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e Background Under hypoxic conditions, plant mitochondria preserve the capacity to oxidize external NADH,
NADPH and tricarboxylic acid cycle substrates. Nitrite serves as an alternative electron acceptor at the level
of cytochrome oxidase, with possibly complex III and the alternative oxidase also being involved. Nitric
oxide is a significant product of the reaction, which has a high affinity for cytochrome ¢ oxidase, inhibiting it.
The excess NO is scavenged by hypoxically induced class 1 haemoglobin in the reaction involving ascorbate.
e Scope By using nitrite, mitochondria retain a limited capacity for ATP synthesis. NADH, produced from
glycolysis during anaerobiosis and oxidized in the mitochondrial electron transport chain, should shift the com-
position of metabolites formed during anaerobiosis with increased conversion of pyruvate to alanine and greater
involvement of other transamination reactions, such as those involving y-aminobutyric acid formation.

e Conclusions Anaerobic mitochondrial metabolism may have a more significant role than previously thought in
alleviating the effects of anoxia on plant cells. There is a need to re-examine mitochondrial carbon and nitrogen
metabolism under anoxia to establish the extent of this involvement.
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INTRODUCTION

Plants experience hypoxia even during their normal growth
and development. There are examples of this in seeds
and closely packed tissues (Porterfield er al, 1999;
Rolletschek et al., 2002). Hypoxic stress affects mitochondrial
function both via oxygen limitation and increased production
of nitric oxide (NO) (Dordas et al., 2003), which inhibits cyto-
chrome ¢ oxidase (COX) at the oxygen-binding site (Cooper,
2002). Mitochondrial oxygenic respiration declines below
oxygen levels required to saturate terminal oxidases. The
oxygen K, for the alternative oxidase (AOX) is in the order
of 10 wm (Millar et al., 1994; Affourtit et al., 2001b), limiting
AOX function under low oxygen conditions. AOX can,
however, play a role in NO tolerance under normoxic and
moderately hypoxic conditions since NO does not inhibit its
activity and up-regulates AOX synthesis (Huang et al,
2002). Millar et al. (1994) report the K,,, of COX for oxygen
as 0-14 wMm, but others suggest that it varies within the range
of 0-08—0-16 pm (Hoshi et al., 1993). NO inhibition raises
the K, to 1 wm or even higher (Cooper, 2002). As a working
definition for this review, we define anoxia (or anaerobiosis)
as a condition whereby the oxygen concentrations in the cyto-
plasm are such that COX cannot effectively donate electrons to
oxygen, while hypoxia is a condition whereby COX has at
least a limited capacity to use oxygen but several other oxi-
dases such as AOX are inhibited. The actual oxygen concen-
trations corresponding to these conditions can change
depending on diffusion parameters, NO levels and other
factors.

* For correspondence. E-mail rhill @cc.umanitoba.ca

There is abundant evidence that plant mitochondria can
function even under strict anoxic conditions (Fox and
Kennedy, 1991). Exposure to anoxia results in some changes
in enzyme composition in mitochondria (Couee et al., 1992),
but mitochondria preserve their ultrastructure and functional-
ity, particularly when anaerobic plants are exposed to nitrate
(Vartapetian et al., 2003). The latter observation was inter-
preted as an indication of the role of nitrate as a terminal elec-
tron acceptor under anoxia but never proved. Another
interpretation is that nitrate is part of a more extensive cycle
where nitrite serves as an intermediate electron acceptor by
supporting NADH oxidation (Igamberdiev and Hill, 2004).
This view assumes that mitochondrial nitrite reduction to
NO may be linked to ATP synthesis contributing to the func-
tionality of these organelles in anoxic conditions (Igamberdiev
et al., 2005; Stoimenova et al., 2007).

The discovery of a hypoxically induced plant haemoglobin
(Hb) (Taylor et al., 1994) has led to a number of studies
showing that expression of this protein improved the energy
and redox status of the hypoxic cell, leading to increased
cell and plant survival. Scavenging NO formed in the
hypoxic response was believed to be a major function of this
Hb, but how this related to the improved energy status of the
cell was unclear. The finding that anoxic plant mitochondria
can drive ATP synthesis using nitrite to form NO provided a
link between the energy metabolism of the hypoxic cell and
the presence of Hb. This led us to examine whether some of
the metabolic changes occurring during anaerobiosis could
be explained on the basis of altered mitochondrial metabolism
resulting from nitrite-driven ATP synthesis. The functioning of
mitochondria under anaerobic conditions and the related reor-
ganization of nitrogen and carbon metabolism accompanying
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this operation will be the topic of this review with the
intention of stimulating further research and debate on the
contribution of mitochondrial metabolism to the anaerobic
response.

