2:1. The reaction mixture contained 10-30 µg PM ml-1, 200 µM NAD(P)H, 

500 µM XTT and, when mentioned, 100 µM menadione in 20 mM HEPES buffer, pH 7.5 

(25°C). 

 

Measurements of •OH 

 •OH production was measured by electron paramagnetic resonance (EPR) spectroscopy 

using 4-POBN [α-(4-Pyridyl N-oxide)-N-tert-butylnitrone] as the spin trap. The reaction 

mixture contained 10-50 µg PM ml-1
, 50 mM POBN, 4% EtOH, Fe2+-EDTA, 200 µM 

NAD(P)H and, when mentioned, 100 µM menadione in 20 mM HEPES (pH 7.5). EPR spectra 

were recorded at room temperature with a Bruker 300 X-band spectrometer at 9.69 GHz 

microwave frequency, 63 mW microwave power and 100 kHz modulation frequency. 

  

Phosphorylation assay 

PMs were phosphorylated according to Vlad et al. (2008). PMs were incubated for 1-3 

h with 20 mM MgCl2, 10 mM NaF, 200 µM ATP and 0,5-1 mM DTT in 20 mM HEPES (pH 

7.5). When mentioned, 200 ng OST-1, CDPK and SnRK2-10 kinases were added (kinases 

provided by dr. Sylvain Merlot, CNRS Gif sur Yvette, France). The O2
•- production of 10-30 µg 

ml-1 of incubated PMs was measured in the presence of 500 µM XTT, 200 µM NAD(P)H. The 

rates of DTT-mediated XTT reduction before addition of NAD(P)H were subtracted from the 

final rates. 

 

FTIR spectroscopy 

Isolated PMs were washed twice with the measuring buffer (10 mM MES, 10 mM MgCl2, pH 

5.6) followed by centrifugation at 40 000g for 15 min. The final pellet was resuspended in a 

small volume of the measuring buffer and ultrasonicated. A Bruker IFS88 FTIR equipped with 

a KBr beam splitter was used for the measurements. A PM sample of 8-10 µl was loaded on the 

prism and allowed to dry into a film. After verifying the stability of the film, differential spectra 

were recorded. Typically, the experiment started with the oxidation of the sample by 1 mM 

K3[Fe(CN)6] for 5 min. 5x500 interferograms were recorded and averaged and the acquired 

spectrum was set as the background prior to reduction of the sample with 1 mM NADH (5 

min). 5x500 interferograms were recorded, averaged and set as the background. These 

oxidation-reduction cycles were performed several times. Between the oxidative and reductive 

treatments the film was washed briefly with the measuring buffer. 
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HFEPR spectroscopy 

Freshly isolated and solubilised PMs in 20 mM HEPES (pH 7.5) were incubated with 12 mM 

NADH for 10 min under light shaking and frozen in liquid nitrogen. The HFEPR spectra of 400 

ul samples were measured at 4.2 K, under non-saturating conditions. Typically more than 30 

scans were required. The spectrometer used for these studies has been previous described (Un 

et al., 2001). 

 

Results 

 

General characteristics of the isolated PM 

 We have used an isolation method in which PMs were separated from the total 

membrane fraction by precipitation of the intracellular membranes in PEG 6000 at low 

centrifugation speed. This procedure is based on the same principle as the aquaeous Dextran-

PEG (two-phase) system of Larsson et al. (1994) the only difference being the absence of 

dextran and sucrose. The purity of the isolated PMs was of the same high level with both 

methods (Schopfer et al., 2008 Supplementary 1). As the majority of research on isolated PMs 

has been performed with membranes obtained by the method of Larsson et al. (1994), we report 

here the characteristics of our PM preparations that are important for the present work and its 

comparison with the literature. These are the intactness of the PM vesicles, the activity of ROS-

producing enzymes with NADH and NADPH, and the localisation of the NOX in the PM. 

 

Intactness of plasma membrane preparations 

NADH and NADPH are intracellular electron carriers. Extracellular NAD(P)H is 

thought to play a role as a signalling molecule (Billington et al., 2006) but its participation in 

redox reactions outside the PM is questionable. It has been shown that solubilisation of isolated 

right-side-out PMs leads to higher rates of reduction of membrane impermeable electron 

acceptors such as ferricyanide and cytochrome C by NAD(P)H (Askerlund et al., 1988; 

Palmgren et al., 1990). This is taken as evidence for a cytoplasmic location of the NAD(P)H 

binding sites in membrane proteins, and therefore it can be used to estimate the intactness of 

isolated PMs. In the present study O2
•- production of washed PMs was measured by XTT 

reduction or indirectly via EPR spectroscopy using POBN/EtOH as a spin trap (Janzen et al., 

1978). O2
•- dismutates to H2O2 which forms in the presence of Fe2+ •OH radicals that are 

detected by the spin trap.  

We isolated up to 90% intact PMs, but freezing and thawing of the samples decreased 
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the intactness to 60%. When the membranes were washed with salt (1.5 M KCl) to remove 

unspecifically bound proteins from the membrane surface, the intactness was decreased to 40% 

as seen by measuring the Fe2+-catalysed •OH production (Fig. 1). The enzyme activity (XTT 

reduction in the presence of NADH) was decreased by 15-25% after salt-washing. Intact PM 

produced 31 and 6 nmol XTTH2 mg-1 min-1 with NADH and NADPH as the substrate, 

respectively. Table 1 shows the stimulating effects of detergents on the O2
•--producing 

activities of the salt-washed PMs. Solubilisation with 4% Tween led to approximately 2-fold 

rate with both substrates. Perforation of the membranes by 0.025% Triton X-100 was slightly 

less stimulating. Menadione (MD), an artificial quinone substrate used to study QRs, led to 5- 

and 30-fold activity with NADH and NADPH, respectively. The MD-driven activity was 

almost the same with NADH and NADPH, 166 and 172 nmol XTTH2 mg-1 min-1, respectively. 

Treatment with detergents stimulated these rates approximately by 10-15%. Because salt-

washing led to leaky membranes (Fig 1.), it is not possible to define on which side of the PM 

QRs are located.  

In EPR spin-trapping measurements of PMs a signal attributable to POBN/•OH was 

detectable in the presence of Fe2+. NADPH gave signal sizes of approximately 30-40% of those 

with NADH. Table 2 shows the stimulating effects of detergents on the POBN/•OH signal sizes 

from the salt-washed PMs. Solubilisation with 4% Tween led to a 3.6-fold and 2.5-fold rate 

with NADH and NADPH, respectively. Perforation of the membranes by 0.025% Triton X-100 

was less effective than solubilisation with Tween. In the presence of MD a 10-fold and 24-fold 

increase in signal size was observed in non-treated PMs with NADH and NADPH, 

respectively. The MD-driven activity was almost the same with both substrates and treatment 

with detergents led to ~ 50% higher rates. 

In our spin trapping assays Fe2+-EDTA was present to allow the Fenton reaction. 

However, Mojović et al. (2004) reported direct •OH generation by PMs. PRXs would be likely 

candidates for •OH generation from O2
•- and H2O2. There is evidence of PM-bound PRXs 

(Mika and Lüthje, 2003; Mika et al., 2008). However, according to our previous data, no PRX 

activity was found in the PM preparations from soybean hypocotyl (Schopfer et al., 2008). In 

the present work with the same material we did not detect EPR signals in the absence of either 

Fe2+-EDTA, PM, or NADH (Fig. 2, spectra 2-4). Therefore, the detected •OH radical formation 

in the presence Fe2+-EDTA was derived from H2O2 generated by PMs. These PMs do not 

generate directly •OH radicals in contrast to the findings reported by Mojović et al. (2004). 

These authors used EPR spectroscopy with 5-diethoxyphosphoryl-5-methyl-1-pyrroline-N-

oxide (DEPMPO) as a spin-trap that forms adducts with both O2
•- and •OH. The lifetime of the 

superoxide adduct is about 15 min while the hydroxyl radical adduct is longer stable (Ramos et 
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al., 1992). Thus, reactions in which O2
•- serves as a precursor of •OH are compromised in this 

method. 

 

Preference of NADH- and NADPH-dependent ROS-producing enzymes in the plasma 

membrane 

In the literature conflicting results have been reported with respect to the substrate of 

the O2
•--producing NAD(P)H oxidase (Berczí and Møller, 2000). Therefore, we determined the 

O2
•--production in perforated un-washed PMs in the presence of NADPH and NADH. The 

absolute majority of the preparations showed approximately 5-fold higher rates with NADH in 

comparison with NADPH. Perforated PMs gave XTT reduction rates of 82 ± 25 and 19 ± 11 

nmol XTTH2 mg-1 min-1 with NADH and NADPH, respectively. Figure 3 shows the XTT 

reduction activity of perforated PMs as a function of the NAD(P)H concentration. Two Km 

values for NADH and NADPH were determined. The high affinity values were 8 and 6 µM 

with NADH and NADPH, respectively. The low affinity values were 200 and 167 µM. The low 

affinity values may reflect an unspecific enzyme activity not related to the NADH or NADPH 

oxidase, since the cytosolic NAD(P)H concentration is estimated to be 0.3-0.6 mM and the 

NAD(P)+:NAD(P)H ratio 600-1000 (leaf cell cytosol: Noctor et al., 2006). The Vmax is five 

times higher with NADH compared to NADPH. However, it has to be noted that we obtained 

also preparations with two fold higher rates with NADH in comparison with NADPH, and, 

very rarely, the preparations showed similar rates with both electron donors, with only a slight 

preference for NADH. This variation in enzyme activity within preparations suggests that the 

PM might be isolated in different states of activity. 

 

Localisation of NOX  

There is evidence that NOX is located in the lipid rafts in both animals and plants. The 

recruitment and activation of the phagocytic NOX was shown to be dependent of its 

localisation in the lipid rafts (Vilhardt and van Deurs, 2004). In a proteomics study on plant 

PM, AtrbohD-encoded NOX was found in the detergent-insoluble membranes after elicitation 

with cryptogein (Mongrand et al., 2004). Liu et al. (2009) reported the lipid raft-mediated 

concentration of the NOX into the tips of growing pollen tubes. In the present study, the sub-

localisation of NOX in the detergent-soluble and -insoluble PM fractions was addressed. 

Soluble cytosolic proteins, total membranes, intracellular membranes and the detergent-

soluble and -insoluble PM fractions were separated by SDS-PAGE, immunoblotted and the 

presence of PM-ATPase, mitochondrial Rieske protein and NOX was verified (Fig. 4). The 

NOX was detected only in detergent-insoluble fraction while PM-ATPase was detected in both 
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fractions. There was no major contamination of PM by mitochondrial membranes, only a very 

weak signal from anti-Rieske was seen in the detergent-insoluble PM fraction. While the PM-

ATPase and mitochondrial Rieske proteins were detected at sites of correct molecular weight 

(100 kDa and 29 kDa, respectively), the protein recognised by the gp91phox-antibodies did not 

enter the resolving gel at all and stayed in the stacking gel. This results likely from the heavy 

glycosylation of the protein. Good results have been gained by de-glycosylation of the human 

gp91phox protein but these assays were ineffective in the present study (data not shown). 

 

Pharmacological study of ROS production in isolated KCl-washed plasma membranes 

The effects of known activators and inhibitors of redox enzymes on the XTT reduction 

of PMs was tested using NADH as the substrate (Fig. 5 a,b). Such an approach should help to 

identify different distinct enzymes which are capable to generate O2
•-. 

Ca2+ is known to activate the NOX by binding to its EF-hand structures (Keller et al., 

1998; Sagi and Fluhr, 2001; Heyno et al., 2008; Ogasawara et al., 2008). CaCl2 stimulated XTT 

reduction of intact membranes only slightly. In the presence of detergent the effect was 

stronger. The same is seen when ROS was measured by spin trapping EPR spectroscopy (Fig. 6 

a, b). Cd2+, an antagonist of Ca2+ and an inhibitor of the NAD(P)H oxidase (Heyno et al., 

2008), inhibited XTT reduction and •OH generation by 50% in non-treated membranes and by 

25% in detergent-treated membranes,  •OH generation was inhibited by 50% in both conditions. 

Cibacron blue 3G-A, a dye mimicking adenine nucleotides and an efficient inhibitor of QRs 

(Prochaska, 1988; Schopfer et al., 2008), inhibited the activities by 50% in all conditions. KCN, 

an inhibitor of PRXs and other heme-containing enzymes, slightly stimulated the activities. 

SOD (100 µg/ml) led to the disappearance of a measurable rate of XTT-reduction, indicating 

that only O2
•- reacted with XTT.  Diphenyleneiodonium (DPI), an inhibitor of NOXs but not of 

QRs, inhibited the NADPH-dependent O2
•- production stronger than the NADH-dependent 

rates. The concentration-dependent effect of DPI is shown in Figure 7. 5 µM DPI led to a 

plateau with both substrates which corresponded to a maximal inhibition of 40 % and 80 % 

with NADH and NADPH, respectively. Treatment of the membranes with Triton-X-100 led to 

more pronounced inhibition with NADH than with NADPH. Triton likely made NADPH 

available to cytosolic binding sites of enzymes insensitive to DPI, while it made NADH 

available to DPI-sensitive activities. Indeed, if the activities in the presence of 5 µM DPI are 

considered 100% inhibited, the KI of DPI is lower in the presence of Triton for both substrates; 

0.2 and 0.4 µM with NADH and 0.1 and 0.2 µM with NADPH in the presence and absence of 

Triton, respectively. DPI could not be used in the spin trapping assays, because it leads to 

distorted EPR signals.  
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In the presence of MD XTT reduction was strongly inhibited only by Cibacron Blue 

while Ca2+ and DPI had little effect on the activity (Fig. 5 c,d). SOD decreased the XTT 

reduction rates by 50%, indicating that MD•- is responsible for half of the XTT reduction 

(Schopfer et al., 2008). When the •OH production was measured in the presence of MD (Fig 6 

c), a clear inhibition was seen in the presence of Cd2+ and Cibacron Blue. Ca2+ had no 

significant effect on the •OH production while KCN had a strong stimulating effect on both 

XTT reduction and •OH production, indicating that PRXs can be excluded to contribute to the 

ROS production by the PM used here.  

