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Iron  is a key  element  in  plant  nutrition.  Iron  deficiency  as well  as  iron  overload  results  in  serious  metabolic
disorders  that  affect  photosynthesis,  respiration  and  general  plant  fitness  with  direct  consequences  on
crop production.

More than  25%  of  the  cultivable  land  possesses  low  iron  availability  due  to high  pH  (calcareous  soils).
Plant  biologists  are  challenged  by  this  concern  and  aimed  to find  new  avenues  to ameliorate  plant
responses  and  keep  iron  homeostasis  under  control  even  at wide  range  of  iron  availability  in  various
soils.  For  this  purpose,  detailed  knowledge  of iron  uptake,  transport,  storage  and interactions  with  cel-
rataxin
ron nutrition and metabolism
ron homeostasis
itric oxide
itrosyl iron complexes

lular  compounds  will  help  to  construct  a  more  complete  picture  of its role  as  essential  nutrient.  In this
review,  we  summarize  and  describe  the  recent  findings  involving  four  central  players  involved  in  keeping
cellular iron  homeostasis  in  plants:  nitric  oxide,  ferritin,  frataxin  and  nitrosyl  iron  complexes.  We  attempt
to highlight  the  interactions  among  these  actors  in  different  scenarios  occurring  under  iron  deficiency  or
iron overload,  and  discuss  their  counteracting  and/or  coordinating  actions  leading  to  the  control  of  iron
homeostasis.
. Nitric oxide is involved in plant responses triggered by
ron deficiency

Interveinal chlorosis is the most typical symptom in plants
rowing under iron deficient conditions and it is caused by a reduc-
ion of the pigments and proteins in the photosynthetic apparatus
ith consequent decrease in the photosynthetic rate. Also, the

hlorosis caused by reduced solubility of iron in calcareous soils is
 major agricultural concern, since it is responsible for diminished
rop yields worldwide. Thereby, agronomical and biotechnologi-
al approaches aimed to improve plant iron uptake constitute a
hallenging issue in plant science.

Nitric oxide (NO) is a lipophylic diatomic gas under atmospheric
onditions generated by bacteria, plants and animals. NO has a
mall radius and its neutral charge allows rapid membrane diffu-
ion. NO stability and decay depend on its concentration, the redox
tatus of the system and the concentration of its target molecules.
O entered the chemical hall of fame in 1992, when Science Jour-

al named NO as the molecule of the year, followed by Nobel Price
ward to R.F. Furchgott, L.J. Ignarro, and F. Murad for their research
n NO as signal in the cardiovascular system. In plants, one of the
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© 2011 Elsevier Ireland Ltd. All rights reserved.

first roles attributed to NO was in plant–pathogen interactions [1,2].
After those works, different research groups demonstrated that
NO is involved as a signal in several growth and developmental
processes, as well as in the plant response against biotic and abi-
otic stresses [3,4]. Nonetheless, several crucial questions about NO
biosynthesis in plants are still open [5] which are, however, beyond
the scope of the present work.

Graziano et al. [6] showed for the first time that treatment
with the NO donor sodium nitroprusside (SNP) prevented the
typical interveinal chlorosis in maize plants grown under iron defi-
ciency. The same beneficial effect was observed when iron deficient
maize plants were treated with another NO donor, S-nitroso-N-
acetylpenicillamine (SNAP) or with a gaseous NO-enriched air.
Interestingly, the reversion of the interveinal chlorosis correlates
with significant increases of the chlorophyll content and growing
rate of the NO-treated iron deficient maize plants [6].  NO treat-
ment was  able to rescue normal growth of maize plants supplied
with very low iron concentration in the nutrient solution (10 �M
Fe-EDTA), which would otherwise not survive [6].

It is known since years that iron deficiency profoundly affects
the formation, in the chloroplasts, of the light-harvesting pig-

ments and electron transport chain. Also, electron microscope
studies have shown that iron deficiency markedly reduces the
number of grana and stromal lamellae in chloroplasts [7].  On the
reverse, grana stacking and ultrastructure of mesophyll chloro-

dx.doi.org/10.1016/j.plantsci.2011.04.006
http://www.sciencedirect.com/science/journal/01689452
http://www.elsevier.com/locate/plantsci
mailto:lolama@mdp.edu.ar
dx.doi.org/10.1016/j.plantsci.2011.04.006
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lasts from iron deficient maize plants appeared similar to that of
ontrol plants when treated with NO donor [6].  Also, the transcript
bundance of the RBCL (RuBisCO large subunit) and PSBA (D1 pro-
ein) chloroplast-encoded genes in NO-treated iron deficient maize
lants attained the level observed in plants growing under iron
ufficiency [6].

Treatment with the NO donor SNP was even able to revert inter-
enal chlorosis in two maize mutants yellow stripe1 (ys1) and yellow
tripe3 (ys3) which are defective in iron acquisition mechanisms
hus displaying interveinal chlorosis under iron sufficient condi-
ions [6].  Yellow stripe1-like 15 (YSL15) genes in rice are supposed
o play a crucial role in iron homeostasis during the first stages of
rowth [8].  OsYSL15 has a role in uptake and distribution of iron in
ice plants [9];  osysl15 rice KO mutants show, under iron deficiency,

 more pronounced chlorotic phenotype than control plants but
uch chlorosis could be prevented upon SNP treatment [9].  A key
bservation for understanding the role of NO in the plant responses
riggered by iron deficiency is that the NO donor SNP improves
nternal iron availability and it increases the Labile Iron Pool (LIP)
n sorghum embryonic axes [10] without increasing total iron con-
ent [6,10].  It is known from literature that increased expression
f iron-uptake related genes is not sufficient to confer a noticeable
nhancement of iron content when plants are grown under condi-
ions of iron deprivation, NO might thus resolve iron chlorosis by
ither (i) increasing the availability of endogenous iron or by (ii)
acilitating the delivery of iron for chlorophyll synthesis through
he formation of mononitrosyl iron complexes (MNICs) and dini-
rosyl iron complexes (DNICs). The formation and role of nitrosyl
ron complexes in plant iron metabolism will be deeply discussed
ater.