NITRATE AND NITRITE REDUCTION UNDER
ANAEROBIC CONDITIONS

The presence of nitrate during hypoxia reduces the amount of
fermentative end products produced, helps maintain a higher
free nucleoside triphosphate concentration and increases the
rate of overall recovery from hypoxia (Fan et al., 1988).
Nitrate reductase is up-regulated under hypoxia at both the
transcriptional and enzymatic levels, with nitrite reduction
being suppressed at the nitrite reductase step (Botrel et al.,
1996), although some anaerobic induction of nitrite reductase
has been demonstrated in hypoxia-tolerant rice (Mattana et al.,
1994). Nitrate, via up-regulation of nitrate reductase, is
actively metabolized to nitrite. The limitation at the common
nitrite reductase step turns nitrite to other reducing systems,
where the mitochondrial system seems to be the most active
(Planchet and Kaiser, 2006). A part of nitrite formed under
hypoxia may still be reduced to NHJ, which is likely to be
important for the increased amino acid production observed
under hypoxia.

Mitochondria from tobacco, pea, barley and arabidopsis
roots produce NO at a rate of 1—10 nmol mg~ ' protein h™'
(Gupta et al., 2005). This represents about 1 % of the mito-
chondrial electron transport under anoxia, when measured as
NADH oxidation (Stoimenova et al., 2007). One possible
explanation is that a significant part of NO may not be detected
due to immediate, efficient scavenging (Vanin et al., 2004).
Secondly, NO may not be the only product of nitrite reduction.
In this regard, nitrous oxide (N,O) is a likely by-product as it is
formed in significant amounts in bacterial and fungal systems
involving cytochrome-dependent nitrite reduction (Dalber
et al., 2005). Plants can emit N,O (Smart and Bloom, 2001)
and participation of mitochondrial electron transport in this
process is possible. While the COX-catalysed reaction is
slow (Cooper, 2002), other cytochrome-containing systems,
including complex III, need to be tested for this activity.
Ascorbate itself can slowly catalyse this reaction in the pre-
sence of reduced quinones forming dehydroascorbate
(Alegria et al., 2004).

Estimates of the end-products of nitrate reduction suggest
that only 1-3—4 % of NADH recycled during hypoxia is con-
nected with the reduction of nitrate to NHj (Gibbs and
Greenway, 2003). There are, however, experimental estimates
that up to one-third of NAD recycling may result from nitrate
reduction (Fan et al., 1997). There are a number of possible
explanations for the differences in the two estimates, among
them being cation balance within the cell. Another possible
explanation could be linked to reduction of nitrate to NO or
even dinitrogen gas (Morard et al., 2004). When nitrite
accumulates, it can be used by cytosolic nitrate reductase as
a substrate to produce NO, with the reaction competitively
inhibited by nitrate (Rockel et al., 2002). The rate of NO pro-
duction, however, is only 1-2 % of the maximal rate of the
actual nitrate reduction reaction (Yamasaki et al., 2001;
Rockel et al., 2002). A plasma membrane-bound nitrite:NO
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reductase (Ni-NOR), has been reported (Stohr et al., 2001),
but there has been no further work on this enzyme to properly
evaluate its properties. In acidic and reducing environments,
NO can be formed by non-enzymatic reduction of nitrous
acid, when the latter reacts with ascorbate, producing dehy-
droascorbate and NO. Conditions appear to be favourable in
aleurone layers for this conversion (Bethke et al., 2004). The
NO-generating activity of xanthine oxidoreductase with
nitrite is also detectable and increases at low oxygen tensions
(Godber et al., 2000).

All these reactions are clearly established in plant systems;
however, their contribution to in vivo NO formation has yet
to be quantified. It is likely that these reactions are minor
even under hypoxic conditions. Quantification is currently a
very difficult task, in particular, because NO is a compound
that is easily utilized in various side reactions. Some of the
side reactions are harmful to the cell (e.g. tyrosine nitrosylation
of proteins), while S-nitrosylation of proteins or glutathione
can function in a regulatory manner, such as promoting
the initiation of programmed cell death (Mur et al., 2006). A
specific NO-scavenging reaction has been linked to the
operation of hypoxically induced Hb (Igamberdiev and Hill,
2004).

NITRITE AS AN ALTERNATIVE ELECTRON
ACCEPTOR OF COX

Anaerobic use of nitrite as a terminal electron acceptor by
mitochondria has been observed in some fungi, such as
Fusarium (Kobayashi ef al., 1996) and in ciliate protists
(Finlay et al, 1983). These mitochondria use a nitrite
reductase, which derives electrons from the cytochrome ¢ or
ubiquinone pool. Some fungal mitochondria can reduce not
only nitrate and nitrite but also NO (Kobayashi et al., 1996)
but they usually lack nitrous oxide reductase activity and
N,O is the final denitrification product. In Fusarium oxy-
sporum, cytochrome cs4o serves as an electron donor for
both nitrite reductase and cytochrome oxidase while formate
dehydrogenase is involved in supplying electrons to the ubi-
quinone pool (Takaya et al, 2003). In the bacterium
Paracoccus denitrificans, an NO reductase activity is inhibited
by antimycin A and myxothiazol as the bc; complex is proton
translocating, while nitrite reductase is associated with the
cytochrome complex cdl (Carr et al., 1989). Most fungi can
denitrify only nitrite with N,O as a major product of denitrifi-
cation and a few such as Fusarium oxysporum and Gibberella
Sfujikuroi also use nitrate (Watsuji et al., 2003).