Our PM preparations contain clearly a QR, a NOX and probably other not further 

characterised O2
•- generating enzymes. 

 

Detection of quinones in isolated plasma membranes 

There is little evidence for quinones in plant PMs in the literature although enzymes 

requiring a quinone substrate reside in PMs. We studied the presence of quinones in PM by 

FTIR and HFEPR spectroscopies. Figure 8 shows the FTIR difference spectra of the reduced - 

oxidised and oxidised - reduced PMs and the double difference spectrum of these (red. - ox.). 

The double difference spectrum has similar characteristics as reported previously for quinones 

in the literature. Positive bands corresponding to C=O vibrations of a semiquinone are expected 

in the range of 1640-1650 cm-1, negative bands corresponding to C=C vibrations of the 

oxidised quinone in the range of 1585-1618 cm-1 (Breton et al., 1994; Breton and Nabedryk, 

1996). We observed a positive band at 1648 cm-1 and a negative band at 1618 cm-1. Positive 

bands corresponding to C...C and C...O vibrations of the semiquinone forms are expected in the 

range of 1400-1490 cm-1. We observed two positive bands in this region at 1483 and 1425 cm-1. 

No bands characteristic for free quinols in the membrane, as reported by Mezzetti et al. (2003), 

were detected. To conclude, similarity of the spectra in the range of C=C and C=O vibrations 

and, especially, the observed bands in the range typical for semiquinones, suggest protein 

bound quinones in the PM. However, the quality of the obtained spectra is not sufficient to 

determine if the quinone is a benzo- or naphthoquinone. For this purpose, HFEPR spectroscopy 

was applied. 

The HFEPR spectrum of the PM clearly indicated the presence of an organic radical 

(Figure 9, black trace). The overall shape and position of the spectrum was consistent with a 

semiquinone radical (Un et al., 2001). Furthermore, the relative positions of the three 

characteristic values of the spectra (denoted gx, gy and gz) suggested that the radical was 

indeed a naphthosemiquinone radical that was in a relative non-polar environment. For 

comparison, the vitamin K1 radical generated in ethanol (green) and in photosystem I (red) are 
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also shown in Figure 9. The former is in strongly polar environment while latter is in a weakly 

polar environment. It is well known that the magnet field values corresponding to the gx and gy 

positions decrease with decreasing polarity (see Un et al., 2001). The relatively low values for 

the PM radical would be consistent with non-polar lipid environment. For the purposes of 

comparison, the spectrum of the plastosemiquinone (QA) from plant photosystem II is also 

shown in Figure 9 (blue trace). 

 

Regulation of ROS production by plasma membranes 

In the present work we have observed a variation in NADH- and NADPH-dependent 

O2
•--producing activities between individual preparations. A variation in redox activities with 

these substrates between PM preparations was mentioned also by Buckhout and Rhubec 

(1986). This led us to consider different regulatory mechanisms that could explain the observed 

differences. Potential regulatory mechanisms include phosphorylation of O2
•--producing 

enzymes, and the inhibition of O2
•- producing enzymes by O2

•-, the end-product.  

Phosphorylation of the AtrbohD-encoded NOX protein has been shown by mass 

spectrometry (Benschop et al., 2007; Nühse et al., 2007) and evidence for the stimulation of the 

NOX activity by CDPK-mediated phosphorylation has also been demonstrated (Kobayashi et 

al., 2007; Ogasawara et al., 2008). Here preliminary results of the effect of phosphorylation of 

PM are shown.  The effect of ATP on NAD(P)H-dependent O2
•- production in the PM was 

studied. PMs in the absence or presence of Triton X-100 were incubated in the phosphorylation 

assay in the absence or presence of recombinant kinases OST1, SnRK2-10 (Sn-related protein 

kinase 2, a kinase related to OST1) and CDPK32. The effect of detergent was analysed to 

determine on which side of the membrane phosphorylation takes place. As described before in 

Table 1 and 2, solubilisation increased the rates by 40-50 % of both NADH- and NADPH-

dependent activities. In the absence of detergent, incubation for 3 h in the phosphorylation 

assay decreased the enzyme activity while in the presence of detergent it was stimulated (Fig. 

10). This seems to indicate that phosphorylation on the cytosolic side is responsible for the 

stimulation of the enzyme activity. The inhibitory effect of ATP on the XTT-reducing activity 

of intact membranes is not clear. It may be just due to the long incubation (3 h) of PM at room 

temperature. ATP had a stimulating effect on both, NADPH- and NADH-dependent rates and 

the presence of recombinant kinases had no effect on the rates (data not shown). It was also 

tested if the DTT concentration given in the original assay could be lowered, because it 

interferes with XTT reduction. The effects of ATP on the activies were seen even at the lowest 

DTT concentration (10 µM). The rates were slightly lower at high DTT concentrations. To 

conclude, in the presence of detergent, ATP had a stimulating effect on the XTT-reducing 
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activity of PMs.  

  We have previously observed a mismatch in the stoichiometries of NADH oxidation 

and XTT reduction, which was corrected by the addition of SOD to the NADH oxidation assay 

(Fig. 11; Heyno et al., 2008). The effect of SOD indicates that O2
•- inhibits the O2

•- production 

of PMs. To study this effect in more detail, we determined the rate of NADH oxidation at 

different SOD concentrations, the pH dependency of the inhibition of the activity by O2
•- and 

the effect of externally produced O2
•- on NADH oxidation. NADH oxidation by PM was 

measured at different concentrations of SOD (Fig. 12). Maximal NADH oxidation, 

approximately 33 nmol mg-1min-1, was reached in the presence of 25 µg ml-1 SOD. The 

removal of O2
•- was tested next by studying the effect of pH on the NADH oxidation of the 

PMs (Fig. 13). O2
•- is a short-lived molecule whose stability is pH-dependent. Spontaneous 

dismutation to H2O2 and O2 is facilitated by the protonation of O2
•- at acidic pH. The pK of O2

•- 

is 4.8, thus the pH of the medium can be utilised to study the degree of inhibition of NADH 

oxidation by O2
•-. The XTT reduction rates of PM were very low at pH 4-5 because XTT is an 

effective electron acceptor only at alkaline pH (data not shown; Ukeda et al., 1997). Therefore, 

the initial rates of NADH oxidation were measured at pH 5-7.5. At pH 5.0, initial rates (0-30 s) 

of NADH oxidation were 10 nmol and decreased to rapidly to 2-3 nmol mg-1min-1 (Fig. 13 

inset). At pH 7.5, no changes were observed in the rates over the time. At this pH the rates were 

approximately 3 nmol mg-1 min-1 throughout the measurement. The pH dependency of NADH 

oxidation suggests that the inhibiting species is O2
•- and not H2O2, which is readily formed by 

the dismutation of O2
•- at acidic pH. In the presence of ferricyanide no pH-dependency of 

NADH oxidation was observed. The reduction of ferricyanide does not involve protonation 

reactions. Ferricyanide seems to accept electrons prior to the site of O2
•- inhibition. Finally, the 

effect of added O2
•- on NADH oxidation was tested. O2

•- was produced by the 

xanthine/xanthine oxidase (X/XO) system (Fig. 15). O2
•- production by the X/XO system was 

quantified by the XTT reduction assay up to 0.1 XO units at pH 7.5 (Fig. 14 inset). The NADH 

oxidation of samples from two separate PM preparations, showing initial rates of 2.3 and 0.5 

nmol mg-1 min-1, was almost complete inhibited by XO concentration as low as 0.01 U, 

corresponding to 20 nmol O2
•- ml-1 min-1 produced in the assay medium. 

 

Discussion 

Plant PMs contain a number of redox enzymes (Berczí and Møller, 2000) of which 

some are able to reduce O2 at the expenses of NAD(P)H. We could exclude PRX-derived ROS 

generation in our PM preparations based on the inefficiency of KCN as an inhibitor and the 

lack of •OH production in the absence of Fe2+. Thus, a PRX-mediated •OH generation which is 
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dependent of O2
•- and H2O2 (Chen and Schopfer, 1999) can be ruled out. PM-bound or -

associated PRXs have been found in material isolated from maize roots (Mika and Lüthje, 

2003; Mika et al., 2008). However, PMs isolated from rose cells showed very weak PRX 

activities (Murphy and Auh, 1996). It is thus possible that PM PRXs are present only in PM of 

root tissues or that they are present in monocotyledons but not in dicotyledons. 

We could resolve the QR activity from other O2
•--producing enzymes based on the 

similar activities seen with NADH and NADPH, inhibition by Cibacron Blue and its 

insensitivity to Ca2+, Cd2+ and DPI. Isolated QRs reported by others showed similar rates with 

NADPH and NADH or a slight preference for the former, depending on the quinone substrate 

(Pupillo et al., 1986; Guerrini et al., 1987; Luster and Buckhout, 1989, Serrano et al., 1994; 

Trost et al. 1995; Sparla et al., 1999, Schopfer et al., 2008). Cibacron is known to inhibit 

isolated QRs from several species (Deller et al., 2008). The question arises if a quinone is 

present in the plasma membrane. A phylloquinone has been extracted in hexane from PM 

(Lüthje et al., 1998). However, this extraction could not be reproduced by other groups (P. 

Trost, personal communication, and own assays). Here, evidence for the presence of a quinone 

is presented by FTIR and HFEPR spectroscopy (Figs 8 and 9). However, the quality of the 

spectra is not sufficient to allow a satisfying attribution to a naphthoquinone. 

In the absence of menadione the activity of O2
•--producing enzymes was stimulated by 

Ca2+ and strongly inhibited by Cd2+ (Fig. 5). This puts in favour a NOX being partially 

responsible for the observed O2
•- production. NOX is known for the regulation of its activity by 

Ca2+ binding to its EF-hand structures. The activity is also strongly inhibited by very low 

concentrations of DPI while in the presence of MD DPI has no or a very small effect on the 

activity. DPI is used commonly as a specific inhibitor for NOX, but one should be aware of the 

fact that DPI inhibits in general flavin-containing enzymes in case of the participation of the 

semi-reduced flavin in the catalysis (O’Donnell et al., 1994). 

ROS production in the absence of menadione was clearly higher with NADH than 

NADPH. We observed that the O2
•- production by isolated PMs was five-fold higher with 

NADH than with NADPH (Figs. 3, 5, 6). This seems to be a general characteristic of plant PMs 

(Hassidim et al., 1987; Murphy and Auh, 1996). The same holds true for the reduction of 

artificial electron acceptors by isolated PMs (Buckhout and Hrubec, 1986; Luster and 

Buckhout, 1986; Hassidim et al., 1987). This is confusing with respect to the activity of plant 

NOX which is homologous to the human phagocytic NOX, showing 30-40 % identity/60-70 % 

similarity to the carboxy terminus (i.e. NADPH- and flavin-binding sites and the membrane-

spanning regions)   (Groom et al., 1996; Keller et al;, 1998;Torres et al., 1998). The isolated 

phagocytic NOX utilises NADPH about 30 times more efficiently than NADH (Bellavite et al., 
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1983). Furthermore, a cell-free system of granulocytes and isolated granules produce more O2
•- 

with NADPH than with NADH as substrate even in the dormant state of the cells (Babior et al., 

1975; Iverson et al., 1977). There is some indirect evidence that the Rboh-encoded NOX 

utilises NADPH as the substrate. The inactivation or stimulation of the hexose monophosphate 

shunt, the source for cytosolic NADPH, abolished or stimulated NOX activity during pathogen 

challenge, respectively (Pugin et al., 1997; Scharte et al., 2009). Furthermore, DPI, an efficient 

inhibitor of the isolated phagocytic NOX, inhibits NADPH-dependent O2
•- production in plant 

PMs more effectively than the NADH-dependent activity (Fig. 7; Murphy and Auh, 1996). It 

should be noted that Van Gestelen et al. (1997; 1998) separated an NADPH-dependent O2
•--

producing activity from three other activities: one NADH-dependent and two NAD(P)H-

dependent activities  which were stimulated by artificial quinones. However, no molecular 

weight was given for the separated NADPH-dependent O2
•--producing enzyme and the activity 

was only weakly inhibited by DPI (I50=60 µM). NOX enzymes have been detected in isolated 

PMs by antibodies (Keller et al., 1996; Sagi and Fluhr, 2001). We detected the NOX 

exclusively in detergent-insoluble fraction of PMs (Fig. 4 b). Murphy and Auh (1996) reported 

the sedimentation of NADH-dependent activity after solubilisation while the NADPH-

dependent activity stayed in the supernatant. The possibility thus remains that the plant NOXs 

utilise preferentially NADH.  

 

In the present work we showed that a phosphorylation assay stimulated the O2
•- 

producing activity in isolated PM in the presence of detergent. This implies that the site of 

action of ATP and/or the binding site of the substrate of the phosphorylated enzyme(s) were 

intracellular. Addition of external kinases had no further stimulating effect on the activities. It 

is thus possible that a kinase present in the PMs was responsible for this effect. Several receptor 

kinases are located in plant PMs (Walker, 1994). It is also possible that the kinases tested in the 

present work, the A. thaliana CDPK-32, OST-1 and a SnrK2-10, are not capable to 

phosphorylate soybean enzymes. There is strong evidence for the requirement of cytosolic 

kinases in the activation of plant NOX. Doke and Miura (1995) reported an elicitor-driven 

activation of the NADPH-driven O2
•- production in isolated PMs which was dependent on both 

ATP and cytosolic proteins. Kobayashi et al. (2007) succeeded to phosphorylate a tobacco 

RbohD protein with a CDPK of potato and simultaneously to enhance RbohD-derived O2
•- 

production in vivo. A kinase of the SnrK family has been demonstrated to act up-stream of PM 

ROS production in ABA-dependent signalling. The OST1 kinase gene (open stomata 1) was 

found in mutant screens of plants that fail to close their stomata (Mustilli et al. 2002). Very 

recently the direct interaction with and phosphorylation of the AtrbohF protein by OST1 was 
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shown (Sirichandra et al., 2009). 