. Nitric oxide as a signal molecule mediating iron
eficiency responses

As stated above, the effects of the exogenously applied NO
ll suggested that endogenous NO should play indeed a major
ole in the plant responses to counteract iron deficiency. NO is
apidly produced in the root epidermis of tomato plants growing
n iron deficient conditions, indicating that endogenous NO might
e involved in responses to iron deficiency. Experimental evidence
emonstrated that NO increase is required for the expression of
enes associated to iron uptake in roots, the basic helix-loop-helix
ranscription factor LeFER,  the ferric-chelate reductase, LeFRO1, and
he Fe(II) transporter, LeIRT1 [11]. FER is believed to be a tran-
cription factor that positively regulates LeFRO1 and LeIRT1 gene
xpression, both proteins FRO and IRT1 are postulated to function
ogether for iron uptake from the soil [12]. Additional evidence
lso showed that NO treatment resulted ineffective in inducing iron
eficiency responses in the tomato fer mutant, indicating that FER

s necessary to mediate the effect of NO [11].
Recently, it was shown that Cd2+ induces NO production both

n roots and leaves of Arabidopsis, and that NO contributes, in turn,
o the Cd2+-dependent root growth inhibition [13]. In that work, a
orrelation was found between the ability of NO to promote Cd2+

ccumulation and IRT1 up-regulation in roots, suggesting that NO
ontributes to Cd2+ toxicity. It has been also shown that zinc treat-
ent triggered an increase of NO production within several hours

n roots of Solanum nigrum seedlings [14]. This increase in NO con-
entration would be involved in the induction of programmed cell
eath (PCD) in root tips exposed to excess of zinc. PCD would be
 response to long-term zinc toxicity by modulating root system
rchitecture and subsequent adaptation to zinc stress [14]. The
uthors propose a model in which NO contributes to rapid ROS
ccumulation and subsequent PCD in root tips in response to heavy
e 181 (2011) 582– 592 583

metal-induced stresses and in which NO could be an important
regulator of Zn-modulated root system architecture.

More evidences supporting a role for NO regulating iron defi-
ciency responses were provided by Jin et al. [15]. The authors
showed that elevated atmospheric carbon dioxide (CO2) concentra-
tions can enhance plant growth and change their nutrient demands
when plants grown in iron deprivation. In addition, they prove that
NO levels in the roots increase in iron limited plants and these levels
were higher in response to elevated CO2. These results suggest that
the adaptive responses induced by elevated CO2 and iron deficiency
may  be downstream regulated by NO.

NO coordinates many different signalling pathways in a con-
certed way with hormones [3].  Very recent reports highlighted
the close relationships between hormone and NO actions in plant
responses to iron deficiency.

Microarray analysis allowed the identification of several genes
up-regulated by iron deficiency whose induction was  ethylene-
dependent; such genes were named iron deficiency-induced
ethylene-dependent (IDED). The identified IDED genes have key
roles in iron acquisition and homeostasis. Interestingly, GSNO
(nitrosogluthatione, a natural compound that serves as NO precur-
sor and storage in plants) up regulates all the identified iron-related
IDED genes, indicating that the iron-related genes induced by ethy-
lene are also responsive to NO [16].

The interaction between auxin and NO signalling was  investi-
gated in Arabidopsis plants growing under iron deficient conditions
[17]. In the auxin insensitive mutant aux1-7,  NO levels in roots were
only slightly induced by iron deficiency, whereas exogenous NAA
(a permeable auxin analog) application failed to induce additional
NO accumulation and ferric chelate reductase activity in roots of
noa1 and nia1nia2, two mutants with reduced NO synthesis. More-
over neither iron deficiency nor NAA application stimulated the
gene expression of FRO2 and FIT in noa1 or nia1 nia2 mutants.
These results would suggest that during iron deficiency, auxin acts
upstream of NO in regulating the gene expression of FRO2 and FIT
in roots [17].

Overall, the results suggest that NO could be working as a
general signal implicated in the regulation and coordination of
the signalling network leading to physiological, biochemical and
morphological adaptive changes to iron deficient conditions [18].
However, the identity of the molecular NO targets and precise
mechanisms underlying the NO action during regulation of plant
iron deficiency responses are still unknown. The different redox
species of NO (nitrosonium cation, NO+; nitroxyl anion, NO− and
NO radical, NO) exhibit different chemical properties and intercon-
version of these different species can occur, according to the redox
state of their environment. Proteins can be modified by NO through
reactions with different amino acids or prosthetic groups. The main
NO-associated protein modifications in the biological context are
the covalent modifications of cysteine (S-nitrosylation), tyrosine
(tyrosine 3-nitration) residues and NO binding to transition metals
(metal nitrosylation) [3,19].  These post-translational modifications
are probably at the core of the molecular NO-dependent mech-
anisms leading to enhance plant responses to cope against iron
deficiency.

3. Is nitric oxide contributing to compensate redox
modifications generated by imbalance of iron levels?

Interestingly, the NO-mediated reversion of chlorosis in maize

and rice plants was not correlated with an increase in iron con-
centration in the whole plants and, consequently, it was  suggested
that NO effect could be attained by improving the internal iron
availability inside the plants [6,9,20].
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In biological systems iron exists as ferrous(II), ferric(III), and
erryl(IV) states. It is required for a variety of iron-containing pro-
eins, and utilized as catalyst at the active site of enzymes involved
n oxygen metabolism, as well as electron transport. A percent-
ge of cellular iron is sequestered in a poorly or non reactive form
n storage proteins. Indeed, when iron is present in the form of
ow molecular compounds, iron has the potential to act as a pro-
xidant for the formation of reactive oxygen species or act as a
edox signal molecule [21]. However, it has also been reported
hat nicotianamine and phytochelatin prevent Fenton reaction by
equestering iron [22].