Nitrite reduction by the mammalian (Kozlov et al., 1999),
algal (Tischner et al., 2004) and plant (Planchet et al., 2005)
mitochondria is strongly anaerobic and it is likely that it
does not involve additional enzymes associated with the mito-
chondrial electron transport chain. Root mitochondria can
produce NO using nitrite and NADH (Gupta et al., 2005;
Planchet et al., 2005) and become a significant source of
anaerobic NO. Kinetic characteristics of the process of mito-
chondrial nitrite reduction are not known because of the diffi-
culties of measuring low fluxes of nitrite and NO under
anaerobic conditions.

Aerobically, NO can be converted by COX to nitrite
(Cooper, 2002; Pearce et al., 2002). Under anaerobic
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conditions the reaction can be reversed (Paitian et al., 1985)
and nitrite may become a source of NO at the cytochrome
oxidase site (Castello et al., 2006). Cytochrome ¢ oxidase con-
tains three redox-active metal sites: Cu,, haem a and a haem
as/Cug binuclear centre (Cooper, 2002). The Cu, and Fe, cat-
alyse electron transfer from the substrate (cytochrome c) to the
catalytic site, where Fe,;Cug binuclear centre catalyses
reduction of oxygen to water. The oxygen concentrations at
which half-maximal reduction of haem a + a3 occurs is sensi-
tive to the energy state and respiratory rate. Thus, in state 4 and
state 3 respiration, the K, values are 78 um and 160 M,
respectively. In contrast, the K, of the copper site is 75 pMm
and is independent of both the energy state and the respiratory
rate (Hoshi et al., 1993). Such values of oxygen affinity for
COX would allow operation of some oxygenic respiration at
low oxygen concentrations.

NO can be a complicating factor affecting COX oxygen sat-
uration due to the sensitivity of the oxidase to NO at both the
haem and copper sites of the complex (Cooper, 2002; Mason
et al., 2006). This is a factor in plants since NO accumulates
under anoxia (Dordas et al., 2003). The effect of NO on
COX when oxygen is a terminal electron acceptor can be
different under anaerobic conditions when nitrite, forming
NO, acts as the terminal electron acceptor. NO can bind to
either the ferrous haem or the cupric copper of COX, but
not both at the same time (Mason et al., 2006). The affinity
of the COX ferrous haem for NO is about 100 times greater
than that of the oxidized copper for NO, making reactions
dependent on the ferrous haem, such as oxygenic respiration,
more sensitive to NO (Mason et al., 2006). Initially, NO for-
mation was considered slow and non-physiological, but it
has been confirmed to be operative in mammalian and yeast
(Castello et al., 2006), algal (Tischner et al., 2004) and
higher plant (Planchet er al., 2005; Gupta et al., 2005;
Stoimenova et al., 2007) mitochondria. The very low affinity
of COX for nitrite determined initially (Castello et al., 2006)
is likely not to have taken into consideration the observation
of Brunori et al. (2006) that when the binuclear centre iron
is oxidized and copper is reduced, affinity increases many fold.

Oxygen can be reduced by COX only when both iron and
copper are reduced, with the reaction being competitively
inhibited by NO competing with oxygen at the binuclear
centre:

CugFe>t + NO < CugTFe,32t — NO

The affinity (Kp) of NO for the oxygen-binding ferrous haem
site is 0-2 nM.

NO interacts with either ferrous haem iron or oxidized
copper, but not both simultaneously. The non-competitive
interaction with oxidized copper results in oxidation of NO
to nitrite and behaves kinetically as if NO has an apparent
affinity of 28 nm at low levels of NO; significant binding to
copper can occur without inhibition of oxygen binding
(Mason et al., 2006). NO binds rapidly to cupric Cug but
also reduces it to the cuprous state, producing nitrite, which
is subsequently released from the binuclear centre (Torres
et al., 2000).
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For the reverse reaction, the plausible form of the
binuclear centre for reduction of nitrite would be
CugFel?:

3
CuB*NO*Fea13 +

Cug*Fe > + NO; + H* [l Cug?'Fe %" + NO
OH~

This process can be linked to proton translocation as with any
reduction process where electrons have to be transferred into
the catalytic centre, composed of haem a3 and Cug (Jancura
et al., 2006). Contrary to previous suggestions that proton
pumping is linked exclusively to the oxidative phase,
Ruitenberg et al. (2002) reported that proton pumping during
the reductive phase can occur when it is preceded by an oxi-
dative phase. Thus, nitrite reduction can precede the proton
pumping process when COX copper is reduced from cyto-
chrome ¢ and can also contribute to proton pumping when
COX copper is oxidized in the course of NO formation.

There is not a great deal known about possible nitrite
reduction by complex III and AOX and more information is
required about the kinetic properties of these reactions.
Salicylhydroxamic acid inhibits mitochondrial NO production
from nitrite (Tischner ez al., 2004; Gupta et al., 2005; Planchet
et al., 2005). This suggests that AOX is capable of nitrite:NO
reduction and may be functional under anaerobic conditions.
Since salicylhydroxamic acid is not specific and can affect
other proteins, including peroxidases, this interpretation
should be treated with caution. The AOX reaction with
oxygen is not inhibited by NO (Millar and Day, 1996).
Furthermore, the affinity for oxygen is low (K, of 10—
25 wm) and cannot provide sufficient oxygenic respiration
under anoxic conditions.

