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Answers to Reviewers’ comments 

 

The comments made by reviewers are in bold and the authors‟ answers in normal. 

 

Reviewer #1:  

 

1) Section "Is nitric oxide correcting the redox imbalance generated by iron deficiency?" 

 

- Page 5, last sentence of the first paragraph: this sentence is not clear. Do the authors mean 

"However, when present in the form of low molecular compounds, iron has the potential." ? 

Yes, the sentence has been corrected as follows:  “Indeed, when iron is present in the form of low 

molecular compounds, iron has the potential to act as a pro-oxidant for the formation of reactive 

oxygen species or act as a redox signal molecule [21].” 

 

- Page 5, second paragraph: please specify "like the mammalian guanylate cyclase" as a direct 

regulation of plant guanylate cyclase by NO has not been reported so far. 

OK, we have corrected the sentence. 

 

- Page 6, second paragraph: the authors raise the possibility that NO might improve activities 

of the redox-sensitive Calvin-Benson cycle enzymes. This is an interesting point. Is there any 

evidence that NO S-nitrosylates these enzymes? A sentence clarifying this aspect could be 

informative. 

We added the following sentence in page 6, second paragraph, and the corresponding reference: “In 

fact, some key enzymes involved in photosynthesis, including the Calvin-Benson cycle, have been 

identified as targets for S-nitrosylation in Arabidopsis (  ).” 

Reference: 

Title: Proteomic identification of S-nitrosylated proteins in Arabidopsis 

Author(s): C. Lindermayr, G. Saalbach, J. Durner 

Source: Plant Physiol. Volume:137 Pages: 921-930 

Published: 2005 

 

2) Section "Nitric oxide is involved in keeping iron excess under control" 

 

- Page 7, third sentence: eukaryotic instead of eukaryotic. OK 

 

- Page 7, fourth paragraph line 11: transcription factor. OK 

 

- Page 8: the IRE/IRP system is well known from scientists working in the iron field of 

research. However, this might not be true for scientists working on other topics. Please add one 

or two sentences explaining the IRE/IRP system (please note that plant aconitase is inhibited 

by NO). 

To clarify this point, the following sentences were added with the corresponding references: “In 

mammals, the expression of genes involved in iron uptake, storage and export is regulated at the 

post-transcriptional level, representing the main regulatory network controlling iron homeostasis 

(Recalcati et al, 2010). It is accomplished through the interactions of iron responsive elements 

(IREs) contained in untranslated regions of mRNAs with iron regulatory proteins (IRPs). Under 

normal iron availability, aconitase converts citrate to isocitrate in the tricarboxylic acid cycle by a 

catalytic [4Fe-4S] cluster present in the protein (Beinert and Kennedy, 1993). However, in iron 

deficient cells the aconitase activity goes down because its [Fe-S] cluster is disassembled and then, it 

functions as IRP1, an RNA-binding protein. In macrophages, the increase of IRE binding activity 

and loss of aconitase activity were correlated and dependent on NO synthesis (Drapier et al, 1993). 

Some aspects of the translational control of mammalian ferritin through the IRE/IRP system [60,61] 

are common with the control of AtFer1 expression by NO.” 

*Response to Reviewers



 

The following references were added: 

 

Title: Iron regulatory proteins: from molecular mechanisms to drug development  

Author(s): S. Recalcati, G. Minotti, G. Cairo 

Source: Antioxid. Redox Signal. Volume:13 Pages:1593-1616 

Published: 2010 

 

Title: Aconitase, a two-faced protein: Enzyme and iron regulatory factor 

Author(s): H. Beinert, M.C. Kennedy 

Source: FASEB J. Volume: 7 Pages: 1442-1449 

Published: 1993 

 

Title: Biosynthesis of nitric oxide activates iron regulatory factor in macrophages  

Author(s): J.C. Drapier, H. Hirling, J. Wietzerbin, P. Kaldy, L.C. Kühn 

Source: EMBO J. Volume: 12 Pages: 3643-3649 

Published: 1993 

 

3) Section "Frataxin-nitric oxide crosstalk further contributes to keep cellular iron homeosatasis and 

compartmentalization. Role of iron and frataxin in mitochondria. 

 

- Regarding the title, it is not necessary to specify "Role of iron and frataxin in mitochondria". 
OK. 