The reactions of NO with iron include the direct reaction of
O with metal centers, the interaction with oxocomplexes and

he reaction with high valent metal complexes [23]. The reaction
f NO with transition metals will be further detailed in the sec-
ion ‘Formation of nitrosyl iron compounds’. Even though NO binds
ron-proteins, it is relatively inert to direct one electron reduction
rocesses that can occur under physiological conditions [24], lead-

ng to the formation of NO− (nitroxyl anion). On the other hand,
he oxidised form NO+ (nitrosonium cation) is a key species in the
rocess of nitrosation in which the NO+ group is transferred from

 carrier compound to a nucleophilic center. One important bio-
ogical carrier of NO+ is S-nitrosoglutathione (GSNO). In addition,
itrosyl complexes, for instance SNP, may  be effective nitrosating
gents at physiological pH, particularly towards sulfur centers. Sim-
lar nitrosyl complexes may  be formed intracellularly by reaction
f NO with iron-centers [25].

Once the iron has been taken by roots from the environment,
t is distributed to different organs and tissues, and then the intra-
ellular iron is compartmentalized. Iron must cross several cellular
embranes to reach its final destination. The uptake and transport

f iron in plants require particular processes such as its chelation
r reduction because ferric iron has a very low solubility [26]. An
mportant iron proportion remains insoluble in the apoplast. The
ron reduction to ferrous state is a prerequisite for iron transport
cross the plasma membrane in root cells and the enzyme involved
s a FRO whose activity has been postulated to be pH-regulated
27]. However, it has been also suggested that ROS or high inten-
ity of blue light may  also contribute to the obligatory reduction
f ferric iron prior to uptake [28]. The complex redox chemistry of
O, which is dynamically associated to changes in the redox state,

s hypothesized to provide a general mechanism contributing to
eep cell redox homeostasis [3,29].  In this context, NO could be an
mportant regulator of ferrous iron availability in tissues [20].

It has been demonstrated that diverse environmental stresses
nd iron starvation led to dramatic down regulation in the expres-
ion of the chloroplast iron–sulfur protein Ferredoxin (Fd) [30–32].
ds are ubiquitous [2Fe–2S]-proteins involved in many different
lectron transfer pathways in plants, animals and microorganisms
33]. In a novel biotechnological approach for improving plant fit-
ess under adverse environmental conditions, the physiological
ole of Fd was replaced by expressing an isofunctional protein, a
yanobacterial flavodoxin (Fld) in chloroplasts [31,32].  Fld is absent
n plants but it showed to be able to transfer electrons to Fd-target
roteins. Transgenic tobacco and Arabidopsis lines expressing Fld

n chloroplast but not in cytosol showed a wide-range tolerance
o biotic and abiotic stresses including iron deficient conditions
31,32,34]. Transgenic lines expressing Fld in chloroplast are sig-
ificantly more tolerant to growth in iron limited media avoiding
hlorophyll breakdown and chlorosis. Interestingly, these trans-
enic plants behaviour is reminiscent of those iron deficient plants
reated with NO donors and it could be indicating the similarities

f mechanisms and targets underlying Fld and NO actions. Several
uestions emerge from these observations: (i) has NO a possible
ole in improving activities of the redox-sensitive Calvin–Benson
ycle enzymes? Some key enzymes involved in photosynthesis,
e 181 (2011) 582– 592

including the Calvin–Benson cycle, have been indeed identified as
targets for S-nitrosylation in Arabidopsis [35]. (ii) Are the transgenic
plants expressing Fld producing more NO? (iii) Since Fd donates
electrons for nitrite reductase, is there a possible link between
Fe–Fd and nitrite reductase-dependent NO production?

Several reports demonstrated the NO-mediated effect pre-
venting photo damage and photo inhibition in ROS-exacerbated
situations. The bipyridinium herbicide diquat is responsible for the
photooxidative damage caused by a break in the electron transport
chain in chloroplasts and an increased production of superoxide
(O2

−•) and hydrogen peroxide (H2O2). Under diquat treatment,
potato plants sprayed with the NO donor SNP showed a restored
photosynthetic electron transport rate. In addition, the level of D1
protein was  drastically reduced in membrane fractions of intact
chloroplasts incubated with diquat and rapidly restored to control
levels in presence of NO [36]. Similar antioxidant effect of NO was
reported by Sun et al. [37] in plants growing under iron deficiency.
It was shown that H2O2 and O2

−• generation was  increased in iron
deficient maize leaves but SNP treatment significantly reduced the
ROS level [37]. All these observations point to a possible role of NO
in contributing to adjust the cell redox balance in plant growing
under iron deficient conditions.

4. Nitric oxide is involved in keeping iron excess under
control

Ferritins are iron storage proteins involved in iron homeostasis
of almost all living organisms, from bacteria to mammalian cells,
with the exception of yeast [38–41].

In  eukaryotic cells, ferritins are formed by 24 subunits assem-
bled in a cage like structure in which iron can be stored in safe
and bioavailable form, thanks to their ability to react with Fe(II)
and to induce its oxidation by ferroxidase activity. Ferritins can
release iron upon cellular demand [39]. The reaction of Fe(II) oxi-
dation is followed by nucleation and growth of the mineral iron
core. Plant ferritin core has high phosphate content and is amor-
phous, differently from the human and horse ferritin consisting
of a crystal of ferrihydrite [41]. Another major difference between
mammalian and plant ferritin is that localization of the former is
mainly cytoplasmic [39] whereas the latter is mainly chloroplastic.
Furthermore, ferritin can be also localized in mitochondria of both
cell types [42–46].

Arabidopsis thaliana possesses 4 ferritin isoforms, AtFer1-4
whose expression is environmentally and developmentally regu-
lated [40,45–52].  Beside iron excess, different oxidative conditions
(ozone, photoinhibition, wounding) can induce plant ferritin
expression due to the necessity to keep Fenton reaction under con-
trol when ROS production increases [48,49]. Indeed, it has been
recently demonstrated that the major role of Arabidopsis ferritin is
not to function as iron reservoir but to limit oxidative damage by
protecting against free iron toxicity [51].