MITOCHONDRIAL SUBSTRATE OXIDATION
UNDER ANAEROBIC CONDITIONS

The previous sections present evidence for the operation of
mitochondrial electron transport during anaerobiosis. What is
the evidence for the oxidation of mitochondrial substrates
under the same conditions?

There are two or more externally facing rotenone-
insensitive dehydrogenases on the inner membrane of plant mito-
chondria (Rasmusson et al., 2008). They correspond to two
detectable Ca®"-dependent activities, one specific to NADH
and another to NADPH and distinguished by sensitivity to diphe-
nyleneiodonium (Roberts et al., 1995). Nitrogen supply affects
expression of both dehydrogenase activities (Escobar et al.,
2006). Mitochondrial oxidation of cytosolic NADH and
NADPH occurring via these dehydrogenases does not result in
proton gradient formation at the site of electron transport from
NAD(P)H to ubiquinone (Mgller, 1997). Genetic and biochemi-
cal data (Rasmusson et al., 2008) suggest the possibility of the
existence of even a higher number of external dehydrogenases.

Anaerobic NAD(P)H oxidation and ATP synthesis is insensi-
tive to rotenone, suggesting that complex I is not involved
(Stoimenova et al., 2007). The high nucleotide K, and Ca>*
dependence of externally facing NADH and NADPH
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dehydrogenases (Mgller, 1997) suggests that they would have a
major function when extramitochondrial NAD(P)H and Ca’"
concentrations are elevated, as observed during hypoxia
(Subbaiah et al., 1998). Furthermore, NO stimulates the release
of Ca®>" from mitochondria (Richter, 1997), while external
NADH and NADPH oxidation by mitochondria plays an import-
ant role in seed germination under hypoxic conditions (Logan
et al., 2001). This indicates a primary role of external NADH
and NADPH oxidation in anaerobic mitochondria. It should be
noted that one internal dehydrogenase activity is also Ca>* depen-
dent (NADPH dehydrogenase) (Mgller and Rasmusson, 1998;
Bykova and Mgller, 2001).

Figure 1 shows oxidation of cytosolic NADH and NADPH by
mitochondrial, externally faced, Ca®"-dependent dehydrogen-
ases. Operation of complexes III and IV, with nitrite as terminal
acceptor (at the COX site), can result in proton pumping and
can be linked to an observed ATP synthesis (Stoimenova et al.,
2007). NO can diffuse to the cytosol and be converted to nitrate
by hypoxia-induced (class 1) Hb, having an extremely high
avidity to oxygen. Nitrate is reduced by nitrate reductase to
nitrite and the cycle is repeated.

Calcium elevation can significantly influence metabolic
fluxes and substrate oxidations under anoxic conditions.
Ca”", released from mitochondria during hypoxia possibly
as a consequence of decrease of cytosolic pH (Subbaiah
et al., 1998), is a major signalling molecule in the hypoxic
response. It moves against an electrochemical gradient via
the H"-Ca®" antiport, using energy provided by the downhill
influx of H' into the mitochondria. The required pH change
for the antiport is 0-5 units, and such a decrease occurs
within a few minutes of the onset of anoxia (Gibbs and
Greenway, 2003). Ca’", amongst its many effects in the

plant cell, regulates external NADH and NADPH
NAD(P)* NAD(P)H
T o
NO; /H:

Nitrate
reductase

/\ NOE/,

NAD(PH  \ap(py’

Lipid breakdown

NADPH
NADH -

/\(V ATP
| lysi
Glycolysis " H
Cytosol ADP +Pi
4 Intermembrane Matrix
space

Fi1G. 1. Anaerobic operation of plant mitochondria. Externally facing dehy-
drogenases oxidize NADH and NADPH and transfer electrons to ubiquinone
(Q). At levels of oxygen below saturation of cytochrome ¢ oxidase (COX),
nitrite produced in the cytoplasm serves as an alternative electron acceptor
at sites of complexes III (bcl) and IV (COX). NO formed in this reaction is
converted in the cytosol by hypoxically induced haemoglobin (Hb) to nitrate
NO; . The latter is reduced to nitrite (NO, ) by nitrate reductase. ATP is syn-
thesized due to proton pumping at the COX site. Modified from Stoimenova
et al. (2007).
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dehydrogenases, internal NADPH dehydrogenase, glutamate
decarboxylase and NAD kinase. The mechanism of Ca*"
release by mitochondria is unclear but it has been proposed
that the shift in adenylate kinase equilibrium due to lower
ATP synthesis may result in changes in equilibrium Mg*" con-
centrations and this, in turn, affects calmodulin and the regu-
lation of Ca®* pores (Igamberdiev and Kleczkowski, 2003).