 

- Page 10, second paragraph, line 10 (also page 13, fourth paragraph line 5): please specify 

which peroxide is concerned (superoxide anion?). Also, line 15, superoxide should be written as 

indicated page 6 (the single electron is missing). OK 

 

- Page 11, end of the first paragraph: please remove the semicolon. OK 

 

4) Section "Nitric oxide, labile iron and nitrosyl iron complexes in plants. Detection of MNICs and 

DNIC" 

 

- Page 13: it is not necessary to redefine DNICs and MNICs as both terms have been specified 

page 3 (first paragraph). OK 

 

5) Section "Formation of nitrosyl iron compounds" 

 

- There is a little redundancy between paragraph 2 /3 page 5 (section "Is nitric oxide..") and 

this section. Is it possible to simplify the information provided page 5 by adding a sentence 

specifying that the reaction of NO with transition metals will be further detailed in another 

section of the manuscript? We added the following sentence: “The reaction of NO with transition 

metals will be further detailed in the section „Formation of nitrosyl iron compounds‟. 

 

- Page 14, third paragraph, line 2: "For instance, NO has been .": please add a reference. OK, 

we added the reference: 

Title: Nitric Oxide: Pathophysiological Mechanisms  

Author(s):  S. S. Gross, and M. S. Wolin  

Source: Annual Review of Physiology Volume: 57 Pages: 737-769 

Published: 1995 

                     

Minor comment: 

Please insert the legend of the figures after the references section. OK 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Recalcati%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Minotti%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cairo%20G%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Antioxid%20Redox%20Signal.');


 

 

Reviewer #2: 

 

-I strongly recommend that the authors check English in this manuscript. OK 

 

*        Page 3: the sentence in relation with the publication (13) is not clear. The authors should 

re-write this sentence by explaining why NO inhibits root growth in Cd2+ treated plants. I do 

not understand why the up-regulation of IRT1 and FRO2 via NO results in root growth 

inhibition? In addition, the authors copied the exact words that are present in the reference 

(13). We changed the sentences as follows: “Recently, it was shown that Cd
2+

 induces NO 

production both in roots and leaves of Arabidopsis, and that NO contributes, in turn, to the 

Cd
2+

-dependent root growth inhibition [13]. In that work, a correlation was found between the ability 

of NO to promote Cd
2+ 

accumulation and IRT1 up-regulation in roots, suggesting that NO 

contributes to Cd
2+ 

toxicity”  

 

*        Page 5: line 14 : low molecular iron complexes can also prevent the oxidative damage : 

for example : nicotianamine and phytochelatin prevent Fenton reactions by sequestrating iron.  

The authors should add a sentence to cite this type of molecules. OK. We added a sentence with 

the corresponding reference as suggested: “However, it has also been reported that nicotianamine 

and phytochelatin prevent Fenton reaction by sequestering iron ( ).” 

 

Ref: Title: Recent insights into antioxidant defenses of legume root nodules 

Author(s): Becana M, Matamoros MA, Udvardi M, et al. 

Source: New Phytologist Volume: 188   Issue: 4   Pages: 960-976   

Published: 2010 

 

*        Page 5-6: the section "Is nitric oxide correcting..." Is not focusing on the role of NO in 

the modulation of redox imbalance generated by iron deficiency, with the exception of the last 

paragraph. Authors should shorten this section or explain more precisely the link between 

redox imbalance under iron deficiency and NO. Alternatively, the title of the section could be 

enlarged to the redox modifications caused by NO. We modified the tile of the section as: “Is 

nitric oxide contributing to compensate redox modifications generated by iron levels imbalance?”  

 

*        Page 5-6: In the last sentence page 5 "The iron reduction to ferrous." is not clear to what 

organ the authors are referring (root? Leaf?). Why is the FRO activity postulated to be pH 

sensitive? Was it never checked experimentally? It was corrected. We changed the sentence as 

follows: “The iron reduction to ferrous state is a prerequisite for iron transport across the plasma 

membrane in root cells and the enzyme involved is a FRO whose activity has been postulated to be 

pH-regulated (Susin et al, 1996).” 

 

We deleted the reference Cohen et al. (1998)] and included the reference Susin et al. (1996). 

 

Deleted:  

The role of iron-deficiency stress responses in stimulating heavy-metal transport in plants 

Author(s): C.K. Cohen, T.C. Fox, D.F. Garvin, L.V. Kochian 

Source: Plant Physiol. Volume: 116 Pages: 1063-1072 

Published: 1998 

 

Included:  

The pH requirement for in vivo activity of the iron-deficiency-induced “turbo” ferric chelate 

reductase (a comparison of the iron-deficiency-induced iron reductase activities of intact plants and 

isolated plasma membrane fractions in sugar beet) 



Author(s): S. Susin, A. Abadia, J.A. González-Reyes, J.J. Lucena, J. Abadia 

Source: Plant Physiol. Volume: 110 Pages: 111-123 

Published: 1996 

 

 

*        Page 8: I would suggest to insert this figure at the end because it is using all the elements 

described in the review. Therefore the paragraph starting page 8 with "Figure 1 proposes..." 