The interplay between ferritin metabolism, ROS and NO pro-
duction was  known to occur in mammalian cells since years [53].
In plants, evidence of the involvement of NO in the regulation of
ferritin was first demonstrated by Murgia et al. [54]. In that work, it
was  demonstrated that the NO donor SNP mimicked iron excess in
the induction of AtFer1 expression. The NO-mediated induction of
ferritin is dose dependent and active even when iron is sequestered
by different iron-chelating agents, suggesting that NO acts down-
stream of iron in the induction of AtFer1 expression [54]. Such
evidence was reinforced by the observation that AtFer1 expres-

sion is inhibited by the NO scavenger cPTIO, even under conditions
of iron excess [54]. Nitric oxide acts on AtFer1 promoter through
the IDRS sequence (Iron Dependent Regulatory Sequence), a 15 bp
stretch responsible for repression of AtFer1 expression under con-
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itions of iron deficiency [54,55]. A transcription factor (TF) stably
nteracts with IDRS and, in conditions of iron deficiency, a still
nidentified proteic repressor binds to such IDRS–TF complex,
hus preventing AtFer1 transcription; on the contrary, in condi-
ions of iron excess, such binding cannot occur and AtFer1 gene can
e therefore transcribed [56]. Challenging hypothesis is that the
hloroplastic NO burst observed few minutes after cell treatment
ith iron excess [56] is responsible for the production of a retro-

rade signal that, in turn, would up-regulate the expression of the
uclear encoded AtFer1 gene through the proteasomal-dependent
egradation of the repressor [40,56].

In mammals, the expression of different genes involved in iron
ptake, storage and export is regulated at the post-transcriptional

evel [57] and it is accomplished through the interactions of iron
esponsive elements (IREs), present in either their 5′-UTR or 3′-UTR
untranslated regions), with iron regulatory proteins (IRPs). Under
ormal iron availability, cytoplasmic aconitase possesses a func-
ional [4Fe–4S] cluster in its catalytic site [58]. However, in iron
eficient cells such aconitase activity goes down because its [Fe–S]
luster is disassembled and the protein thus turns into the mRNA-
inding IRP1, able to bind to IREs. In macrophages, the increase of
RE binding activity and loss of aconitase activity were correlated
nd dependent on NO synthesis [59]. Some aspects of the trans-
ational control of mammalian ferritin through the IRE/IRP system
60,61] are common with the control of AtFer1 expression by NO.
he inhibitory effect of the NO donor SNAP on AtFer1 suggests that
n plants, ferritin regulation is sensitive to the predominant NO
edox form [62], similarly to what observed in mammalian cells
63,64]. Nevertheless, it should be added that the IRE/IRP1 interac-
ion does not operate in plants [65].

It is known that NO can act as signalling molecule in differ-
nt pathways, such as the cGMP dependent one [60,66].  In plants,
he NO dependent regulation of AtFer1 expression seems to be
GMP independent, since the guanylate cyclase inhibitor ODQ
1H-[1,2,4]oxadiazolo-[4,3-a]quinoxalin-1-one) is unable to block
NP-mediated induction of AtFer1 expression and the 8Br-cGMP,
he membrane-permeable analog of cGMP, is unable to potentiate
tFer1 expression (I. Murgia, unpublished observations).

NO is also involved in the regulation of AtFer3 and AtFer4 Ara-
idopsis ferritin isoforms. The NO donor SNP triggers AtFer3 and
tFer4 transcript accumulation but not that of AtFer2 (I. Murgia,
npublished data); GSNO, another NO donor, can also induce AtFer4
xpression [67]; although IDRS-like sequences have been identified
n AtFer3-4 promoters, their functionality has not been established
et [40] suggesting that NO might regulate expression of the other
rabidopsis ferritin isoforms differently from what observed for
tFer1.

. Frataxin-nitric oxide crosstalk further contributes to
eep cellular iron homeostasis and compartmentalization

Mitochondria from eukaryotic cells are an essential and dynamic
omponent of cellular metabolism [68,69]. Iron plays a crucial role
n mitochondrial biochemistry. Several enzymatic activities and
he function of mitochondrial, as well as of chloroplastic electron
ransport chains depend on the availability of iron.

Frataxin is a mitochondrial protein highly conserved in mam-
als, yeast, bacteria and plants. This strongly suggests that frataxin

s an essential protein that could play similar roles in many unre-
ated organisms. In humans, mutations in the frataxin gene are
esponsible for the cardio-neuro degenerative disease Friedreich’s

taxia [70]. Several functions have been proposed for frataxin
ncluding iron homeostasis [70,71],  Fe–S cluster assembly [72–74],
egulation of respiration and oxidative phosphorylation [75,76],
ontrol of antioxidant defences [77] and iron chaperone modulat-
e 181 (2011) 582– 592 585

ing mitochondrial aconitase activity [78], among others. In many
organisms, frataxin deficiency is associated with iron accumulation
in mitochondria and oxidative stress [79]. Iron-overload triggers
oxidative stress and iron detoxification seems to be an important
function of frataxin relevant in anti-oxidant defence. In that sense,
frataxin deficiency has been shown to increase the sensitivity of
yeast cells to oxidative stress [79,80].