One of the substrates accumulated under hypoxia is succi-
nate. Its accumulation is higher in hypoxia-resistant species
increasing after 48 h of hypoxic treatment from 0-2 to
3.0 wmol g~ ' fresh weight in rice and from 0-4 to 5-1 wmol
g~ ! fresh weight in Echinochloa (Menegus et al., 1989). It
can appear as the final product of +y-aminobutyric acid
(GABA) shunt. It could also be synthesized from fumarate, a
reaction common in microorganisms, where it is catalysed
by fumarate reductase. The ability of succinate dehydrogenase
to display fumarate reductase activity has not been verified in
plant mitochondria. The reaction is thermodynamically poss-
ible and a portion of electron flow from NADH could be
directed to fumarate. Succinate can reduce NAD by reversing
electron flow through complex I and possibly other dehydro-
genases if electron flow to oxygen is limited (Rustin and
Lance, 1991). The reverse of this reaction would be reduction
of fumarate. The flow is regulated by the protonmotive force,
ATP and ADP levels (Affourtit et al., 2001a).

There are a number of changes that take place under hypoxia
in relation to malate metabolism. NAD-malic enzyme
(NAD-dependent malate dehydrogenase decarboxylating)
activity increases several fold in hypoxic maize root tips
(Edwards et al., 1998). Malate can be formed via an alternative
root of glycolytic fermentation through phosphoenolpyruvate
and oxalacetic acid and potentially can participate in further
reduction via reverse fumarase and succinate dehydrogenase
activities. Increased pyruvate formation from malate is possible
in line with a decrease in flux via the TCA cycle and an increase
of fermentation. Its formation by NAD-malic enzyme can con-
tribute to supply of a substrate for alanine biosynthesis and thus
be linked to nitrate consumption under hypoxic conditions.
Increased alanine synthesis may be linked to the utilization of
GABA via its transamination with pyruvate (Miyashita and
Good, 2008). Accumulation of alanine during hypoxia
exceeds accumulation of lactate in hypoxically pre-treated
maize seedlings by several-fold, indicating its importance
during adaptation to low oxygen (Xia and Roberts, 1994).

Formate oxidation in hypoxic mitochondria is also
activated. Formate dehydrogenase is an enzyme strongly
induced under hypoxic conditions (Bykova et al., 2003) and
may be involved in alternative pyruvate conversion. Formate
oxidation will not lead to accumulation of toxic products,
and the NADH produced could be oxidized via the mitochon-
drial electron transport chain. Alternative sources of formate
could be serine degradation or decomposition of cell walls
(Kreuzwieser et al., 1999), which may accompany aerenchyma
formation.

Substrate oxidation under hypoxia raises the redox potential,
and efficient mechanisms to reduce it are necessary for suc-
cessful adaptation and survival in low-oxygen environments.
The use of nitrite as an alternative electron acceptor can rep-
resent such a mechanism, if it is accompanied by efficient
scavenging of NO.
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ROLE OF HAEMOGLOBIN

We would contend that class 1 Hbs are proteins of major sig-
nificance in maintaining mitochondrial electron flow under
hypoxia. We suggest that these Hbs act to: (a) bind oxygen
at extremely low solution oxygen concentrations; (b) react
with NO, produced under anoxia, to form nitrate ion and
methaemoglobin (metHb). The removal of NO allows nitrite
and NAD(P)H-driven ATP synthesis to proceed without inhi-
bition of cytochrome oxidase by NO. The oxidation of
NAD(P)H by this mitochondrial electron flow and the regener-
ation of Hb from metHb contributes to the improved redox
status of the anoxic cell, while the generated ATP increases
the cell energy status.

The expression of an Hb gene accompanying hypoxia was
first demonstrated in barley (Taylor et al., 1994). With an O,
dissociation constant in the range of 2—3 nwM for this type of
Hb (Arredondo-Peter et al., 1997, Duff et al, 1997,
Trevaskis et al., 1997) it would remain oxygenated at extre-
mely low oxygen concentrations. Hb induction is observed
in response to nitrate (Nie and Hill, 1997), nitrite and NO treat-
ment (Ohwaki et al., 2005), implicating Hb expression with
these nitrogenous compounds. An anoxia-induced Hb gene is
induced by a disruption of ATP synthesis (Nie and Hill,
1997) and triggered by Ca*" release (Nie er al., 2006).
Although the plant Hb is absent from mitochondria and
located in the cytosol and nucleus (Hebelstrup et al., 2007),
its importance in the maintenance of mitochondrial function
is evident (Nie and Hill, 1997; Sowa et al., 1998).

There is abundant evidence that a primary function of class
1 Hb is NO scavenging (Dordas et al., 2003; Igamberdiev
et al., 2004: Perazzolli et al., 2004, 2006). There is also
strong evidence of a connection between NO turnover and
the maintenance of redox and energy levels in the plant cell
(Sowa et al., 1998; Dordas et al., 2003; Igamberdiev et al.,
2004, 2006a, b; Stoimenova et al., 2007). The sequence of
reactions involved in NO scavenging under hypoxic conditions
has been termed the Hb/NO cycle (Igamberdiev and Hill,
2004). Under this proposed pathway, NO is oxygenated to
nitrate by OXXHb, which, in the process, is oxidized to the
ferric Hb(Fe’t) state (Fig. 1). To maintain the cycle,
Hb(Fe?™) must be regenerated. A special enzyme possessing
ferric Hb (metHb) reductase activity was purified from
barley roots and identified as a cytosolic monodehydroascor-
bate reductase (Igamberdiev et al., 2006a).