The mammalian NOXs are also regulated by phosphorylation but there are differences 

in the sites of phosphorylation and the kinases involved in this process between plants and 

animals. Plant NOXs have been reported to be phosphorylated exclusively on the cytosolic EF-

hands. The phagocytic NOX2 complex is known to be regulated by the phosphorylation of the 

cytosolic subunits which are absent in plants.  However, Raad et al. (2009) reported the 

phosphorylation of the C-terminus in phagocytic gp91phox by protein kinase C (PKC). 

Phosphorylation increased the diaphorase activity of a truncated gp91phox C-terminus 

(containing the NADPH-binding site and FAD).  The mammalian NOX5 has four Ca2+-binding 

EF-hands in the N-terminal region and does not have cytosolic subunits and is, therefore, the 

closest homolog of the plant NOXs. There is evidence of its regulation by phosphorylation by 

PKC-family of kinases in the vicinity of the C-terminal FAD-binding site (Jagnandan et al., 

2007; Serrander et al., 2007). Also a redox-dependent activation of the NOX5 by the c-Abl 

tyrosine kinase was demonstrated by El Jamali et al. (2008). 

 

We reported the inhibition of the NADH oxidation by PMs by O2
•- (Heyno et al., 2008). 

Very slow rates of NAD(P)H oxidation in the absence of artificial electron acceptors have been 

reported before (Buckhout and Hrubec, 1986; Askerlund et al., 1988). To the best of our 

knowledge, the inhibition of NOX or other professional ROS producers by O2
•- has not been 

reported before in plants nor in animals. Although we always observed the incorrect 

stoichiometry between the rates of NADH oxidation and O2
•- production, in some PM 

preparations the effect of SOD was very high, weak or absent. Yet the O2
•- production was 

relatively constant in all PM preparations. The reason for the heterogeneity of the PM 

preparations with respect to this effect is unclear. However, it allows us to hypothesise that the 

inhibition of NADH oxidation by O2
•- is reversible and may turn into an irreversible mode if 

O2
•- is present for a too long time or is bound too tightly. In NOX O2 reduction takes place at 

the second heme at the apoplastic side of the PM (Cross and Segal, 2004). Irreversible 

inhibition could occur if O2
•- can not leave this site and the SOD does not have access to it. The 

relatively stable XTT reduction rates in the PM preparations can still occur because XTT gets 

close enough to this site and removes the O2
•-. It remains to be studied if a total inactivation by 

O2
•- takes place in NOXs and if also other redox activities in PMs are inhibited by O2

•-. We 

propose that a different level of O2
•--mediated inhibition may play a role in the fluctuating 

properties of our PM preparations and of those reported by others. End-product inhibition 

seems to be an attractive strategy for the regulation of O2
•- producing enzymes in vivo. O2

•- is 

the precursor of potentially very harmful ROS like •OH and therefore its production has to be 
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controlled at several levels. It remains to be studied if such end-product inhibition occurs in 

vivo. This will be a difficult task since many simultaneous signalling events and sinks for ROS 

are present in a living system. It is likely that this kind of regulation takes place within very 

short time scales, contributing to the O2
•- production rates observed in vivo. 
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Table 1. Effect of detergents and menadione (MD) on 
XTT reduction in salt-washed plasma membranes (PMs). 
The increase in activity is indicated as a fold value with 
respect to the untreated PM. The effect of detergent on 
the rates in the presence of MD is given in brackets.  The 
activity of the untreated PM was 31 ± 2 nmol and 6 ± 2 
XTTH 2 mg-1 min-1 with 200 µM NADH (n= 9)  and 
NADPH (n=6), respectively. All samples were frozen and 
thawed once. 
 
 

 

 

Sample 

 

XTT reduction rate 

 

NADH 

 

 

 

NADPH 

 

PM (untreated) 

 

1 

 

1 

 

PM + Triton X-100 

 

1.4 

 

2 

 

PM + Tween 
1.8 2.3 

 

PM (untreated) 

+ MD 

5.5 (1) 28 (1) 

 

PM + Triton X-100 

+ MD 

6.6  (1.2) 31 (1.1) 

PM + Tween 

+ MD 
6.8  (1.2) 41 (1.5) 
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Table 2. Effect of detergents and menadione (MD) on 
Fe2+-catalysed •OH generation in salt-washed PMs. The 
increase in activity is indicated as a fold value with 
respect to the the untreated PM. The effect of detergent 
on the signal sizes in the presence of MD is given in 
brackets.  All samples were frozen and thawed once. 
 
 

 

 

Sample 

 

POBN/OH signal 

size 

NADH 

 

 

 

NADPH 

 

PM (untreated) 

 

1 

 

1 

 

PM + Triton X-100 
1.5 1,3 

 

PM + Tween 

 

3.5 

 

2.5 

 

PM (untreated) 

+ MD 

10 (1) 24 (1) 

 

PM + Triton X-100 

+ MD 

 

14 (1.4) 

 

36 (1.5) 

PM + Tween 

+ MD 
n.d. n.d. 
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Figure 1. Comparison of Fe2-catalysed •OH generation in a) control and 
b) salt-washed plasma membranes (PMs). 1. Untreated PMs, 2. Triton-
treated PMs and 3. Triton-treated PM in the presence of 100 µM menadione. 
A reaction mixture contained  50 mM POBN, 4% EtOH, 50 µM Fe2+ -EDTA, 
10-14 µg ml-1 PM proteins and 200µM NADH. 
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Figure 2. The EPR signal size of POBN-spintrap in 
•OH-generating assays of PM. A reaction mixture 
contained 50 mM POBN, 4% EtOH, 50 µg ml-1 PM 
proteins, 200µM NADH and 50 µM Fe2+-EDTA (1.). 
The assay was also performed without Fe2+-EDTA (2.), 
without NADH (3.), or without both Fe2+-EDTA and 
NADH (4.). 
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Figure 3. O2

•- production of Triton-treated plasma membranes. 
a) Michaelis-Menten representation of the initial rates with NADH 
(■) and NADPH (□). b) Lineweaver-Burk plot of data at 1-50 µM 
NAD(P)H concentration (the Km value is 8 for NADH and 6 µM 
for NADPH). b) Lineweaver-Burk blot of data at 0.2-1 mM 
NAD(P)H concentrations (the Km value is 200 for NADH and 167 
µM for NADPH). The reaction mixture contained 30 µg PMs ml-1, 
500 µM XTT and 1-1000 µM NAD(P)H in 20 mM HEPES (pH 
7.5). 
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Figure 4. SDS-PAGE and immunoblots of soluble protein 
and membrane protein fractions obtained from soybeans. a) 
The following samples were loaded on gel: M= marker, 
1=soluble proteins, 2= total membranes, 3= intracellular 
membranes, 4= Tween-soluble plasma membranes and 5= 
Tween-insoluble plasma membranes. b) immunoblot was 
decorated with antibodies against the human gp91phox (NOX), 
PM-ATPase and mitochondrial Rieske protein. I and II stand for 
start of stacking and resolving gel, respectively, indicating the 
poor entrance of the NOX into the gel. 20 µg protein was loaded 
on a 12-8% polyacrylamide gel. 
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Figure 5. Effect of Ca2+ and different inhibitors on XTT reduction of 
plasma membranes. Intact PMs (a,c) and Triton-treated PMs (b,d). In c and 
d 100µM menadione was present. A reaction mixture contained 10 µg PM 
ml-1, 200 µM NAD(PH) and 500 µM XTT in 20 mM HEPES (pH 7.5). Other 
concentrations: 5 mM CaCl2, 1mM KCN, 0.3mM CdCl2, 20 µM Cibacron 
Blue, 5 µM DPI and 100 µg SOD. 
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Figure 6. Effect of Ca2+ and different inhibitors on Fe2+-catalysed ••••OH-
formation of plasma membranes. Intact PMs (a), Triton-treated PMs (b,c). In 
c) and in the striped column in a) 100µM menadione was present. A reaction 
mixture contained 15 µg PM ml-1, 200 µM NAD(P)H, 50 mM 4-POBN, 4% 
EtOH and 50 µM Fe2+-EDTA in 20 mM HEPES (pH 7.5). Other concentrations: 
5 mM CaCl2, 1mM KCN, 0.3 mM CdCl2 and 20 µM Cibacron Blue. The 
arbitrary units were calculated from the signal sizes of the EPR spectra. 
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Figure 7. Effect of diphenyleneiodonium 
(DPI) on plasma membrane O2

••••- production. 
The reaction mixture contained 30 µg PMs ml-1, 
500 µM XTT, 200 µM NAD(P)H and 0.125-5 
µM DPI. 
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Figure 8. FTIR difference spectra of plasma membranes in 
the presence of NADH and ferricyanide. Reduced-oxidised 
spectra are shown in red and oxidised-reduced spectra in blue. 
The double difference spectrum of red-blue is shown in black. 
Putative bands correspoding to quinone species are indicated at 
1600-1650 cm-1 and at 1400-1500 cm-1. 
 

 
Figure 9. HFEPR spectra of solubilised plasma membranes (black). As a 
comparison vitamin K1 radical generated in ethanol (green) and in photosystem I (red), 
and the plastosemiquinone (QA) from plant photosystem II are also presented. The g-
tensors gx, gy and gz are depicted with dashed lines. The spectra were taken at 4.2 K.  
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Figure 10. Effect of ATP on plasma membrane O2
•- production. PMs were incubated for 

2h in 10-1000 µM DTT. (a) NADH- and (b) NADPH-dependent XTT reduction was measured 
in control PMs (□), PMs incubated with ATP (■), detergent-treated PMs (○), and in detergent-
treated PMs incubated with ATP (●). The rates of Triton-treated PM before the assay were 77 
and 16 nmol XTTH2 mg-1min-1 with NADH and NADPH respectively. The rates of non-
treated membranes were of 42 and 9 nmol XTTH2 mg-1min-1 with NADH and NADPH, 
respectively. A reaction mixture contained 30 µg PM ml-1, 200 µM NAD(P)H, 500 µM XTT 
and 200 µM ATP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

+ SOD

+ SOD

1 min

a

b

1 min

∆
A

47
0 

0.
01

∆
A

34
0

0.
01

 
 
Figure 11. Effect of SOD on NADH oxidation and XTT reduction of Triton-
treated plasma membranes. a) The NADH oxidation rate without SOD was 2.7 
and after addition of SOD 69.8, decreasing to 37.6, nmol mg-1 mg-1. b) The XTT 
reduction rate was 36.4 before and 2.9 nmol XTTH2 mg-1 min-1. A reaction 
mixture contained 30-50 µg PM ml-1, 200 µM NADH and, in XTT reduction 
assay 500µM XTT in 20 mM HEPES pH 7.5. 50 µg SOD was added. 
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Figure 12. Effect of SOD on NADH oxidation by Triton-treated 
plasma membranes. A reaction mixture contained 50 µg PMs ml-1 
and 200 µM NADH in 20 mM HEPES, pH 7.5. 
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Figure 13. Effect of pH on NADH oxidation of detergent-treated plasma 
membranes. The rate of NADH oxidation as the function of time at pH 5.25 
is shown in the inset (red dashed line = initial rate 10 nmol mg-1 min-1, green 
dashed line = inhibited rate of 3 nmol mg-1 min-1). In the principle figure the 
initial rates, corresponding to the red dashed line, are presented. NADH 
oxidation was measured in the absence of added electron acceptors (■) and in 
the presence of ferricyanide (○). The rates are averages of at least four 
measurements performed in 50 mM phosphate buffer. A reaction mixture 
contained 100 µg PM, 200 µM NADH and, when added, 5 mM K3[Fe(CN)6]. 
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Figure 14. Effect of external O2

•– on NADH oxidation of detergent-
treated plasma membranes. External O2

•– was produced by the XO/X 
system (inset: O2

•– production as the function of XO concentration in the 
presence of 500 µM xanthine). The decrease in the NADH oxidation 
activity of two PM preparations (○ and ●) is shown as the function of XO 
concentration. The initial NADH oxidation rates were 2.1 and 0.5 nmol 
mg-1 min-1 for ○ and ●, respectively. The reaction mixture contained 100 
µg PM ml-1, 200 µM NADH, 500 µM xanthine and 0.0025-0.04 U XO in 
20 mM HEPES (pH 7.5).  
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Abstract 

Quinone reductases may either produce ROS or prevent ROS-forming reactions to occur. To 

understand the biological role of quinone reductases in plants, we studied insertion knock-out 

lines of two genes encoding for quinone reductases in Arabidopsis thaliana, NQR (At3g27890) 

and FQR1 (At5g54500). In addition, the subcellular localisation of these two quinone 

reductases in roots were studied by immunolocalisation by confocal fluorescence microscopy 

using specific antibodies. Preliminary data are presented. The quinone reductase mutants 

showed stunted root growth, chlorophyll bleaching and increased ROS-production. Both 

quinone reductases showed similar localisation which was cytosolic in the root meristem zone 

and mainly restricted plasma membrane in the elongation zone and root hairs.  

 

Introduction 

Quinone reductases (QRs) catalyse the reduction of quinones using NAD(P)H as 

electron donor. The biological role of QRs in plants is not clear. They are hypothesised to 

participate in PM electron and H+ transfer reactions providing a substrate to quinol oxidases 

(Morré, 2004) or to cyt b561 (Preger et al., 2001). Additionally, QRs may generate ROS by 

producing redox-labile dihydroquinones (Schopfer et al., 2008) or reducing free flavins (Gaudu 

et al., 1994). Both membrane-associated (Guerrini et al., 1987; Luster and Buckhout, 1989; 

Pupillo et al., 1986; Serrano et al., 1994, Schopfer et al., 2008) and soluble (Sparla et al., 1996; 

1998; 1999; Trost et al., 1995) QR activities are present in plants.  