Frataxin-like genes are present in all plant genomes investi-
gated so far [81]; in Arabidopsis, a single gene AtFH homologous to
human frataxin has been identified [82], which is able to comple-
ment null mutant frataxin yeast (�yfh).  Arabidopsis AtFH frataxin
can rescue frataxin-deficient RNAi Trypanosoma brucei cells restor-
ing activities of Fe–S proteins [83] strongly indicating functional
similarities of frataxin in several organisms. Two  frataxin knock-
outs and one knock-down T-DNA insertional mutants have been
recently analysed in Arabidopsis. The knock-out mutants (atfh-
2 and atfh-3)  are embryo lethal, indicating an essential role of
frataxin at this early stage of development [84,85]. The knock-
down mutant (atfh-1)  plant has reduced levels of frataxin mRNA
and protein. In this mutant, the activity of two  mitochondrial Fe–S
containing enzymes, aconitase and succinate dehydrogenase, is
reduced whereas malate dehydrogenase which does not contain
Fe–S moiety remains almost unaltered, indicating a role of frataxin
in Fe–S cluster assembly and/or insertion [84]. These results indi-
cate that frataxin is an essential protein in plants, required for full
activity of mitochondrial Fe–S proteins. Frataxin deficiency causes
iron accumulation in root cells which seems to be concentrated
in mitochondria and plastids [67]. Since the expression of AtFer4
is increased in atfh-1 roots, it was  hypothesized that iron could
be also accumulated in plastids of frataxin mutant [67]. Further-
more, a strong decrease in cytoplasmic iron level was  observed
in atfh-1 root cells compared to the wild type by using the iron
sensitive fluorescent probe calcein (Zabaleta et al., unpublished
data). Calcein reacts with the chelatable iron pool upon internal-
ization to the cytoplasm [86]. This may  be suggesting that frataxin
strongly influences the subcellular iron compartmentalization and
that iron accumulation in specific organelles seems to be most likely
at the expense of cytoplasmic iron. Since cytoplasmic Fe–S clus-
ter containing proteins depend on cluster synthesis or assembly
in mitochondria [87], iron is apparently not efficiently exported
back to the cytoplasm in frataxin deficient atfh-1 mutant causing
cytoplasmic iron depletion. Consistent with this idea, STA-1/ATM3
gene coding for an ABC transporter possibly implicated in Fe–S clus-
ters exportation from mitochondria and whose product is located
at the mitochondrial inner membrane, is down-regulated in atfh-1
roots [88,89] [Zabaleta et al., unpublished data]. Thus, frataxin defi-
ciency affects mitochondrial Fe–S cluster assembly and trafficking
and contributes to the iron accumulation inside the organelle. Since
plastids appear not to have an Fe exportation system like mitochon-
dria [89], all Fe–S clusters of cytoplasmic proteins would depend
on mitochondrial supply. It remains to be determined if the pre-
dicted lower Fe–S exportation from the mitochondria and the lower
cytosolic iron concentrations in atfh-1 plants result in diminished
activities of cytosolic enzymes containing Fe–S clusters.

The excess of iron inside mitochondria and plastids triggers
oxidative stress [67] in many organisms. As mentioned above,
excess of free iron produces hydroxyl radicals (•OH)  via the Fen-
ton’s reaction [90]. Indeed, it was reported that frataxin-deficient
plants exhibit increased ROS formation and induction of detoxify-
ing enzymes involved in oxidative stress response indicating that
atfh-1 plants are under oxidative stress [84]. The abnormally high
iron content and ROS production in mitochondria occur in par-

allel to an increase of NO production in both, frataxin-deficient
plants and yeast [67]. This increased NO production has shown to
be essential to maintain low levels of oxidative damage in root cells
[67]. As was  already stated, it has been shown that accumulation of
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O may  protect from oxidative stress by two ways: (i) directly by
cavenging O2

−• [91] and, (ii) indirectly by NO-mediated induction
f ferritin genes (AtFer1 and AtFer4)  [54,67]. Thus, NO positively
ontributes to diminish free iron levels within the organelles and
ontrols ROS formation with consequent protection from oxida-
ive stress and cell death. It was then suggested [67] that high
O production in atfh-1 plants might be part of the response to
xidative stress caused by frataxin deficiency-mediated altered cel-
ular iron compartmentalization. Peroxinitrite (ONOO−) is rapidly
ormed after the reaction between O2

−• and NO, and could be also
esponsible of the inhibition of aconitase activity by disrupting its
e–S cluster.

Frataxin-deficient Arabidopsis plants exhibit a hairy root phe-
otype when grown under normal conditions, similar to what
bserved in wild type roots grown under iron-deficiency [67]. This
henotype, together with the high NO production in atfh-1 plants,

s consistent with the hairy root phenotype associated with NO
ccumulation observed in wild type roots exposed to iron defi-
iency [11]. Furthermore, the increased number of root hairs in
tfh-1 is abolished by the NO scavenger cPTIO. However, the NO-
ependent up-regulation of FIT,  IRT1 and FRO2 expression normally
bserved in both tomato [11] and Arabidopsis roots ([16], Ramirez
t al., unpublished) exposed to iron deficiency was  not observed
n atfh-1 plants but, instead, a slight reduction of IRT1 and FRO2
xpression as well as of the enzymatic activity of FRO was  observed
67]. Another important difference between atfh-1 and wt plants
as found in plants growing on iron-deficient medium. While atfh-

 mutant plants grow green and healthy, extensive chlorosis is
lways seen in wt plants [Zabaleta et al., unpublished data]. Even if
O-mediated responses seem to be dependent on iron concentra-

ion and compartmentalization, further experiments are necessary
o explain these differences.

Chloroplasts contain a membrane permease involved in trans-
ort of iron and copper termed PIC1 (Permease In Chloroplasts1)
92]. The pic1 KO mutant grows only heterotrophically and is char-
cterized by a chlorotic and dwarfish phenotype reminiscent of
ron-deficient plants. Additionally, AtFer1 and AtFer4 transcripts are
ccumulated in pic1 mutant as well as transcripts of stress-related
enes indicating an impaired metal homeostasis at the cellular
evel. Roots from pic1 mutant are smaller than in wild-type plants
howing a down-regulation of IRT1 transcript. Thus, pic1 phenotype
s somehow similar to atfh-1 phenotype. It would be interesting to
valuate the NO levels as well as to analyse the subcellular iron dis-
ribution and content in pic1 plants. Such experiments, however,
eem not to be straightforward due to the difficulties encountered
n isolating intact chloroplast from pic1 plants [92].