Perazzolli et al. (2004, 2006) propose an alternative mech-
anism for Hb scavenging of NO, involving nitrosylation of
an Hb cysteine residue as an intermediate in the reaction.
This is based on estimation of S-nitrosylation in arabidopsis
Hb, a molecule that has two cysteine residues. This mechanism
is difficult to reconcile with the class 1 Hb of barley, which has
only a single cysteine residue that is involved in an intermole-
cular disulfide bond to form the barley Hb dimer (Bykova
et al., 2006). Furthermore, NO scavenging by a mutated
barley Hb (Cys79 replaced by Ser) was unaffected by the
mutation.

Deoxyhaemoglobins, like COX, can reduce nitrite to NO.
However, the deoxy form of class 1 Hb exists at oxygen ten-
sions several hundred times lower than necessary to saturate
COX and are, therefore, not physiologically relevant in NO
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formation. Class 1 Hbs are, therefore, efficient NO scavengers
at any physiologically relevant oxygen tensions (Grubina
et al., 2007).

The rate of NAD(P)H-dependent NO conversion by the Hb/
NO cycle in alfalfa root cultures (Igamberdiev et al., 2004) is
comparable to the activity of alcohol dehydrogenase induced
under hypoxic treatment (Dordas et al., 2003). NO degradation
in this pathway would relieve inhibition of mitochondrial elec-
tron transport by NO. The reversible reaction between NO and
nitrite catalysed by COX under hypoxic conditions will always
be shifted towards NO formation because of the high redox
potential in the electron transport chain (Castello et al.,
2006) and NO can significantly accumulate (Dordas et al.,
2003). In fact, in hypoxic conditions, maize cells overexpres-
sing Hb exhibit a lower alcohol dehydogenase activity com-
pared with control and to lines underexpressing Hb (Sowa
et al., 1998). One potential reason for this could be more inten-
sive operation of the NO scavenging cycle, which uses
NAD(P)H to reduce metHb (Igamberdiev and Hill, 2004).
Lower NADH/NAD and NADPH/NADP ratios in plants over-
expressing Hb (Igamberdiev et al., 2004) support the operation
of such a cycle, which, in a certain sense, replaces alcohol
dehydrogenase activity for recycling NADH and can reduce
the rate of glycolytic fermentation by 25 % in maize cell cul-
tures (Sowa et al., 1998).

NO is claimed to control oxygen levels by inhibiting COX
(Borisjuk et al., 2007), thus avoiding complete anoxia. By
this mechanism, O, concentration is maintained preventing
its complete depletion. It is unlikely that this mechanism oper-
ates under physiological conditions; however, as class 1 Hbs,
because of their binding kinetics, they would strongly outcom-
pete cytochrome oxidase for oxygen. The existence of an Hb
molecule with an extremely high avidity to oxygen provides
a definite advantage to the anoxic cell for removal of NO by
oxygenation.

THE ROLE OF ASCORBATE UNDER HYPOXIA
AND ANOXIA

Ascorbate is likely to be the primary compound that is
involved in reduction of metHb under hypoxic and anoxic con-
ditions. As we showed earlier (Igamberdiev et al., 2006a),
reduction of metHb in plants occurs via monodehydroascor-
bate reductase-mediated ascorbate reduction of metHb.
Ascorbate levels in Hb-overexpressing plants are always
higher than in plants down-regulating Hb (Igamberdiev
et al., 2006b), supporting the premise that this compound
has a role in maintenance of the Hb/NO cycle. Ascorbate
alone can reduce metHb at a slow rate but is limited by for-
mation of the strong oxidant monodehydroascorbate (or ascor-
bate free radical, AFR). The removal of AFR by
monodehydroascorbate reductase drives the reaction strongly
towards metHb reduction (Igamberdiev et al., 2006a).

The importance of the ascorbate/glutathione cycle under
hypoxic conditions is not only related to reduction of
metHb. Another important process is the removal of peroxy-
nitrite. NO formation by COX and superoxide formation at
mitochondrial complex III, under conditions where COX trans-
fer of electrons to oxygen is inhibited by low oxygen and NO,
will lead to generation of peroxynitrite (ONOO ) (Fig. 2).
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F1G. 2. Possible role of reactions of the ascorbate/glutathione cycle in nitric
oxide metabolism. Ascorbate can participate in the reduction of metHb in
cytosol, in a reaction coupled to monodehydroascorbate reductase. In mito-
chondria, ascorbate can be involved in scavenging of reactive oxygen
species (H,0,), conversion of NO to nitrous oxide (N,O), scavenging of per-
oxynitrite (ONOO ) via AFR. Inhibition of oxygen consumption by NO leads
to the maintenance of O, levels sufficient for Hb operation. Synthesis of ascor-
bate from galactono-y-lactone and non-enzymatic reduction of nitrite by ascor-
bate are not shown. Abbreviations: ASC, ascorbate; AFR, ascorbate free
radical (monodehydroascorbate); DHA, dehydroascorbate; SOD, superoxide
dismutase; APX, ascorbate peroxidase; SDH, succinate dehydrogenase;
DHAR, dehydroascorbate reductase; MDHAR, monodehydroascorbate
reductase.