Because of the reaction mechanism (2-electron reduction of quinones to 

dihydroquinones) of QRs, they are regarded as detoxifying enzymes that prevent the formation 

of ROS via semiquinones, generated by e.g. cytochrome P450. However, the experimental 

evidence for a bona fide detoxifying role of QRs is ambiguous. First, QR KO or over-

expressing lines do not have a phenotype in control conditions (Radjendirane et al., 1998; 

Laskowski et al., 2002). Second, in quinone stress experiments, it is both the nature of the 

added quinone and the reducing enzyme that determines the viability of the organism. Although 

QR1 KO mice were sensitive to menadione (Radjendirane et al., 1998), bacteria challenged 

with benzo-α-pyrene 3,6-quinone showed increased mutation rates with distinct nucleotide 

targets depending on whether QR1 or cyt P-450 reduced the added quinone (Joseph and 

Jaiswal, 1998; Joseph et al., 1998). The toxicity of the benzo-α-pyrene 3,6-quinone was due to 

the ROS that are formed during the cyt P-450 reaction cycle and due to dihydroquinones that 

are formed during the QR reaction cycle. Third, redox-labile dihydroquinones, formed by QRs, 

generate ROS during autoxidation (Schopfer et al., 2008). Because the action of QRs may have 

so many effects, there is a need for a careful analysis of functions of QRs in vivo. 
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Mutants offer a good starting point for studying the role of QRs in vivo. There are two 

gene families encoding QRs in plants. An NAD(P)H:quinone oxidoreductase, NQR, was 

identified from the cytosolic fraction of tobacco leaves which showed limited homology to the 

mammalian DT-diaphorase (later renamed to QR1 in humans) and plant 

monodehydroascorbate reductase (Sparla et al. 1996, 1998). The peptide sequences obtained 

from this protein showed homology to one gene in A. thaliana (Sparla et al. 1999). The QR of 

soybean plasma membranes is likewise homologous to this QR (Schopfer et al. 2008). On the 

other hand, a gene found in a screen of early auxin-response genes in A. thaliana showed 

homology to bacterial QR genes and was named Fqr1 for flavin-dependent quinone reductase 

(Laskowski et al., 2002). The FQR1 was found in the soluble protein fraction in soybean 

(Schopfer et al., 2008). We have started to analyse insertion knock-out (KO) lines of two the 

Fqr1 and Nqr genes in A. thaliana. Preliminary results of the mutant geno- and phenotypes and 

immunolocalisation of QR proteins by confocal fluorescence microscopy are presented. 

 

Materials and methods 

 

Plant material 

 A. thaliana insertion knock-out lines (Alonso et al., 2003) were ordered from the 

Nottingham Arabidopsis Stock Centre (NASC). Plants were grown on soil, vermiculite or 

plates (plates contained ½ Murashige Skoog medium in 10 mM MES, pH 6.1 and 0.5 % 

Phytoagar, Sigma) in the green house or in a growth chamber under 100-300 µmol photons m-2 

s-1 irradiation in a 12 h light 12 h dark rhythm. Prior to placing on plates, the A. thaliana 

seedlings were sterilised (96 % EtOH 2 min, 70 % EtOH 2 min, sterilised destilled H2O 3x5 

min). The seeds were stratificated for 2-3 days in dark at 6 °C. 

 

Primers and PCR reactions 

 Four NQR and two FQR insertion lines of At3g27890 and At5g54500 genes, 

respectively, were tested for homogeneity. DNA was isolated from a leaf sample using alcohol 

precipitation. The following genomic primer pairs were chosen by the Signal SALK T-DNA 

Primer Design tool: 

NQR lines 1 and 5 (SALK): 

Right primer (rp) 5’-GGAGACCAGTATGGAAGGAGG-3’ 

Left primer (lp) 5’-GAAACATCACAACCCAAGGTG-3’,  
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NQR line 2 (CSHL): 

rp 5’-CCTTCCATACTGGTCTCCTCC-3’ 

lp 5’-CATCGACAAGGTTTCCTTCTG-3’ 

NQR line 6 (SAIL): 

rp 5’-TCTTGTAGCAAATCAAGAAACCTC-3’ 

lp 5’-GCTCTTTGCCTTTTATTCAGC-3’ 

FQR line 3 (SALK): 

rp 5’-CATGATGATGATGAGCGTGAC-3’ 

lp 5’-CACCTTCAACAGAAGCAGCTC-3’ 

FQR line 4 (SAIL): 

rp 5’-TTGATTTTGGATTCTTGGCTG-3’ 

lp 5’.CAAGAATAATGACGACGCATC-3’. 

The primers for the inserts were: 

SALK (LBb1.3) 5’-ATTTTGCCGATTTCGGAAC-3’ 

SAIL (modified left border 3) 5’-TAGCATCTGAATTTCATAACCAATCT-3’ 

CSHL Ds 3’-primer 5’-CCGTCCCGCAAGTTAAATAT-3’ and  

Ds 5’-primer 5’-TACGATAACGGTCGGTACG-3'. 

The PCR reactions were started with a denaturation at 94 °C for 3 min. The PCR program 

consisted of 35 cycles of denaturation at 94 °C for 15 s, annealing at 60 °C for 30 s and 

extension 72 °C for 90 s. 

 

Western blotting 

 Proteins were isolated from leaves and roots of appr. 4-week-old A. thaliana plants. 

Root material was homogenised by mortle and pestle in the presence of liquid nitrogen 

followed by addition of a small amount of isolation buffer (10 mM Tris/HCl pH 8.0, 20 mM 

Na2EDTA, 300 mM NaCl). Leaf material was homogenised in a blender with a small amount 

of isolation buffer. The homogenate was filtered through a cheese cloth and centrifuged (30 

min at 1300 g, 4°C). The supernatant (raw fraction) was centrifuged (45 min at 91 000 g, 4°C) 

to separate soluble proteins and membranes. The pellet was resuspended in a small volume of 

isolation buffer and homogenised in a glass potter. After determining protein concentration 

with Bradford or Aminoblack assay the samples were separated by SDS-PAGE on 10% 

polyacrylamide gels. The separated proteins were transferred by semi-dry blotting on PVDF 

membranes. The membranes were decorated with specific polyclonal antibodies directed 

against the A. thaliana NQR (provided by Drs. F. Sparla and P. Trost, Università di 

Bologna)and FQR1 proteins (provided by Dr. M. Laskowski, Oberlin College). 
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Measurements of •OH 

 •OH production was measured by EPR spectroscopy using 4-POBN [α-(4-Pyridyl N-

oxide)-N-tert-butylnitrone]/ethanol as the spin trap. Seedlings (20-30) were incubated in 20 

mM HEPES buffer (pH 7.5) containing 50 mM POBN, 4% EtOH and, when mentioned, 50 µM 

Fe2+-EDTA. EPR spectra of the incubation medium were recorded at room temperature with a 

Bruker 300 X-band spectrometer at 9.69 GHz microwave frequency, 63 mW microwave power 

and 100 kHz modulation frequency. 

 

Immunolocalisation 

 For immunolocalisation of NQR proteins and FQR1 proteins specific antibodies were 

used. The primary antibodies were used in 1:500 and 1:200 dilutions. Alexa488 Fluor (goat 

anti-rabbit IgG, Invitrogen) was used as the secondary antibody in a 1:500 dilution. The diluted 

secondary antibody was centrifuged lightly (2 min 200 g) before use to remove precipitates. 

 The A. thaliana seeds were grown on Phytoagar (Sigma) plates for four days under 

100 µmol photons m2
-1 s-1 irradiation in a 12h light 12 h dark rhythm. Plantlets were fixed in 

3% paraformaldehyde under vacuum for 45 min followed by 15 min washing in 0.1 M glycine, 

15 min washing in 0.1 M NH4Cl, and finally 5x 5 min rinsing in microtubule stabilising buffer 

(MTSB; 50 mM PIPES, 5 mM EGTA, 5 mM MgSO4, pH adjusted to 6.9 with KOH). 

 The seedlings were placed into the baskets of the liquid handling robot system. The 

following  incubation steps were performed by the robot at room temperature: 10 x 12 min 

MTBS buffer in which 0.1 % Triton was added (MTSBT), 30 min 2 % Driselase, 5 x 12 min 

MTSBT, 2 x 30 min nonidet P40/DMSO (30%/10%), 5 x 12 min MTSBT, 1h 3% BSA in 

MTSBT (blocking). The following steps were performed by the robot at 37 °C: 6 h primary 

antibodies in MTSBT/BSA, 8 x 12 min MTSBT, 3 h secondary antibody in MTSBT/BSA, 10 x 

12 min MTSBT. 

 The seedlings were placed on object slides, VECTASHIELD® Hard_Set™ Mounting 

Medium with DAPI was added and the coverslip placed. The slides were kept in dark and cold 

over night. Slides were observed and images were collected with an upright laser scanning 

confocal microscope TCS SP2 (Leica Microsystems, Mannheim, Germany) using an HC PL 

APO  10.0x0.40 COMBI or HCX PL APO  40.0x1.25 OIL. FITC images were detected using 

the 488 nm argon laser line at 493-581 nm. Images were processed using Image J (Rasband, 

1997-2009). 
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Results 

An un-rooted phylogenetic tree was constructed of a set of known QRs from multiple 

phyla, proteins showing homology to them and, additionally, two bacterial flavodoxins (Fig. 1). 

QRs are found in a wide variety of organisms and more than two families seem to have divided 

in the course of evolution. Although distant at the level of sequence homology, these enzymes 

are very similar when structure, substrate spectrum and reaction mechanism are compared 

(Agarwal et al., 2006; Carey et al., 2007; Deller et al., 2008). Tentative sub-families showing at 

least 50 % identity to A. thaliana NQR and FQR protein sequences are shown in Figure 1. 

There are five genes encoding QRs in A. thaliana: four Fqr1 homologs and one Nqr 

gene. At the level of amino acid sequence, the Fqr1 (At5g54500)-gene product is almost 

identical to that of At4g27270 (91 % identity, 96 % similarity). The two other Fqr-genes are 

less homologous but have still >50 % identity and >60 % similarity with Fqr1. The Fqr genes 

and Nqr genes are not homologous, there is only 20 % identity and 30% similarity between 

them. A phylogram with distances of the A. thaliana Nqr- and Fqr-genes is presented in Figure 

2. 

 

Insertion lines of Nqr- and Fqr1- genes 

 T-DNA insertion lines of Nqr and Fqr1 genes were from SALK and SAIL (T-DNA 

mutagenesis by Agrobacterium tumefaciens) and in one case a CSHL collection (transposon 

mutagenesis). Gene structure and the sites and orientation of the inserts according to Signal 

Salk, are shown in Figure 3. Lines were tested by PCR with primers specific for the insertion 

site (Fig. 4a) and homozygous lines were selected. For two lines the absence of the protein was 

verified by western blotting (Fig 4b). Interestingly in the mutant plants the absence of the NQR 

protein led to an increase in the FQR1 protein and vice versa. In WT plants the NQR protein 

was detected in the membrane fraction of leaves and both in the membrane and the soluble 

fraction of roots. In the WT plants the FQR1 protein was detected in the membrane fraction of 

both leaves and roots. 

When the lines were grown on plates under irradiation of 300 µM photons m-2 s-1, they 

showed stunted root growth after four days. This phenotype was more pronounced in fqr1 than 

in nqr mutant lines (Fig. 5). This phenotype was transient. The roots of nqr lines, but not those 

of fqr1 lines, reached lengths resembling the wt within two weeks. Additionally, fqr1 lines had 

bleached leaves. When the lines were grown on soil, no phenotype could be detected in the 

surface parts, except early flowering in NQR line 2. When the plants were grown on 

vermiculite, the root system of the mutants did not differ from the wild type. According to the 

sequence information in Signal Salk, three of the nqr KO lines (nqr lines 1,5 and 6) have 
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insertions elsewhere in the genome. The early flowering phenotype of a group of the offspring 

in the fourth nqr l line 2 (data not shown) speaks for it, too, having multiple insertions in the 

genome. Therefore, the phenotypes presented in Figure 5. should be analysed with caution in 

the case of  nqr-lines. The exact location of the inserts will be verified by sequencing and, if 

needed, the mutants will be back-crossed with wt to obtain true homozygous QR KO lines. 

•OH production by QR mutant lines 

To know if altered ROS production caused delayed root growth of the mutant lines, we 

measured their •OH production by spin-trapping EPR spectroscopy. Figures 6 and 7 clearly 

show that •OH production in mutants was increased. In the absence of Fe2+, the difference 

between the WT and the mutants was more pronounced than in the presence of it (Fig. 6). The 

signal sizes were larger in vermiculite-grown than in plate-grown plants (arbitrary units in Fig. 

6 vs. Fig. 7), which might reflect the age of the plants. Vermiculite-grown plants were 4 weeks 

old, while the plate grown plants were 6 days old. 

 

Immunolocalisation of NQR and FQR1 proteins in wt plants 

 According to the biochemical characterisation of plant PM and cytosolic proteins, both 

membrane-attached as well as soluble QRs exist. In our previous work, the NQR protein was 

found exclusively in the PMs of etiolated soybean hypocotyls (Schopfer et al., 2008), while its 

homolog was found in the soluble fraction of tobacco leaf preparations (Sparla et al., 1996). 

Additionally, we previously found a soybean FQR1 homolog in the cytosolic fraction 

(Schopfer et al., 2008) while in A. thaliana it was found in the PM (Marmagne et al., 2004). To 

get a better insight on the localisation of the QR proteins in plants, immunolocalisation with 

confocal fluorescence microscopy was performed with A. thaliana seedlings using specific 

antibodies against the NQR and FQR1 proteins of this species. 

 The NQR localisation in the meristem and elongation zone of a 4-day-old A. thaliana 

root is shown in Figure 8. The signal is saturated in the root meristem zone showing no clear 

subcellular localisation while it is restricted to peripheral areas of the cell, likely to the PMs. 