Mitochondria and plastids possess their own iron–sulfur cluster
ISC) assembly proteins including members of the SUF (sulfur mobi-
ization), the NFU family, ISC system and the corresponding scaffold
roteins [93–97].  Assembly of Fe–S proteins in the eukaryotic cyto-
ol and nuclei requires the assistance of both the mitochondrial ISC
ssembly machinery and a mitochondrial ISC export system [98].
dditionally, maturation of these Fe–S proteins is dependent on the
ssential cytosolic Fe–S-protein assembly (CIA) machinery [99].

The normal green atfh-1 phenotype suggests that mitochon-
rial frataxin deficiency does not affect the chloroplastic Fe–S
ystem although the mitochondrial system is compromised [84].
onversely, mitochondrial Fe–S proteins and respiration were not
ffected in inducible RNAi silenced CpNifS plants (an important
actor for Fe–S cluster synthesis in chloroplasts), suggesting that

itochondrial and chloroplastic Fe–S assembly operate indepen-
ently [100].
Fig. 1 represents a model to explain changes in root cells of the
tfh-1 mutant. While mitochondrial homeostasis is kept through a
oordinated regulation of their components in wild type Arabidop-
is plants (Fig. 1a), frataxin deficiency leads to iron accumulation in
e 181 (2011) 582– 592

mitochondria as well as in plastids and to an increased ROS and NO
production. Part of the observed mitochondrial iron increase could
be due to reduced mitochondrial Fe–S cluster exportation system
(STA1 down-regulation) affecting iron concentration and activity of
the Fe–S containing enzymes in the cytoplasm (Fig. 1b).

In this scenario two  different compartments, one with excess
of iron and consequently increased ROS and NO formation
(organelles) and one with a decrease of iron (cytoplasm) are
produced in atfh-1.  As a result, a contradictory output could
be expected: hairy root in green plants. Evidences indicate that
frataxin and NO seem to be important components to preserve
cellular iron homeostasis in plants through the control of mito-
chondrial, plastidial and cytosolic iron homeostasis.

6. Nitric oxide, labile iron and nitrosyl iron complexes in
plants: detection of MNICs and DNICs

As stated, NO has a central role in iron homeostasis in plants.
Beyond the regulation of genes related to iron acquisition [11,16],
a key role for NO in the availability of bioactive iron has been sug-
gested. Since NO donors could revert iron-deficiency symptoms in
maize, rice and tomato, and iron deficiency phenotype in ys1  and
ys3 maize mutants without changes in total iron content [6,11],
these effects have been linked with the formation of low molecu-
lar weight complexes between iron and NO [20]; such complexes
could represent a mechanism for transporting not only iron but also
NO among plant organs [101].

DNICs with thiolate ligands were found first in animal tissues
and yeast cells, and more recently in plants, where they exhibit a
characteristic electron paramagnetic resonance (EPR) signal [102].
Similar to S-nitrosothiols, DNIC formed in living systems repre-
sent NO-stabilizing species. Based on the nature of thiolate ligand,
these complexes could be protein-bound or low-molecular weight
compounds, when including cysteine or glutathione (GSH).

Solutions of S-nitrosocysteine (an S-nitrosothiol) in the pres-
ence of Fe(II)-citrate lead to the formation of MNICs with cysteine
as the thiol ligand. These compounds are paramagnetic and exhibit
a triplet signal when detected by EPR. The ratio between Fe(II)
and S-nitrosothiols concentrations seems to be determinant in the
formation of MNIC or DNIC as dominant species [103]. Even if
DNICs are paramagnetic, the detection by EPR faces two problems:
the high detection limit of this technique and the signal given by
Mn2+ (present in plants, and with paramagnetic properties) which
appeared at the same magnetic field [104].

In plants, detection of DNICs in vivo employing endogenous
iron and thiol-containing ligands was demonstrated in leaves from
China rose (Hibiscus rosa sinensis) after incubation with 10 mM
nitrite [104]. Under these conditions, leaves generated sufficient
NO such that EPR could be used to detect its production using
endogenous iron and thiol ligands.

As stated, iron is an essential mineral but it is also associated
with toxic effects if present in excess. The toxicity of iron is believed
to be originated from the Fenton reaction which proceeds when
peroxide is bound to iron and leads to formation of strong oxi-
dants like hydroxyl radical or an oxoiron(2+) compound. NO reacts
with Fe(II) with high rate constants (105–108 M−1 s−1) which are
higher than the reaction between iron and peroxide. As a result,
NO through the formation of an iron nitrosyl complex can inhibit
the Fenton reaction to a large extent [105].

The concept of the existence of an intracellular transit iron pool,
also named as “labile” or “chelated” or even “free” iron, is employed

to refer the cellular redox-active iron that can participate in the
activation of free-radical generation processes [106].  Such pool is
a small (0.2–3%) proportion of total cellular iron and is called “iron
in transit” because it serves as a dynamic reservoir. Operationally,
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Fig. 1. Model representing the biological function of frataxin in plant iron metabolism. Schematic representation of the iron metabolism in root cells from Arabidopsis wild
type  (a) and afth-1 knockdown mutant (b). Frataxin is a mitochondrial protein supposed to provide iron (red circles) to the synthesis of the mitochondrial heme and in
the  acquisition of Fe–S clusters by mitochondrial aconitase (ACO-1) by means of a Scaffold complex. Basal levels of superoxide dismutase (SOD) and mitochondrial ferritin
maintain normal levels of NO (green circles) and ROS (red star circles). As yet unknown transporter (?) would participate in the importation of iron inside mitochondria;
ATM3/STA1 is probed to be responsible for the exportation of Fe–S clusters to the cytosol (C). The incorporation of Fe–S clusters to the corresponding cytoplasmic apo-proteins
takes  place in the cytosol by means of a CIA complex. Iron is imported from the soil by using the IRT1/FRO2 system. Etioplasts contain their own Fe–S protein synthesis and
SOD  to maintain normal levels of iron, NO and ROS. VIT1 and NRAMP3/4 transporters participate in the movement of iron from the vacuole. Knockdown of frataxin causes
increments of free iron, NO and ROS levels in mitochondria (M)  and etioplasts (E). An as yet unknown retrograde regulation to the nucleus (N) in which NO participates,
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erritin (FER-1 and FER-4) and SOD genes are induced. ATM3/STA1 is reduced and i
e  induced to explain the observed iron increment in organelles. (For interpretation
f  this article.)