Reactive oxygen species (ROS), particularly hydrogen per-
oxide, are increased under hypoxic conditions on plasma
membranes (Blokhina et al., 2001) due to increases in the
redox level and activation of plasmalemmal NADPH dehydro-
genase (Blokhina et al., 2000) and operation of the Rop-signal
transduction pathway (Fukao and Bailey-Serres, 2004). In
mitochondria, ROS can be utilized immediately in the reaction
with NO, forming ONOO . Protein nitrosylation by ONOO
is toxic in mammalian cells, but the effect is not considered
as harmful in plant cells. COX, in the reduced form, has per-
oxynitrite reductase activity forming NO and possibly H,O,
(Sharpe and Cooper, 1998). Oxidation of ONOO  to NO,
by COX (in the oxidized form) has also been shown (Pearce
et al., 2002) but direct scavenging of ONOO by AFR is prob-
ably the more active pathway (Barone et al., 2003). High con-
centrations of ascorbate in plant cells facilitates this reaction
and can also contribute to O, scavenging, H,O, scavenging
(via ascorbate peroxidase) and NO reduction to N,O
(Alegria et al., 2004). The ability of plants to synthesize ascor-
bate may be the reason why ONOO " is less toxic in plant cells
(Delledonne et al., 2001; Beligni et al., 2002).

Ascorbate and especially AFR are involved in scavenging of
ONOO " to NO and thus resupplying NO again to the cell. By
preventing ONOO ™~ formation, ascorbate serves as a modu-
lator of mitochondrial apoptotic signalling, in a similar
fashion to glutathione (Hancock et al., 2001). It is known
that NO prevents release of cytochrome c¢ while ONOO
enhances it (Brown and Borutaite, 2001). Ascorbate is there-
fore expected to act intracellularly as a major peroxynitrite
antagonist (Kirsch and de Groot, 2000). O, , but only in the
high millimolar range, can also be scavenged by ascorbate
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(Jackson et al., 1998) Furthermore the reaction with NO is
1000 times faster (Scarpa et al., 1983). The rate of peroxyni-
trite scavenging reaction catalysed by COX (Sharpe and
Cooper, 1998; Pearce er al., 2002) is slower compared with
that of ascorbate/AFR (Barone et al., 2003). While glutathione
also breaks down ONOO ", its role is probably predominant in
animal cells since high concentrations of ascorbate in plant
cells allow this compound and its oxidized derivative (AFR)
to be the primary peroxynitrite scavenger.

Ascorbate is synthesized from galactono-y-lactone by
galactono-vy-lactone dehydrogenase that supplies electrons
directly to cytochrome ¢ (Bartoli et al., 2000). The rate of
this reaction may increase under hypoxia and contribute to
reduction of cytochrome c facilitating reduction of nitrite by
COX. Ascorbate can be recycled from its oxidized forms not
only in the reactions catalysed by the enzymes of the ascor-
bate/glutathione cycle but also via the mitochondrial electron
transport chain (Li et al., 2002). Succinate, accumulating
under hypoxia, can be used for dehydroascorbate reduction
at the level of complex II (Szarka et al., 2007). Ascorbate,
thus, serves two functions relative to nitrogen oxide reactions
in plants: it contributes to the production of NO, and; it
breaks down ONOO . Ascorbate free radical for the latter
function can be formed spontaneously from oxidation of ascor-
bate or from the reaction of oxidized haemproteins that
become available in anoxia. Ascorbate can also participate in
non-enzymatic reduction of nitrite to NO at low pH. This reac-
tion may be physiologically relevant upon hypoxic pH
decrease and especially in aleurone layers of germinating
seeds (Bethke er al., 2004). Dehydroascorbate formed in this
reaction can be recycled via reactions of the ascorbate/gluta-
thione cycle or by the mitochondrial electron transport chain
(Fig. 2).

ANAEROBIC AMINO ACID METABOLISM AND
THE GABA SHUNT

Nitrogen from nitrate accumulates in alanine, GABA, gluta-
mate and other amino acids under anaerobiosis (Reggiani
et al., 1995). Alanine aminotransferase in the cytoplasm
increases 4-fold in anaerobic barley roots and the production
of alanine may be comparable to or even exceed that of
ethanol in some species, without consumption of NADH in
the reaction (Smith and ap Rees, 1979). Nitrite-driven mito-
chondrial metabolism will oxidize glycolytically produced
NADH via mitochondrial external dehydrogenases and shift
glycolytic fermentation of pyruvate to oxidation within the
mitochondria. Pyruvate may be metabolized through reactions
of the TCA cycle but the major product found is alanine, with
the possibility of formation of branched-chain amino acids
such as valine and leucine (Sato et al, 2002), which are
derived from alanine.