The localisations of NQR and FQR1 were similar (Fig 9 a and e). Larger magnification shows a 

diffuse signal in the cells of root meristem (Fig. 9 b and f) and a strongly localised signal in the 

PMs of the elongation zone (Fig. 9 c,d and g). Both antibodies showed a comparable 

localisation in the meristem, but in the elongation zone the FQR1 signal was slightly more 

diffuse than that of NQR. In the elongation zone NQR was detected mainly in the epidermal 

cells while the conducting tissue showed a weaker signal (Fig. 9 c and d). 

Both proteins were detected in the root hairs and they seemed to be located to the PM 
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(Fig. 10). A homogenous signal was detected in the whole root hair cell (Fig. 10 a, e and f). 

However, we observed also root hairs in which the tip showed no signal (Fig. 10 b) or in which 

the middle part showed an inhomogeneous localisation (Fig. 10 c and g). This suggests a 

dynamic behaviour of the QRs in the root hair cells. 

To conclude, the QRs showed a PM localisation in the elongation zone and the 

localisation was diffuse in the meristem. It has to be verified with co-localisation experiments 

whether these seemingly differential root zone-dependent localisations are true and if other 

subcellular compartments are targets for QR action. 

 

Discussion 

 We have chosen several insertion KO lines of fqr1 and nqr lines to study the biological 

role of the encoded enzymes. Also an immunolocalisation of the corresponding proteins was 

performed. Unfortunately, three of the four nqr lines were found to have additional insertions 

elsewhere in the genome. The clean lines, one nqr (Line 2) and two fqr1s (Lines 3 and 4), 

allowed us to make some preliminary observations.  Both gene products led to a transient delay 

in the growth of roots, which was not evident in later development. To determine if the root 

phenotype is related to decreased or increased ROS production, we measured •OH production 

of these plantlets by spin trapping EPR spectroscopy. •OH production was 2-20 fold higher in 

the mutants than in wt. This difference could be detected even in 4-week old seedling grown in 

soil, although there were no visible differences between the WT and mutants. Therefore, QRs 

probably function as a protective enzymes avoiding increased ROS production. 

QR1 and Lot6p KO mice and yeast, respectively, showed signs of oxidative stress only 

in the presence of added quinones (Radjendirane et al., 1998; Sollner et al., 2007). In these 

works ROS production was not measured. Over-expression of Lot6p led to an enhanced 

tolerance towards quinones (Sollner et al., 2007). The KO mutant of the MdaB QR in 

Helicobacter hepaticus, a microaerophilic bacterium, was sensitive towards O2 and peroxide-

reagents. A gene encoding for SOD was up-regulated in this mutant (Hong et al., 2008). From 

these reports it can be seen that stress reveals a visible phenotype in QR KOs. This could 

explain the lack of strong phenotypes in the QR KOs in the present work in which the plants 

were grown under optimal non-stressing conditions. 

The question arises why QR KO lines show an increased ROS production. QRs may 

avoid ROS formation by participating in conjugation reactions of quinones with glucuronic 

acid or sulfate removing them from the cellular quinone pool (Shangari et al., 2005). This 

makes quinones unavailable to enzymes that catalyse one-electron reduction and therefore 

reduces ROS production. Alternatively, QRs have been shown to interact with the proteasome 
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and transcription factors in a redox-dependent manner which regulates the transcription of 

genes (Sollner and Macheroux, 2009). In animals and yeast the target genes of the transcription 

factors, protected by QRs, regulate genes whose action lead to growth arrest and apoptosis 

(mammalian p53) and other stress-related genes (yeast Yap4p) (Sollner and Macheroux, 2009). 

It remains to be studied if plant QRs have interaction partners. Interaction of a soluble plant 

quinone reductase with PM proteins was discussed by Trost and coworkers (1997). The same 

group recently purified an ascorbate-reducible b-type cytochrome (Preger et al., 2009), which is 

transcribed by an early auxin-responsive gene similarly to FQR1 (Laskowski et al., 2002). It 

will be interesting to study if these two proteins interact. It is also possible that QRs function in 

both ways; detoxifying quinones and regulating the stability and localisation of transcription 

factors involved in stress-signalling. However, ROS production and growth of plant QR 

mutants and the effect of various stresses on these plants has to be tested again with reliable 

material. 

 

Immunolocalisation of NQR and FQR1 proteins in the roots of A. thaliana seedlings did 

not differ from each other. The localisation was diffuse in the root meristem zone, while it 

became restricted in the PMs in elongated cells and root hair cells. Proteomic approaches have 

revealed four of the QRs in A. thaliana in PMs, two of which were predicted to have a trans-

membrane domain (Marmagne et al. 2004). It has to be determined with markers specific to 

subcellular membranes if QRs reside in PMs, cytosol or both. It is also possible that plant QRs 

interact with other membrane compartments, such as the vacuole (Szponarski et al., 2004). 

It is tempting to envisage QRs capable of transiently interacting with membranes. 

Evidence for such interaction has been provided in bacterial QRs based on structural features 

(Carey et al., 2007; Jonas et al., 2006). In our previous work with isolated material, NQR was 

detected in the PMs and FQR exclusively in the cytosolic fraction (Schopfer et al., 2008). 

However, the homologous protein in tobacco was isolated from the cytosolic fraction (Sparla et 

al., 1998) and the recombinant A. thaliana homolog was likewise soluble (1999). Interestingly, 

hydrophilic and -phobic forms of apparently the same QR were isolated from the cytosolic 

fraction of mice (Prochaska and Talalay, 1986). There are, thus, indications that QRs have an 

affinity to membranes. The structure of plant QRs has to be determined and, also, whether there 

is a change in the conformation, e.g. in response to environmental queues, exposing parts 

interacting with membranes.  

In yeast, the GFP-fused Lot6p QR was detected as a diffuse signal in the cytosol and 

nuclei (Sollner et al., 2007). In the same study, using antibodies the Lot6p protein was detected 

in cytosol and vacuolar membranes, although the latter was thought to be a contamination. 
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Marmagne et al. (2004) reported the construction of a GFP-fusion of the FQR1-homolog 

encoded by At4g27270. This construct showed a strong labelling of the PM and a fluorescence 

back-ground from the cytosol of A. thaliana protoplasts. In the present work performed with 

antibodies, we observed diffuse signals only in the root meristemal zone. It will yet to be 

determined if GFP-fusions of QRs affect their tertiary structure, a homotetramer in plants. 

In this work the QRs in root hair PMs suggested a dynamic pattern as their localisation 

was homogenious in some root hairs and restricted to the subapical regions in others. 

Oscillating patterns of ROS production and pH changes has been shown an important factor in 

the regulation of root hair growth (Monshausen et al., 2007). QRs may be involved in these 

patterns, but whether their role is to prevent ROS formation (Figures 5 and 6) or produce ROS 

in a pH-dependent manner (Schopfer et al., 2008) has yet to be confirmed. 
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Figure 1. Phylogenetic tree of quinone reductases in plants, fungi, bacteria 
and humans. The un-rooted tree was constructed with the ClustalX2 program. 
The abbreviations and full names of species of 1) the plant QRs (in green): C.r. 
Chlamydomonas reinhardtii, G.m. Glycine max, O.s. Oryza sativa, P.P. Populus 
trichocarpa, S.t. Solanum tuberosum, V.v. Vitis vinifera, Z.m. Zea mays; 2) the 
fungal QRs (in red): A.O. Aspergillus oryzae, E.b. Enterocytozoon bieneusi, 
G.t. Gloeophyllum trabeum, Pe.c. Penicillium chrysogenum P.c. Phanerochaete 
chrysosporium, P.g. Pichia guilliermondii, S.c. Saccharomyces cerevisiae; 3) the 
bacterial QRs (in blue): A. sp. Azoarcus sp., B.s. Bacillus subtilis subsp. subtilis 
str. 168, E.f. Enterococcus faecalis, E.c. Escherichia coli, G.a. Gemmatimonas 
aurantiaca, H.h. Helicobacter hepaticus,ATCC 51449, P.a. Pseudomonas 
aeruginosa, T.r. Thermomicrobium roseum, Y.p. Yersinia pestis, and the human 
QRs (in orange): H.s. Homo sapiens. 
Abbreviations for the gene names and enzymes: AzoA= Azoredcutase, 
ChrR=Chromate reductase, Fld= flavodoxin, FQR= flavin-dependent quinone 
reductase, MdaB= modulator of drug activity, Lot6p= LOw Temperature 
Responsive, NQR=NAD(P)H:quinone oxidoreductase, QR1= quinone 
oxidoreductase, QR2= NRH:quinone oxidoreductase (dihydronicotinamide), 
Yhda (gene name, ferric ion reductase activity). 
 

98 



 

 

 

 

 

 

At3g27890 ( Nqr) 0.6988
At5g54500 ( Fqr1) 0.04473
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Figure 2. A phylogram of quinone reductase genes in Arabidopsis thaliana with 
distances constructed with the ClustalW alignment analysis. Flavin-dependent quinone 
reductases form a four-member family. Nqr sequence (At3g27890) shows only 16% identity 
and 30% similarity to Fqr1 (At5g54500). 
 

Nqr (At3g27890)

Fqr1 (At5g54500)

1 & 5 SALK
6 SAIL 2 CSHL

3 SALK 4 SAIL

 
Figure 3. The intron-exon organisation of Nqr and Fqr1 genes. Protein-
coding regions are shown in black and untranslated regions in white. The 
triangles depict the sites of T-DNA insertions and the arrows their direction. 
The NQR lines are numbered 1,2,5,6 and the FQR lines 3,4. In the SALK 
lines the T-DNA insert contains the nptII gene conferring resistance to 
kanamycin. In the SAIL lines the insert contains a BASTA resistance 
cassette and ampicillin resistance gene. In CSHL lines the insert contains 
the GUS gene. 
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Figure 4. (a) PCR products of the DNA from the WT and knock-out lines obtained with 
specific primers for the QR genes and the inserts, (b) levels of FQR1 and NQR protein in the 
leaves and roots of A. thaliana WT and two QR insertion knock-out mutants. The PCR 
products of individual lines were obtained with the following primer combinations: first lane 
genomic rb and lb, second lane genomic rb and insertion-specific primer, third lane genomic lb 
and insertion-specific primer. In the case of line 2. the ds5 primer was used. WT product was 
1000-1200 bp (first lane) and the insert-containing product 400-800 bp. For the immunoblot 50 µg 
soluble (s.) and total membrane proteins (m.) were separated by SDS-PAGE. The immunoblot 
was decorated with polyclonal antibodies against A. thaliana NQR and FQR1 proteins.  
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Figure 5. 4-day-old seedlings of 
WT and nqr and fqr1 insertion 
knock-out lines. (a) Root length of 
the WT and mutant seedlings. Lines 1, 
2, 5 and 6 are nqr and  lines 3 and 4 
fqr1. (b). Lines 1.7 and 1.8 were 
offspring of heterozygous plants. 
Lines 2.2 and 2.4 were homozygous. 
Line 5.3 was homozygous. Lines 6.2 
and 6.4 were heterozygous, line 6.3 
homozygous. All the Fqr1-lines were 
homozygous. 
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Figure 6. •OH production in WT and 
QR mutant lines grown in vermiculite. 
The figure shows the relative EPR signal 
sizes from appr. 25 seedlings. Signal size 
from the wt was set as 100 %. The 
corresponding arbitrary units of the 
signals, expressed with respect to the 
fresh weight, are as follows: 
a) 0.63 for the WT Col and 13.9 for fqr1, 
b) 25.3 for WT Col and 78.5 for fqr1, 
c) 3.4 for WT Ler and 31.7 for nqr, 
(FW g)-1 x 10-4. 
The seedlings were incubated for 1 h in 
the reaction mixture (50 mM POBN, 4% 
EtOH and, when mentioned, 50 µM Fe2+-
EDTA in 20 mM HEPES pH 7.5) which 
was measured.  
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Figure 7. •OH production in WT and QR mutant lines grown on agar plates. The 
figure shows the relative EPR signal sizes from appr. 30 seedlings. The measurements 
were performed in the presence of Fe2+-EDTA. The corresponding arbitrary units of 
the signals, expressed with respect to the fresh weight, are as follows: 
a) 4.2 for WT Col, 11.2 for fqr1 (3.1), 9.1 for fqr1 (4.13), 12.3 for nqr 6.3, 
b) 15.6 for WT Ler, 22.6 for nqr 2.2 and 18.2 for nqr 2.4, 
(FW g)-1 x 10-4. 
The 6-day-old seedlings (12-20 mg FW) were incubated for 1h in the reaction mixture 
(50 mM POBN, 4% EtOH and 50 µM Fe2+-EDTA in 20 mM HEPES pH 7.5) which 
was measured.   
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Figure 8. Immunolocalisation of NQR proteins by confocal 
fluorescence microscopy. The left figure presents the fluorescence 
image and the right figure the bright field image of a 4-day-old A. 
thaliana root. Scale bar 500 µm.  
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Figure 9. Immunolocalisation of NQR proteins (a-d) and FQR1 
proteins (e-g) in 4-day-old A. thaliana seedlings by confocal 
fluorescence microscopy. In a column the fluorescence image is 
presented on the left and the bright field image on the right. First panel 
(a and e): root tip. Second panel (b and f): magnification on root 
meristem zone. Third panel (c and g): magnification of the root growth 
zone, epidermis. Fourth panel: root growth zone conductive tissue 
(NQR). Scale bars in (a) and (e) 100 µm, in other figures 10 µm.  
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Figure 10. Immunolocalisation of NQR proteins (a-d) and FQR1 
proteins (e-h) in the root hairs of 4-day-old A. thaliana plantlets by 
confocal fluorescence microscopy. In a column the fluorescence image 
is presented on the left and the bright field image on the right. Scale bar 
10 µm. 
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2.5. Plastid alternative oxidase (PTOX) promotes oxidative 
stress when overexpressed in tobacco 
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Plastid Alternative Oxidase (PTOX) Promotes Oxidative Stress
When Overexpressed in Tobacco
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Photoinhibition and production of reactive oxygen species
were studied in tobacco plants overexpressing the plastid termi-
nal oxidase (PTOX). In high light, these plantswasmore suscep-
tible to photoinhibition than wild-type plants. Also oxygen-
evolving activity of isolated thylakoid membranes from the
PTOX-overexpressing plants was more strongly inhibited in
high light than in thylakoids from wild-type plants. In contrast
in low light, in the PTOX overexpressor, the thylakoids were
protected against photoinhibition while in wild type they were
significantly damaged. The production of superoxide and
hydroxyl radicals was shown by EPR spin-trapping techniques
in the different samples. Superoxide and hydroxyl radical pro-
duction was stimulated in the overexpressor. Two-thirds of the
superoxide production wasmaintained in the presence of DNP-
INT, an inhibitor of the cytochrome b6f complex. No increase of
the SOD content was observed in the overexpressor compared
with the wild type. We propose that superoxide is produced by
PTOX in a side reaction and that PTOX can only act as a safety
valve under stress conditions when the generated superoxide is
detoxified by an efficient antioxidant system.