t is defined as a cell chelatable iron pool that comprises both ionic
orms of iron (Fe2+ and Fe3+) associated with a heterogeneous pop-
lation of ligands [107].
NO increases the size of the labile iron pool in animal cells
108,109],  as well as in sorghum embryonic axes [10]. In animal
ells NO can act as a chelator, binding iron and inducing its intra-
ellular release from the Fe-storage molecule ferritin [110,111].  A
pposed that the unknown mitochondrial and plastid (PIC1) iron transporters could
e references to color in this figure legend, the reader is referred to the web version

previous work showed that both desferrioxamine (another strong
iron chelator employed to trap iron) and a complex formed by NO,
bound the same free endogenous iron [106].
In rat hepatocytes cell culture, NO was  shown to be involved
in the inhibition of oxidative stress induced by iron or ethanol,
through the reaction with low molecular weight complex of iron to
form nitrosyl-iron complexes unable to promote oxidative stress
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Fig. 2. Mechanism proposed for NO-mediated iron mobilization in plant cells. NO is generated endogenously in cells or diffuses from either other cells or from the external
medium. Once in the cell, NO reacts with thiols (e.g. GSH, the major intracellular thiol) forming nitrosothiols (e.g. GSNO, S-nitrosoglutathione). Nitrosothiols decompose in
the  presence of iron leading to the generation of nitrosyl iron complexes MNICs and DNICs [100]. NO also binds to proteins containing iron (protein nitrosylation). Iron can be
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ound  to physiologically available Fe–chelators as citrate or NA (nicotinamine). The
f  NO–Fe–protein with GSH could lead to the release of iron from proteins as prop
robably through oligopeptide transporters family (OPT). In cells of other tissues, n

112]. In summary, chelation of iron is a central process in iron
omeostasis because it enhances its cellular availability by helping

ts solubilization and it also scavenges iron in a non-Fenton active
orm.

. Formation of nitrosyl iron compounds

One of the most important biological activities of NO is accom-
lished through its reaction with transition metals. The reaction of
O with iron plays a central role in physiology and biochemistry,

ince many regulatory functions of NO are due to its ability to bind
ron within the haem group of proteins.

The interaction between iron, thiols and NO lead to the forma-
ion of DNICs or MNICs with the general formula (RS)2Fe(NO)2 or
RS)2Fe–NO, respectively [103]. In these coordination complexes
he iron atom binds one or two NO molecules, and two thiols (e.g.
SH). Vanin and co-workers proposed a mechanism of nitrosyl-iron
omplex formation through the decomposition of S-nitrosothiol in
he presence of iron [103]. Recently, a pathway leading to the for-

ation of nitrosyl-glutathionyl-iron complex has been proposed in
nimals. That complex is formed through the reaction of NO with a
rotein-bound iron followed by the addition of GSH, resulting in the
elease of iron from the protein and the formation of a GS–Fe–NO

omplex [110].

It is important, however, to consider where the iron came from
nd what the physiological consequences of its removal are dur-
ng the formation of nitrosyl-iron compounds. For instance, NO has
n complexes of low molecular weight are part of labile iron pool. The later reaction
in animal cells [106]. Nitrosyl iron complexes could be transported between cells
l iron complexes transported via phloem can release iron and NO.

been reported to release iron from proteins such as aconitase and
respiration complexes I and II in mitochondria [113].  Evidence has
also shown that the chelatable iron pool, in addition to protein-
bound iron, may  be the source of iron incorporated into DNICs and
MNICs. In fact, EPR measurements of the chelatable iron pool using
desferrioxamine show quantitative conversion of chelatable iron
pool into DNIC after exposure to NO [114,115].  The conversion of
the labile iron pool into stable DNIC mediated by NO, lead to a sat-
uration of the metal coordination sphere and prevents its ability to
reduce H2O2 through the Fenton reaction.

8. Transport of nitrosyl iron complexes

Iron is highly reactive and in the cells exists as stable complexes
with organic ligands or inorganic phosphate. The information
about the nature of the different Fe-ligand species in different
cell compartments is scarce. Circulation of iron throughout the
plant and distribution to tissues and organelles relies on trans-
membrane transporters whose nature is probably associated to
the type of the iron complex to be transported. Yellow-stripe-
like (YSL) transporters belong to the oligopeptide transporters
(OPT) family and mediate long-distance transport of iron within
the plant. It has been strongly suggested a role for YSL in the

transport of iron-nicotianamine complex [116]. OPT  family is a
relatively poorly characterized family of proteins involved in the
transport of tri-, tetra-, penta- and hexapeptides as well as amino
acids-derived compounds found in archebacteria, bacteria, fungi
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Fig. 3. Schematic model highlighting NO interactions in plant cells stressed by disruption in iron availability. Once plant cells sense disruption of iron availability, a hormone-
mediated response is triggered. Different counterbalance responses involving NO, GSH, ferritin, frataxin and nitrosyl iron complexes, i.e. mononitrosyl iron complexes (MNIC)
a nounc
a orter; 

a
p
O
p
[
p
i
w
i
w

c
(
[
i
s
i
m
t
r
c
t
a
a
l
s
m
m
l

t
a
c

nd  dinitrosyl iron complexes (DNIC) are operating in coordination to moderate pro
daptations. FER, transcription factor; FRO, iron-chelate reductase; IRT, iron transp

nd plants. In yeast, OPTs mediate the transport of the modified
eptide GSH (�-Glu-Cys-Gly) [117]. In Arabidopsis, the member of
PT family AtOPT3 plays a critical role in maintenance of whole-
lant iron homeostasis and iron nutrition of developing seeds
118]. AtOPT3 might mediate the distribution of peptides/modified
eptides-Fe chelator or Fe–chelator complexes that could be crit-

cal for long-distance signalling of whole-plant iron status. It
ould be interesting to study the involvement of the OPT family,

ncluding YSL, in the transport of small iron-nitrosyl complexed
ith GSH.