Isocitrate dehydrogenase activity is strongly influenced by
the redox state of mitochondrial pyridine nucleotides
(Igamberdiev and Gardestrom, 2003). The limited oxidation
capacity for intramitochondrial NADH under hypoxic
conditions will result in citrate efflux and formation of
2-oxoglutarate in the cytosol. 2-Oxoglutarate is the main pre-
cursor of glutamate, which is formed actively under hypoxic
conditions. Induction of glutamate decarboxylase in hypoxia,
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triggered by elevation of Ca®", leads to active decarboxylation
of glutamate, forming GABA (Shelp er al., 1999). GABA
accumulates at later stages, when metabolism begins to fail,
while alanine is the earlier product (Roberts et al., 1992).
The ability to regulate pH by alanine depends on the source
of the amino group (Greenway and Gibbs, 2003) and the con-
tribution of GABA to pH regulation has been well documented
(Reid et al., 1985). The Hb/NO cycle itself may not contribute
to pH regulation (Libourel et al., 2006); however, it may con-
tribute to pH regulation indirectly via modification of the
redox status of the cell (Igamberdiev and Gardestrom, 2003),
altering isocitrate dehydrogenase activity, eventually affecting
the turnover of glutamate to GABA. Thus, hypoxic accumu-
lation of GABA results from reduced TCA cycle activity
when a high NADH/NAD ratio triggers stimulation of a
bypass of the 2-oxoglutarate dehydrogenase reaction (Shelp
et al., 1999).

GABA can be metabolized not only to succinate via the
GABA shunt, but also can initiate a pathway of secondary
metabolism resulting in formation of glucosides (Liu and
Castelfranco, 1970). There is a possibility of a pathway result-
ing in formation of isosuccinimide-f-glucoside and further
ethyl-B-glucoside in pea seedlings. This pathway may link
GABA to cell wall biosynthesis and reconstruction and to util-
ization of ethanol that is accumulated anaerobically (Liu and
Castelfranco, 1970). It is possible that aerenchyma formation
in hypoxia is linked to cell wall biosynthesis via GABA
metabolism. GABA interferes with ethylene, auxin and Cca’t
signalling pathways by down-regulating the expression of
14-3-3 proteins (Lancien and Roberts, 2006). GABA can func-
tion in concert with ethylene (Reggiani, 2006) which is known
as a regulator of aerenchyma formation probably via interfer-
ence with NO levels and Hb expression (Manac’h-Little
et al., 2005).

GABA can undergo a transamination reaction with
pyruvate, forming alanine and succinic semialdehyde (Shelp
et al., 1999). Glyoxylate can substitute for pyruvate in this
reaction. There have been reports that succinic semialdehyde
dehydrogenase activity prevents ROS formation (Bouché
et al., 2003) and that the conversion of succinic semialdehyde
to gamma-hydroxybutyrate utilizes NADH and, by this, contrib-
utes to redox regulation under hypoxia (Breitkreuz et al., 2003).

Hypoxic metabolism of glycine may be related to the
importance of the glyoxylate pool in redox regulation, as
alanine accumulation has relevance in regulating the pyruvate
pool (Igamberdiev et al., 1991). Proline is a stress amino acid
which can also be accumulated under hypoxia (Reggiani et al.,
1988). It is formed from glutamate and protects cells from the
osmotic stress.

Pathways of nitrogen metabolism under hypoxia are sum-
marized in Fig. 3.

DIFFERENCES IN HYPOXIA TOLERANCE AND
MITOCHONDRIAL FUNCTION

The observed differences in hypoxia tolerance can be
explained in part by differences in mitochondrial plasticity.
Nitrite-dependent ATP synthesis is more stable in rice than
in barley (Stoimenova et al., 2007). This may be connected
with a more efficient system of NO scavenging and
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lower susceptibility of mitochondrial electron transport to
NO poisoning. It is evident that hypoxia tolerance is a
complex process which includes resistance to pH change,
more efficient fermentation, more effective NO scavenging
and more efficient use of nitrite as an alternative electron
acceptor. It also includes avoidance mechanisms such as aer-
enchyma formation and formation of adventitious roots at
the base of shoots (Drew et al., 2000). Mitochondria play a
key role in these processes and preserving mitochondrial func-
tionality is one of major features of hypoxia-tolerant plants
(Vartapetian et al., 2003). There is evidence of intact mito-
chondria remaining until the later stages of programmed cell
death during aerenchyma formation (Evans, 2004).

CONCLUSIONS

Recent evidence suggests it would be worthwhile to re-visit
the role of mitochondria in the adaptation of plant cells to
hypoxia. The generation of NO by mitochondria under
anoxic conditions, the ability to generate ATP from this reac-
tion and the role of class 1 Hbs in maintaining this reaction
provide the background evidence for pursuing this topic.

An important aspect of future work in this area should be the
relationship between the above events and the products of
carbon and amino acid metabolism downstream of pyruvate.
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