The plastid terminal oxidase (PTOX2 or IMMUTANS) is a
plastid-located plastoquinol:oxygen oxidoreductase (1–3). It is
distantly related to the alternative oxidase (AOX) of the mito-
chondrial inner membrane. The active site of both oxidases,
PTOX and AOX, comprises a non-heme di-iron center (4, 5).
PTOX is a minor component (�1% of PSII levels in Arabidop-
sis thaliana) of the thylakoid membrane and is located in the
stroma lamellae (6, 7). PTOX plays an important role in carot-
enoid biosynthesis and seems to be involved in phytoene
desaturation reactions (8–13).
The physiological importance of the role of PTOX as plasto-

quinol oxidase in alternative photosynthetic electron transport
pathways is unclear. Evidence that PTOX acts as a plastoquinol
oxidase was shown in tobacco plants, which constitutively
expressed the A. thaliana PTOX gene (14). It has been sug-
gested that PTOX may serve to keep the photosynthetic elec-

tron transport chain relatively oxidized. Exposure of plants to
excess light may result in over-reduction of the plastoquinol
pool and may lead to photoinhibition (15). However, no major
role for PTOX in oxidizing the PQ pool was found in chloro-
phyll fluorescence assays when thylakoids from wt A. thaliana
and the immutans mutant lacking PTOX were compared (16).
Recently, several groups reported that the PTOX level

increased under natural stress conditions in several species spe-
cialized to harsh environmental conditions. Thiswas the case in
Ranunculus glacialis, an alpine plant, when it was acclimated to
high light and low temperature (17); in the halophyteThellung-
iella halophila when it was exposed to salt stress (18); and in
Brassica fruticulosa when it was exposed to elevated tempera-
ture and high light (19). Although these findings support the
hypothesis that PTOX may serve as a safety valve under stress
conditions, they are in direct conflict with the data of Rosso et
al. (20). These authors have shown that overexpression of
PTOX in A. thaliana did not result in an increased capacity to
keep the plastoquinone pool oxidized and did not provide any
significant photoprotection. A more detailed study of photoin-
hibition and the generation of reactive oxygen species (ROS)
under photoinhibitory illumination seems to be required to
answer the question if and under which conditions PTOX can
contribute to photoprotection. Using wt and PTOX� plants
that overexpress PTOX (14), we investigated the susceptibility
to light by measuring the loss of variable chlorophyll fluores-
cence in leaves and oxygen evolution in isolated thylakoids.
Furthermore, we followed the light-induced generation of ROS
by spin trapping EPR spectroscopy. We suggest, based on
Western blots, that PTOX can only act as a safety valve and
protect against photoinhibition when the level of SOD is
adjusted to the actual level of PTOX.

EXPERIMENTAL PROCEDURES

Chemicals—All chemicals were of the highest grade from
commercial suppliers. The spin trap �-(4-pyridyl-1-oxide)-N-
tert-butyl nitrone (4-POBN) was obtained from Sigma. The
nitrone 5-diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide
(DEPMPO) was synthesized according to Ref. 21. Commercial
antibodies directed against D1, Cu/Zn-SOD, and Fe-SODwere
obtained from Agrisera (Sweden).
Plant Material—Tobacco wild-type plants (Nicotiana taba-

cum var. petit Havana) and the plants overexpressing PTOX
(14) were grown for 3 months on soil in a growth cabinet

1 To whom correspondence should be addressed: CEA Saclay, iBiTec-S, Bât.
532, 91191 Gif-sur-Yvette, France. Fax: 33169088717; E-mail: anja.krieger-
liszkay@cea.fr.

2 The abbreviations used are: PTOX, plastid alternative oxidase; AOX, alternative
oxidase; wt, wild type; ROS, reactive oxygen species; DEPMPO, 5-diethoxypho-
sphoryl-5-methyl-1-pyrroline N-oxide; SOD, superoxide dismutase; DNP-INT,
2�iodo-6-isopropyl-3-methyl-2�,4,4�-trinitrodiphenylether.
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(24 °C day/18 °C night) under an irradiance of 150 or 450
�mol quanta m�2 s�1.
Escherichia coli Expressing PTOX—E. coli cells expressing

Arabidopsis PTOX (22) were grown in M9/glycerol medium
untilD600� 0.3. Isopropyl thio-�-D-galactosidewas then added
(final concentration 40 �M) to induce the expression of the
recombinant gene during 12 h. The control strain was grown in
parallel. E. colimembranes were prepared according to Ref. 22.
Chloroplast Preparation—Intact chloroplasts were prepared

according to Ref. 23. MnCl2 was omitted from the medium
because it interfered with EPR measurements. Intact chloro-
plasts (20–50 �g of Chl ml�1) were shocked for 20 s in 5 mM

MgCl2, 25 mM HEPES, pH 7.5. Then an equal volume of 0.6 M

sorbitol, 5 mM MgCl2, 25 mM HEPES, pH 7.5, was added. The
intactness of the chloroplasts was determined as the ratio of
light-driven reduction of the membrane impermeable K3-
[Fe(CN)6] measured with intact and osmotically shocked chlo-
roplasts. The intactness of the chloroplasts was 70–80%.
Photoinhibition Treatment Leaves—The leaves were first

kept at low light (8 �mol quanta m�2 s�1) for 4 h with the
petioles in lincomycin solution (1 g/liter). The photoinhibitory
illumination was done in a growth cabinet with controlled tem-
perature (22 °C), and the temperature of the illuminated leaves
was around 28 °C. The petioles were kept in the lincomycin
solution during the whole illumination period. During the illu-
mination, samples were taken from the leaves for measure-
ments of fluorescence.
Thylakoids—Prior to the photoinhibitory treatment, the

chloroplasts were shocked. Thylakoids were illuminated with
white light (120 or 1500 �mol quanta m�2 s�1), stirred, and
kept at 20–22 °C.
Fluorescence Measurements—The initial (Fo) and maximum

(Fm) fluorescence levels were measured with a pulse amplitude
modulated fluorometer (PAM101;HeinzWalz, Effeltrich,Ger-
many), using a saturating flash (7000 �mol quanta m�2 s�1;
duration, 1 s) for Fm. The variable fluorescence (Fv � Fm � Fo)
was calculated. The samples were dark adapted for 30 min
before each measurement to allow most of the reversible light-
induced fluorescence quenching to relax.
Measurements of Electron Transport Activity—Light-satu-

rated electron transport activity was measured as the rate of
oxygen evolution in shocked chloroplasts using 1 mM K3-
[Fe(CN)6] (ferricyanide) or 2,6-dichloro-1,4-benzoquinone
(DCBQ) as electron acceptor and 0.5 mM NH4Cl as uncoupler
using an oxygen electrode.
EPR Measurements—Spin-trapping assays with 4-POBN

were carried out using freshly shocked chloroplasts at a concen-
tration of 10 �g of Chl ml�1. Samples were illuminated for 5
min with white light (120 or 1500 �mol quanta m�2 s�1) in the
presence of 50 mM 4-POBN, 4% ethanol, 50 �M Fe-EDTA, and
buffer (25 mM Hepes, pH 7.5, 5 mM MgCl2, 0.3 M sorbitol).
When E. coli membranes were used, sonicated membranes

(0.4 mg protein ml�1) were incubated for 5 min in 20 mM Tris/
HCl pH 7.5, 10 mM KCl, 5 mM MgCl2 with 5 mM succinate as
electron donor in the presence of 50 mM 4-POBN, 4% ethanol,
50 �M Fe-EDTA.
Spin-trapping assays with DEPMPO were carried out with

thoroughly washed thylakoids (washing buffer contained 25

mM HEPES, pH 7.5, and 5 mM MgCl2) at a concentration of 50
�g of Chl ml�1. Samples were illuminated for 5 min with white
light (1500 �mol quanta m�2 s�1) in the presence of 50 mM

DEPMPO, 1mMDTPA and buffer (25mMHepes, pH 7.5, 5mM

MgCl2).
EPR spectra were recorded at room temperature in a stand-

ard quartz flat cell using an ESP-300 X-band (9.73 GHz) spec-
trometer (Bruker, Rheinstetten, Germany). The following
parameters were used: microwave frequency 9.73 GHz, modu-
lation frequency 100 kHz, modulation amplitude: 1G, micro-
wave power: 63milliwatt in DEPMPO assays, or 6.3milliwatt in
4-POBN assays, receiver gain: 2� 104, time constant: 40.96ms;
number of scans: 4.
SDS-PAGE and Western Blotting—SDS-PAGE was carried

out in 12%polyacrylamide gel.Western blottingwas performed
using nitrocellulose membrane and a Multiphor II Novablot
unit (Amersham Biosciences). For detection, the enhanced
chemoluminescence (ECL) system (Amersham Biosciences)
was used according to the manufacturer’s protocol.

RESULTS

Influence of High Amounts of PTOX on Photoinhibition—In
this study, tobacco plants (PTOX�) overexpressing the plastid
terminal oxidase from A. thaliana (14) were used. PTOX� and
wt plants were grown at 450 �mol quanta m�2 s�1. When
attached leaves were exposed to photoinhibitory light (1500
�mol quanta m�2 s�1) a similar loss of variable fluorescence
was observed for both, wt and PTOX� plants. The recovery of
variable fluorescence in low light (8 �mol quanta m�2 s�1) was
significantly faster in the wild type than in PTOX� plants (Fig.
1A). To investigate whether the PTOX� plants were more sus-
ceptible to photoinhibition, leaves ofwt andPTOX�were incu-
bated for 4 h in lincomycin to block the synthesis of D1 and
thereby the repair of damaged PSII centers. Leaves were illumi-
nated for up to 4 h with 850 �mol quantam�2 s�1 and the ratio
of Fv/Fm, a measure of the maximum quantum yield of photo-
synthesis, was determined. Prior to high light exposure, Fv/Fm
was 0.81 for wt and PTOX�, consistent with measurements on
a wide range of unstressed higher plants (24). During high light
exposure, the loss of variable fluorescence was considerably
higher in PTOX� than in wt (Fig. 1B). When plants grown at
150 �mol quanta m�2 s�1 were illuminated with 400 �mol
quanta m�2 s�1, a much lower loss of Fv/Fm was observed and
no significant difference between PTOX� and wt was found
(data not shown).
In addition to measurements of chlorophyll fluorescence

in leaves, photoinhibition was measured as loss of the activ-
ity of the electron transfer chain in isolated thylakoids from
wt and PTOX� (Fig. 2). Thylakoids from PTOX� illumi-
nated with low light (120 �mol quanta m�2 s�1) showed
almost no loss of activity while in wt thylakoids 20% of oxy-
gen evolution was lost after 20min of illumination. However,
when thylakoids were illuminated with high light (1500
�mol quanta m�2 s�1) just the opposite effect was observed
(Fig. 2B). Thylakoids from PTOX� were more susceptible to
illumination with high light intensities than those from wt
(Fig. 2A). The loss of electron transport activity was about
10% higher than in wt thylakoids. To distinguish between

Overexpression of PTOX Stimulates ROS Production

NOVEMBER 6, 2009 • VOLUME 284 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31175

 at C
E

A
 S

A
C

LA
Y

/F
rance, on D

ecem
ber 16, 2009

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


damage of the total electron transport chain and damage of
PSII, the activity was measured by using ferricyanide as elec-
tron acceptor to determine the activity of the total linear
electron transport and by using DCBQ as electron acceptor
for PSII. The data show that the most susceptible part of the
electron transport chain is PSII. Addition of SOD rescued
the electron transfer activity of PTOX� thylakoids to a level
comparable with the wt (Fig. 2C). The addition of SOD had
no effect on the light-induced damage of photosynthetic
electron transport in wt thylakoids (Fig. 2C). These photo-
inhibition experiments were performed in the absence of an
uncoupler. No external electron acceptor was present during
the photoinhibition treatment leaving oxygen as the only
available electron acceptor.

Influence of High Amounts of PTOX on ROS Production—
ROS, including superoxide (O2

. ), hydrogen peroxide (H2O2),
and hydroxyl radicals (HO�), can be generated by the reduction
of oxygen in photosynthetic electron transfer in a number of
different reactions: O2 can act as terminal acceptor in the so-
called Mehler reaction at the acceptor side of PSI, it can be
reduced by plastosemiquinones in themembrane (25), it can be
reduced at the acceptor side of PSII (26–30), and it is the elec-
tron acceptor of the plastid terminal oxidase, which uses two
plastoquinol molecules as electron donor (4, 5, 31). We inves-
tigated the light-induced formation of ROS by EPR spectros-
copy using either ethanol/4-POBN or DEPMPO as the spin
traps. Performing 4-POBN spin trapping in the presence of eth-
anol is a general procedure to indirectly prove the formation of

FIGURE 1. Effect of high light on chlorophyll fluorescence in wt and
PTOX� leaves. A, fluorescence measurements on attached leaves of wild-
type and PTOX� plants. Plants were dark-adapted for 30 min prior to the
measurements. Segments of the leaves were illuminated for 1 h with white
light (1500 �mol quanta m�2 s�1) and then transferred to dim light (8 �mol
quanta m�2 s�1) for 1.5 h. B, detached leaves were incubated with lincomycin.
Circles, wt; squares, PTOX� leaves, filled symbols, incubated at low light (8
�mol quanta m�2 s�1), open symbols, incubated at high light (850 �mol
quanta m�2 s�1). Error bars represent S.D. (nine independent experiments).