On the other hand, it was demonstrated the role of the GSH-
onjugate transporter multidrug resistance-associated protein 1
MRP1) in NO-mediated iron efflux in tumor mammalian cells
119]. MRP1 is a member of the ATP-binding cassette (ABC) fam-
ly. In plants, ATP-binding cassette (ABC) proteins constitute a large
uperfamily that encodes membrane-bound proteins which partic-
pate directly in the transport of a wide range of molecules across

embranes [120]. It has been suggested that GSH participates in
he export of the iron from mammalian cells by either acting as a
educing agent or by completing the coordination shell of a Fe–NO
omplex [110]. This complex (GSH–Fe–NO) may  be released from
he cells by an active process through a transporter identified as

 multi-drug resistance-associated protein 1 (MRP1) [110]. The
uthors have suggested a NO-mediated iron release from endothe-
ial cells in the form of nitrosyl-iron complex, which could reach
mooth muscle cells where NO exerts its biological action. In ani-
al  tissues it has been also shown that DNIC-(GSH) has excellent
embrane permeability and has a relatively high affinity for the

iver and kidney where it can donate iron [121].

As the OPT family members, it would be interesting to analyze

he presence of MRP1 homologous in the plant ABC superfamily
nd test their functional homology in transporting nitrosyl iron
omplexes. Fig. 2 describes the interaction of cellular components
ed imbalances in redox changes and to modulate gene expression and physiological
→,  induction; �, repression; ↔,  interaction.

involved in nitrosyl iron complexes formation, their putative cel-
lular transporters and their role to support iron and NO delivery in
a safe form.

9. Biological functions of nitrosyl iron complex

The biological relevance of nitrosyl iron complexes may  be
awarded the ability to act as NO stabilizing compounds in which
nitrosonium ions present in DNIC confer them high nitrosylating
activity, e.g., the ability to induce S-nitrosylation of thiols [102]. In
parallel, nitrosyl iron complexes represent a way  to transport iron
in a safe form. Additionally, DNICs with thiol ligands were shown to
be able to activate soluble guanylate cyclase (sGC) [122],  a typical
NO-mediated signalling process.

In animals, the formation of protein-bound DNIC species has
been shown to be present in inflammatory responses in various
cells/tissues. However, both the subcellular localization and the
origin of NO-reactive nonheme iron that is incorporated into DNIC
have not been elucidated precisely. The role of DNIC in NO-related
apoptosis is also controversial. The generation of DNIC was asso-
ciated with cell death [123]; however, the formation of DNICs
could be an intermediate of S-nitrosation-dependent inhibition of
caspases-3 [124], thus explaining the protective role of intracellu-
lar free iron against NO-induced apoptosis. It has been postulated
that low-molecular DNIC with thiolate ligands and low-molecular
S-nitrosothiols are mutually interconvertible and form a self regu-
latory system in the presence of NO and thiols [102].

The nitrosylated iron pool could be sufficiently high that they

may  represent a biological strategy for maintaining bioavailable
iron levels compatible with cell requirements even under iron star-
vation, thus explaining the previously observed effect of NO in
preventing iron deficiency symptoms [6,104].
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0. Concluding remarks—perspectives

Even if considerable advances have been attained on the role of
ovel cellular components like NO and frataxin to understand plant

ron nutrition, metabolism and homeostasis in the last decade, our
nowledge on their coordinating actions with ferritin, free iron sta-
us and redox control is still scarce and remains preliminary in
omparison with the state of the art in animal systems.

Researches are aimed to go deep in studying how iron moves
nd its traffic is regulated between different cellular compart-
ents to counteract iron excess or deficiency, and how iron is

nterchangeable between iron-containing proteins including iron-
torage proteins like ferritin and low molecular iron-containing
ompounds. The molecular mechanisms implicated in iron trans-
ortation between cells and tissues and its delivery are also
equiring attention. Developing novel strategies to understand
ll these important topics remain a big challenge to face iron-
enerated disruptive conditions in plant cell homeostasis.

Interesting questions could serve as a guide to focus and
obilize efforts on critical aspects of plant iron nutrition and
etabolism.

. Could the biological functions of iron as an active redox form
be replaced by another metal, or even by NO, taking into con-
sideration the three redox forms NO, NO− and NO+ that can
be interconverted between them? If this occurs physiologically,
then plants with higher NO production would need less iron
requirements.

. Is the frataxin deficiency-mediated disruption of iron homeosta-
sis indicating that [Fe–S] formation and correct assemble in cell
proteins is an essential step that determines cell iron distribution
and compartmentalization?

. How ferritin and iron nitrosyl complexes interact at the molec-
ular level to modulate with a fine tuned control the size of labile
iron pool and allow a rapid and dynamic iron availability for basic
cellular reactions?

. Are MNICs and DNICs differentially influencing the physiology of
the plant? Is any enzymatic activity involved in the biosynthesis
and degradation of DNICs in plants?

Fig. 3 proposes a model that describes the cellular compo-
ents operating to preserve iron homeostasis under disruptive-
enerating conditions. It is postulated that a permanent counter-
alance results from the coordinated and synchronized interaction
etween NO generation systems, nitrosyl iron complexes formation
nd redox control.

This is an exciting time for plant biologists since novel
harmacological, molecular and genetic approaches will help to
nderstand the network of interactions operating in plant adap-
ive physiological responses to the consequences of a changing
nvironment.
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