FIGURE 2. Photoinhibition assays on wt and PTOX� thylakoids in low and
high light. Freshly shocked thylakoids were incubated: (A) at low light (120
�mol quanta m�2 s�1), wt with ferricyanide (E), and DCBQ (‚), and PTOX�

with ferricyanide (F), and DCBQ (Œ); B, same as A but at high light (1500 �mol
quanta m�2 s�1); C, high light (1500 �mol quanta m�2 s�1) in the presence of
SOD, wt with ferricyanide (�), and DCBQ (ƒ), and PTOX� with ferricyanide
(f), and DCBQ (�). 50 �g SOD/ml were added prior to the photoinhibitory
illumination. The dotted line is the same as the lower line in panel B, and the
difference between it and the solid line shows the protective effect of SOD.
The maximum activity was between 270 –290 �mol of O2 mg Chl�1 h�1 for
both wt and PTOX� thylakoids in the presence of ferricyanide and 400 – 425
�mol O2 mg Chl�1 h�1 in the presence of DCBQ as electron acceptor. Error
bars represent S.D. (3– 4 independent experiments).
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HO� through the detection of the secondary 4-POBN/�-hy-
droxyethyl spin adduct (32). The cyclic nitrone DEPMPO was
used because it forms characteristic, non-exchangeable
adducts withOH� andO2

. , and the EPR signal patterns are easily
distinguishable (21).
Whereas little or no signal was observed when samples were

maintained in the dark in the presence of ethanol/4-POBN,
illumination of thylakoids resulted in strong EPR signals as sex-
tets of lines (aN � 15.61 G; aH� � 2.55 G) characteristic of
4-POBN/�-hydroxyethyl aminoxyl (Fig. 3). Representative
spectra are shown in Fig. 3. PTOX� thylakoids produced a sig-
nal that was �50% larger than the signal obtained from wt thy-
lakoids after 5 min of illumination with 1500 �mol quanta m�2

s�1 white light (Table 1). Addition of DCMU, an inhibitor of
electron transfer in PSII, almost completely inhibited spin
adduct formation. Taken altogether, the data of Fig. 3 show that
OH� radicals were generated by photosynthetic electron trans-
fer reactions and not by excitation of chlorophylls in disordered
reaction centers or antenna systems.
In our system, HO� could result from a metal ion-assisted

Fenton mechanism involving H2O2, the disproportionation
product of O2

. . To investigate whether O2
. was the primary rad-

ical species formed experiments were carried out in the pres-
ence of DEPMPO instead of 4-POBN/ethanol (Fig. 4). Again no
EPR signal was detected in the dark while a complex signal was
observed upon illumination. A satisfactory simulation of the

signals in Fig. 4 was obtained assuming a mixture of
DEPMPO/O2

. (DEPMPO-OOH; the asymmetrical signal of
which could be simulated by the 1:1 mixture of two species
having the coupling constants: aN � 13.1 (13.2); aP � 50.7 (49.9)
and aH� � 11.7 (10.5) G), DEPMPO/HO� (DEPMPO-OH: aN �
13.0; aP � 47.4 and aH� � 15.2 G) and a carbon-centered/
DEPMPO spin adduct (DEPMPO-R; aN � 14.4; aP � 45.5 and
aH� � 21.3G). In all spectra,DEPMPO-OOHwas the dominant
species (�70%) while the remaining DEPMPO-OH and
DEPMPO-R appeared in approximately 1:1 mixtures.
PTOX� thylakoids produced an EPR signal which was�60%

larger than the signal obtained from wt thylakoids after 5 min
illumination with 1500�mol quantam�2 s�1 white light (Fig. 4
and Table 1). In the presence of SOD, the signal in PTOX�

thylakoids was completely suppressed while in wt thylakoids a
small signal was still observed (Fig. 4). These data indicate that
O2
. , which was primarily generated by illumination, partially

decomposed into HO�, which could in turn undergo hydrogen
abstraction from a series of cellular targets to form carbon-
centered radicals. The higher level of O2

. production in the
overexpressor suggests that PTOX is responsible for the addi-
tional O2

. generation. However, the Mehler reaction will also
contribute to O2

. generation in thylakoids. Tomeasure electron
transport to oxygen in the absence of that reaction, the cyto-
chrome b6f inhibitor DNP-INT, a specific inhibitor of the Qo
binding site (33), was added prior to the illumination. In the
presence of DNP-INT, the EPR signal size in DEPMPO exper-
iments was reduced by �30% in PTOX� thylakoids. In wt thy-

FIGURE 3. Light-induced hydroxyl radical formation in wt and PTOX� thy-
lakoids. Generation of hydroxyl radicals is shown by indirect spin trapping
with 4-POBN/ethanol. Typical EPR spectra of the 4-POBN/�-hydroxyethyl
adduct are shown. Samples were illuminated for 5 min at high light (1500
�mol quanta m�2 s�1). Where indicated, 10 �M DCMU was added prior to the
illumination.

TABLE 1
ROS production in wt and PTOX� thylakoids
Thylakoids were illuminated for 5 min at high light (1500 �mol quanta m�2 s�1) in
the presence of the spin traps 4-POBN (50 mM)/ethanol or DEPMPO (50 mM).
Where indicated 10 �MDCMU, 10 �MDNP-INT, or 50 �g of SOD/ml were added
prior to the illumination. The double integral of the total signal obtained with wt
thylakoids after illumination was set to unity. If not stated otherwise four spectra of
different preparations were used to calculate the mean and the standard deviation.

EPR signal size
wt PTOX�

4-POBN/EtOH
Light 1.00 � 0.10 1.56 � 0.15
Light � DCMU 0.03 � 0.01 0.04 � 0.01
Dark 0.02 � 0.01 0.02 � 0.01

DEPMPO
Light 1.00 � 0.15 (n � 4) 1.55 � 0.23 (n � 9)
Light � DNP-INT 0.31 � 0.10 (n � 9) 0.63 � 0.09 (n � 5)
Light � DCMU Not detectable Not detectable
Light � SOD 0.07 � 0.02 (n � 4) Not detectable
Dark Not detectable Not detectable

FIGURE 4. Light-induced superoxide formation in wt and PTOX� thyla-
koids. Typical EPR spectra of the DEPMPO-OOH adduct are shown. Thylakoid
samples were illuminated as described in Fig. 4 in the presence of 50 mM

DEPMPO. Typical EPR spectra are mixtures of superoxide (�70%), hydroxyl
and carbon-centered DEPMPO adducts (red lines, simulated spectra).
DEPMPO-OOH is generated as a relatively stable radical after DEPMPO reacts
with O2

. . Samples were illuminated for 5 min at high light (1500 �mol quanta
m�2 s�1). Where indicated, 50 �g SOD/ml, 10 �M DNP-INT, or 10 �M DCMU
was added prior to the illumination.
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lakoids, the signal size decreased by about 60% in comparison to
the signal size measured in the absence of the inhibitor. The
data obtained in the presence of DNP-INT show that the
Mehler reaction counts for about two-thirds of the O2

. genera-
tion in wt thylakoids. Unfortunately, DEPMPO could only
detect O2

. in thoroughly washed thylakoids while 4-POBN
could be used with freshly shocked intact chloroplasts.
Although DEPMPO-OOH does not significantly self-decom-
pose into DEPMPO-OH (21), at least two reductive mecha-
nisms occurring in cells can alter the DEPMPO-OOH EPR sig-
nal, i.e. conversion into DEPMPO-OHby certain enzymes such
as glutathione peroxidase (21, 34) or formation of EPR-silent
hydroxylamines such as with ascorbate (35, 36). Intense wash-
ing did not damage the thylakoids as can be seen by the com-
plete inhibition of the signal in the presence of DCMU.
To test whether the presence of PTOX leads in general to an

increase in ROS generation, PTOXwas expressed inE. coli (Fig.
5), and ROS generation was measured by the spin trap EtOH/
POBN in the presence of succinate as electron donor to com-
plex II of the respiratory chain. In the presence of 1 mM KCN a
significant level of ROS was formed in control membranes
while this ROS generationwas reduced by about 50% in PTOX-
containing membranes (data not shown). This shows that
PTOX functions as an alternative oxidase in this system.
PTOX-containing membranes generated a small, but signifi-
cant, amount of ROS while ROS production in control mem-
branes was hardly detectable (Table 2). Decyl-plastoquinone
was added to obtain higher rates of electron flow to PTOX (22).
Under these conditions, ROS generation was detectable in con-
trol membranes and to a 1.6-fold higher level in PTOX-con-
tainingmembranes. This result clearly shows that PTOX forms
ROS when the quinone pool is over-reduced.
SOD Protein Level in PTOX� and Wt—The question arises

why PTOX� thylakoids were more susceptible to photoinhibi-
tion in strong light while they were protected in low light com-
paredwith wt thylakoids. One possibility is that the antioxidant
system in PTOX� cannot cope with the heavier burden of O2

.

generation in high light conditions while it is sufficient to

detoxify the amount of O2
. under low light illumination. The

antioxidant system of the chloroplast consists of SODs and sev-
eral forms of ascorbate peroxidases.We focused here on SODs,
which detoxify O2

. . The presence of a Cu/Zn-SOD and an Fe-
SOD in chloroplasts of A. thaliana has been shown (37). In
tobacco, one Cu/Zn-SOD is present in the chloroplast and
there is evidence for a Fe-SOD on the transcript level (Data
Bank Uniprot/Swiss-Prot). To show amounts of SOD, we per-
formed immunoblots of the proteins of intact chloroplasts ofwt
and PTOX� using polyclonal antibodies directed against
PTOX, plastid Cu/Zn-SOD, and Fe-SOD (Fig. 6). Wt and
PTOX� chloroplasts contained about the same amount of
Cu/Zn-SODas shownby the reactionwith the specific anti-Cu/
Zn-SOD antibody. No protein was detected with the anti-Fe-
SOD antibody.

DISCUSSION

In the literature it has been shown that PTOX is involved in
plastoquinol oxidation (14), and it has been suggested that it
plays an important role as a stress-induced safety valve (15, 38)
and helps the plants to adapt to stress conditions like salt stress
(18), extreme temperatures and high light (17, 19, 39). How-
ever, PTOX overexpression did not protect PSII against photo-
inhibition in either tobacco (14) orArabidopsis plants (20). It is
likely that PTOX has a minimal impact on electron transport
between PSII and PSI in mature leaves (3, 16, 20) but that it
plays an important role in keeping the PQ pool oxidized during
chloroplast biogenesis and assembly of the photosynthetic
apparatus (20).
In the present study, the susceptibility to light was studied in

wt and PTOX� tobacco plants. In high light, PTOX� plants
weremore damaged than thewt (Figs. 1 and 2) and higher levels
of O2

. (Fig. 4) and other ROS (H2O2 and OH�, Fig. 3) were pro-
duced in these plants than in wt. In low light, thylakoids from
PTOX� plants were protected against photoinhibition. In low
light, in the presence of oxygen as the only available electron
acceptor, the reduction state of the PQ pool will be high in wt
plants. Under these conditions, the acceptor side of PSII
becomes easily reduced and charge recombination reactions

FIGURE 5. Expression of PTOX in E. coli. The immunoblot was decorated
with polyclonal antibodies directed against PTOX. 250 �l of culture was taken
as a sample at given times after induction by isopropyl-1-thio-�-D-galactopy-
ranoside (0 – 4 h and overnight, o.n.), centrifuged, and the pellet was resus-
pended in 50 �l of SDS loading buffer. 10 �l were loaded.

TABLE 2
ROS production in control and PTOX-containing E. coli membranes
Membranes (0.4 mg protein ml�1) were incubated for 5 min with 5 mM succinate
and, when indicated, 0.2 mM decyl-plastoquinone in the presence of the spin trap
4-POBN (50 mM)/ethanol. The double integral of the total signal obtained with
control membranes in the presence of decyl-plastoquinone was set to unity. Five
spectra were used to calculate the mean and the standard deviation.

EPR signal size
Control membranes PTOX-containing membranes

No decyl-PQ Not detectable 0.6 � 0.05
�decyl-PQ 1.0 � 0.1 1.6 � 0.1

FIGURE 6. PTOX and Cu/Zn-SOD protein levels in wt and PTOX� chloro-
plasts. The immunoblot was decorated with polyclonal antibodies directed
against PTOX and Cu/Zn-SOD. FNR antibodies were used for a loading con-
trol. 10 �g of chlorophyll were loaded.
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occur between the reduced semiquinones at the acceptor side
of PSII and oxidized states of the donor side. Charge recombi-
nation reactions in PSII can lead to the formation of triplet
chlorophyll in the reaction center which reacts with O2 to 1O2.
1O2 is likely to be the main responsible species for photoinhibi-
tion in low light (40–42). In PTOX� plants, the PQ pool will be
less reduced and, therefore, 1O2-triggered damage of PSII will
be lower. The protein level of SODwill be sufficient to detoxify
O2
. under low light illumination.
In high light, O2

. produced by the Mehler reaction and other
alternative pathways plays an important role in photoinhibition
in addition to 1O2. The photoinhibition treatment was per-
formed in the absence of an uncoupler so that the presence of a
high proton gradient (photosynthetic control) limits oxygen
reduction at the level of PSI. We attribute most of the O2

. pro-
ductionmeasured in thylakoids to PTOX activity since O2

. gen-
eration was largely increased in PTOX� plants and since it was
only partially inhibited byDNP-INT (Fig. 4). Overexpression of
PTOX does clearly not protect the photosynthetic electron
transport chain from ROS generation but is just doing the
opposite. The question arises which process causes the increase
in O2

. production in PTOX� thylakoids and plants. One possi-
bility is that the overexpressed protein is either not correctly
assembled or not well integrated into the membrane and pro-
duces therefore more O2

. . This seems to be rather unlikely,
because Joët et al. (14) have shown that the PQ pool was much
faster oxidized in PTOX� plants by measuring chlorophyll flu-
orescence curves during dark to light transitions.
A second possibility is that the plastoquinol oxidation by

PTOX itself produces O2
. in a side reaction. PTOX is a plasto-

quinol oxidase that catalyzes the four-electron reduction of
oxygen to water. PTOX is distantly related to the AOX of the
mitochondrial inner membrane. The active site of both oxi-
dases, PTOX and AOX, comprises a non-heme di-iron center.
The molecular mechanism of the reduction of oxygen to water
by these oxidases is not known. In analogy to a side reaction of
the methane monooxygenase, which contains a non-heme di-
iron center and is capable of fully reducing oxygen to water, it
was proposed that peroxide intermediates are formed in AOX
and PTOX (4, 43). Alternatively it has been proposed that
instead of a peroxide intermediate a diferryl center or a divalent
ferric-ferryl or differic iron site together with a protein-derived
radical is formed in analogy to the reaction intermediates of the
R2 subunit of the class I ribonucleotide reductase (see (43) for a
discussion of the differentmechanisms). The reaction interme-
diates of oxidaseswith non-heme di-iron centers are likely to be
sensitive to oxidation. This may lead to the generation of ROS
like superoxide. Inmethanemonooxygenase and also in�9-de-
saturase, reactivity toward oxygen is controlled to prevent
potential side reactions which lead to ROS formation (4). In
both enzymes, special mechanisms are employed to ensure the
presence of both substrates before the reaction starts. It is an
open question if the alternative oxidases, AOX and PTOX,
use a similar strategy to ensure that the second quinol is
already bound before oxygen binds and thereby allow the
timely delivery of the two last electrons needed for the full
reduction of oxygen to water. If this is the case, a coupling
protein might be needed to avoid O2

. generation like in the

methane monooxygenase. In such a case, it might be that
the expression of such an enzyme is not up-regulated in the
PTOX overexpressor.
Alternatively, it could also be envisaged that a tight coupling

between the level of SOD and PTOX is needed for an efficient
detoxification of the produced O2

. . As can be seen in Fig. 6, the
amount of Cu/Zn-SOD is the same in chloroplasts from
PTOX� and wt. Under low light conditions, the amount of
SOD seems to be sufficient to detoxify the producedO2

. while in
high light the SOD is limiting and the O2

. may cause the
observed higher damage to PSII in PTOX� thylakoids and
leaves (Figs. 1 and 2). In a tobacco mutant lacking complex I of
the respiratory chain a higher amount of AOX was found and,
at the same time, the level of Mn-SOD (localized in the mito-
chondria) was increased (44). Plants completely lacking PTOX
are more susceptible to photoinhibition (12), while plants
which are exposed to an environmental stress that promotes
photoinhibition have increased protein levels of PTOX (17–
19). Further investigations are needed to show whether there is
a correlation between PTOX and SOD levels in alpine plants at
high light and cold temperatures (17), in halophytes under salt
stress (18) and in oat and B. fruticulosa at high light and ele-
vated temperatures (19, 39). Furthermore, a putative functional
relationship between PTOX and SOD has to be established in
plants which have increased protein levels of both, PTOX and
SOD. If this is the case, PTOX could act as a safety valve even
under high light conditions in which the PQ pool is highly
reduced when the O2

. level is controlled by SODs.
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Physiol. 145, 691–702
13. Aluru, M. R., and Rodermel, S. R. (2004) Physiol. Plant. 120, 4–11
14. Joët, T., Genty, B., Josse, E. M., Kuntz, M., Cournac, L., and Peltier, G.

(2002) J. Biol. Chem. 277, 31623–31630

Overexpression of PTOX Stimulates ROS Production

NOVEMBER 6, 2009 • VOLUME 284 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31179

 at C
E

A
 S

A
C

LA
Y

/F
rance, on D

ecem
ber 16, 2009

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


15. Niyogi, K. K. (2000) Curr. Opin. Plant Biol. 3, 455–460
16. Nixon, P. J., and Rich, P. R. (2006) The Structure and Function of Plastids

(Wise, R. R., and Hoober, J. K., eds) pp. 237–251, Springer, The
Netherlands
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3. Summary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 



 

In this chapter the main results of the thesis are summarised and general conclusion are 

drawn (Fig. 1). ROS-producing enzymes were studied in the PM, in mitochondria and 

chloroplasts to get an insight into different enzymatic activities leading to superoxide 

generation.  

The main focus on the work was the characterisation of O2
•--producing enzymes in the 

PMs. Such enzymes are important sources of apoplastic O2
•- and H2O2 involved in PRX-

catalysed •OH formation that mediates elongation growth. A quinone reductase (QR) was 

isolated from PMs showing homology to the NQR of A. thaliana. The isolated QR mediated 

ROS production by the reduction of certain naphthoquinones that were susceptible to 

deprotonation at pH ≥7. A potential naphthoquinone species in PMs was detected which might 

serve as a QR substrate in vivo. A tentative model of the QR activity in the PMs is shown in 

Figure 1a. At pH < 7, the quinols reduced by QR take part in redox reactions with e.g. quinol 

oxidases and ascorbate reductases. At pH > 7, the deprotonation of the quinols would lead to 

ROS formation. The question arises whether such a model could be valid in vivo. According to 

the preliminary studies on QR knock-out mutants (chapter 2.4), ROS generation was stimulated 

in the mutants while the growth was retarded. The QR mutants showed stunted root growth, 

chlorophyll bleaching and increased ROS production. The source of ROS might be a 1-electron 

reduction of quinones by a different enzyme, such as cyt P-450 (Iyanagi and Yamazaki, 1969). 

The NADPH oxidase (NOX) might also reduce a quinone, as it has singly-reduced cofactors in 

or near the PM. The resulting semiquinone radicals readily reduce O2. QRs have been reported 

to protect against oxidative stress. The observation that the QR knockout mutants produce more 

ROS seems to point towards such a role for QR. It has also been reported that QRs have other 

functions in the cell in addition to the reduction of quinones. For instance, they regulate the 

proteosomal degradation of transcription factors (Sollner and Macheroux, 2009). Moreover, the 

QR substrate spectrum is very wide and QRs have been found both in the cytosol and PMs, 

underlining the present incomplete understanding of the biological function of these enzymes. 

Therefore, the cellular homeostasis might be disturbed in a larger scale in the QR mutants 

masking their proposed role as mediators of ROS formation. 

 

Figure 1b illustrates the three regulatory mechanisms of the PM NOX that were studied 

in this thesis. Cd2+ was shown to be a competitive inhibitor of the NOX activity in PMs. The 

targets of Cd2+ are likely the calcium binding EF-hands of NOX because Ca2+ efficiently 

competed with Cd2+ restoring the NOX activity. In intact plants Cd2+ inhibited the  
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Figure 4.1. Summary of ROS production in the plasma membranes, 
mitochondria and chloroplasts. a) Quinone reductases (QR) reduce quinones in the 
plasma membrane using cytosolic NAD(P)H. At pH < 7 the quinols may participate in 
electron transfer reactions in the plasma membrane. At pH > 7 the quinol deprotonates 
and the resulting unstable intermediates reduce O2 to ROS. b)  The plasma membrane 
NADPH oxidase (NOX) reduces apoplastic O2 to O2

•- using cytosolic NAD(P)H. 
NOX is inhibited by the end product O2

•- (in red) and by Cd2+ (blue), while it is 
stimulated by phosphorylation (green). The mitochondrial respiratory complex III is 
inhibited by Cd2+ (blue) and by AA (purple). Both of these inhibitors result in the 
stabilisation of the semiquinone species which is involved in the reaction cycle of 
complex III. The semiquinone reduces O2 to ROS. H2O2 that is produced in the 
mitochondria can diffuse to the apoplast (black dotted arrow). c) Plastid alternative 
oxidase (PTOX) produces O2

•- which is metabolised by a superoxide dismutase 
(SOD).  Electron transfer reactions catalysed by the enzymes and leading to O2

•- in a 
side reaction are shown in turquoise dotted arrows. 

 

116 



apoplastic O2
•- production but stimulated the H2O2 production. Because H2O2 usually  

originates from O2
•- dismutation and because it can pass membranes, it was reasoned that the 

source of H2O2 must be intracellular. Isolated plant mitochondria showed increased production 

of O2
•- and H2O2 in a manner similar to antimycin A (AA), the specific inhibitor of respiratory 

complex III of mitochondria. Accordingly, the addition of AA to intact plants increased 

apoplastic H2O2 production but had no effect on apoplastic O2
•- production. Figure 1b 

illustrates the ROS production in the PM and mitochondria in response to Cd2+. 

Inhibition of NOX by its end-product O2
•- was found when the rates of NAD(P)H 

oxidation and O2
•- production were compared. An end-product inhibition of the NOX appears 

to be an attractive mechanism to avoid uncontrolled ROS production (Fig. 1b). The human 

NOXs contribute in many diseases resulting from over-production of ROS (Lambeth, 2007). In 

the majority of these diseases the regulation of the O2
•- production by NOX is disturbed at the 

level of its transcription or of the cytosolic subunits, while the catalytic subunit is unaffected. 

Interestingly, the phagocytic NOX is not inhibited by O2
•- (Bellavite et al. 1983). It is possible 

that the end-product regulation NOXs is unique to plants or to NOX enzymes lacking cytosolic 

subunits, such as the human NOX5. The site of inhibition in NOX by O2
•- remains to be 

studied. 

Stimulation of the NAD(P)H oxidase activity was achieved by phosphorylation and 

seemed to occur in the cytosolic side of the enzyme (Fig. 1b) which is in accordance with the 

previously reported phosphorylation sites in the EF-hands of the plant NOXs (Benschop et al., 

2007; Nühse et al., 2007; Kobayashi et al., 2008). 

 

Finally, the function of PTOX in chloroplastic electron transfer chain was studied using 

PTOX-overexpressing plants (PTOX+). In high light conditions, when the plastoquinone pool is 

reduced, PTOX+ plants produced more O2
•- than the wild type plants. In the presence of added 

SOD isolated thylakoid membranes from PTOX+ showed similar characteristics as thylakoid 

membranes of WT plants. To explain the role of PTOX in the chloroplast and to hypothesize on 

its catalytic mechanism, it was proposed that PTOX produces O2
•- in a side reaction and that it 

is coupled to an SOD. Figure 1c shows a model of the PTOX function which is dependent of 

SOD. In artificially constructed PTOX+ plants the amount of chloroplastic SOD was not 

elevated. Under low light conditions the PTOX+ plants were more protected against 

photoinhibition than the wild type. Under these conditions, only a slightly reduced 

plastoquinone pool, the amount of SOD in the chloroplast was enough to detoxify the O2
•- 

produced by PTOX and other sources, e.g. PSI. 
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5. Abbreviations 
 



 



A0 = acceptor chlorophyll in PSI 
A1 = vitK in PSI 
AA = antomycin A 
ABA = abscissic acid 
ATP = adenosine triphosphate 
BQ = benzoquinone 
CDPK = calcium-dependent protein kinase 
CGD = chronic granulomatous syndrome 
CSHL lines = insertion mutants from Cold Spring Harbour Laboratories 
cyt = cytochrome 
DPI = diphenylene iodonium 
DT-diaphorase = DPNH/TPNH-diaphorase = diphosphopyridine nucleotide/triphosphopyridine 
nucleotide diaphorase 
DUOX = dual oxidase 
bp = base pair 
EPR = electron paramagnetic resonance 
FAD = flavin adenine dinucleotide, oxidised 
FADH2 = flavin adenine dinucleotide, reduced 
Fd = ferredoxin 
FeS = iron sulphur (cluster) 
FMN = flavin mononucleotide 
FQR = flavin-dependent quinone reductase 
FTIR = Fourier transform infrared 
gp91phox = glycoprotein, 91 kDa, phagocyte oxidase 
H2O2 = hydrogen peroxide 
hemelow/high = low/high potential heme 
HFEPR = high field EPR 
HO2

• = protonated superoxide radical 
HQ• = protonated semiquinone 
KO = knock-out 
MD = menadione 
NAD+ = nicotineamide adenine dinucleotide, oxidised 
NADH = nicotineamide adenine dinucleotide, reduced 
NADP+ = nicotineamide adenine dinucleotide phosphate, oxidised 
NADPH = nicotineamide adenine dinucleotide phosphate, reduced 
NOX = NADPH oxidase 
NQ = naphthoquinone 
NQR = NAD(P)H:quinone oxidoreductase 
O2

•- = superoxide radical 
1O2 = singlet oxygen 
•OH = hydroxyl radical 
OEC = oxygen evolving complex 
OST-1 = open stomata 1 
P680 = central chlorophyll of PSII 
P700 = central chlorophyll of PSI 
Pheo = pheophytin 
PKC = protein kinase C 
PM = plasma membrane 
POBN = α-(4-pyridyl-1-oxide)-N-tert-butylnitrone 
PRX = peroxidase 
PSI = photosystem one 
PSII = photosystem two 
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PTOX = plastid alternative oxidase 
Q = quinone, oxidised 
Q•- = semiquinone radical 
Q2- = double reduced deprotonated quinone 
QA = first quinone acceptor in PSII, oxidised 
QB = second quinone acceptor in PSII, oxidised 
QH2 = dihydroquinone, quinol 
QR = quinone reductase 
rboh = respiratory burst oxidase 
ROS = reactive oxygen species 
SAIL lines = insertion mutants from Syngenta Arabidopsis Insertion Library 
SALK lines = insertion mutants from SALK institute 
SnRK = sucrose non-fermenting related kinase 
SOD = superoxide dismutase 
UQ = ubiquinone 
vitK = vitamin K 
WT = wild type 
X/XO = xanthine/xanthine oxidase 
XTT = Na,3’-[(phenylamino)-carbonyl]-3,4-tetrazolium]-bis(4-methoxy-6-
nitro)benzenesulfonic acid hydrate 
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