Could be moved to the end of the review. Alternatively, the authors could refer to this figure in 

different paragraphs without dedicating a specific paragraph, thus they could delete the 

sentence page 8 "Figure 1 proposes.". We agree with the reviewer comment. We inserted the 

Figure 1 at the end of the review and it was renamed figure 3. 

 

*        Figure 1 : disruption of iron" homeostasis" is not the adequate term. I would suggest 

"disruption of iron availability" or "disruption of iron distribution". The term "homeostasis" 

should be used carefully in the Figure 1 legend as well. OK, we changed the term homeostasis by 

availability. 

 

*        Page 9: T. brucei shoud be Trypanosoma brucei. OK 

 

*        Page 9: in reference (62) there is only a suggestion about increased chloroplastic iron 

through FER4 and FER1 increased expression in atfh mutant. The authors cannot state this 

information as such. In contrast, in reference (62) it is clear that iron is accumulating in atfh 

mutant mitochondria. We added the following sentence to clearly state that the mention to iron 

status in plastid of atfh-1 is a hypothesis: “Since the expression of Fer4 is increased in atfh-1 roots, it 

was hypothesized that iron could be also accumulated in plastids of frataxin mutant [62].” 

 

*        Page 11 : the paragraph about pic1 does not seem very relevent to me or it has to be re-

written because it is not clear. For example: "complementary" should be "similar" I guess. In 

addition, there is no evidence that pic1 mutant accumulate more iron in the plast therefore the 

sentence "This could imply that hair root...requires iron deprivation in both organelles and 

cytoplasm is not relevant". We agree, we modified this paragraph as follow: “Thus, pic-1 

phenotype is somehow similar to atfh-1 phenotype. It would be interesting to evaluate the NO levels 

as well as to analyse the subcellular iron distribution and content in pic1 plants. This would allow 

challenging the hypothesis that hairy root phenotype appears only under iron deprivation in the 

cytosol but IRT1 induction depends on iron deprivation in both the organelles and cytosol.” 

 

*        Page 11 line , the reference (16) should be added in addition to L. Ramirez et al 

unpublished. OK 

 

*        Page 11, line 4: the enzymatic activity of IRT1 was not measured, only FRO activity can 

be measured. OK, we changed the sentences as: “However, the NO-dependent up-regulation of FIT, 

IRT1 and FRO2 expression normally observed in both tomato [11] and Arabidopsis [L. Ramirez et 

al. unpublished,16] roots exposed to iron deficiency was not observed in atfh-1 plants but, instead, a 

slightly reduction of IRT1 and FRO2 expression as well as of the enzymatic activity of FRO was 

observed [67]” 

 

*        Page 15 : Why did the authors talk about opt3 and not about YSL transporters as 

potential iron-nitrosyl transporters? Is there a reason for that? The section “Transport of 

nitrosyl iron complexes” has been modified adding the following fragments and the corresponding 

references: “It has been strongly suggested a role for YSL in the transport of iron-nicotianamine 

complex (Curie et al, 2008).” 

“On the other hand, it was demonstrated the role of the GSH-conjugate transporter multidrug 

resistance-associated protein 1 (MRP1) in NO-mediated iron efflux in tumor mammalian cells 



(Watts et al, 2006) hypothesising that a GS–Fe–NO complex was transported. MRP1 is a member of 

the ATP-binding cassette (ABC) family. In plants, ATP-binding cassette (ABC) proteins constitute a 

large superfamily that encodes membrane-bound proteins which participate directly in the transport 

of a wide range of molecules across membranes (Verrier et al, 2008). “ 

“As the OPT family members, it would be interesting to analyze the presence of MRP1 

homologous in the plant ABC superfamily and test their functional homology in transporting nitrosyl 

iron complexes.”  

 

Title: Metal movement within the plant: contribution of nicotianamine and yellow stripe 1-like 

transporters  

Author(s): C. Curie, G. Cassin, D. Couch, F. Divol, K. Higuchi, M. Le Jean, J. Misson, A. Schikora, 

P. Czernic, S. Mari 

Source: Ann. Bot. Volume: 103 Pages: 1-11 

Published: 2008 

  

Title: Nitrogen monoxide (NO)-mediated iron release from cells is linked to NO-induced glutathione 

efflux via multidrug resistance-associated protein 1 

Author(s): R.N. Watts, C. Hawkins, P. Ponka, D.R. Richardson 

Source: Proc. Natl. Acad. Sci. USA. Volume: 103 Pages: 7670-7675 

Published: 2006 

 

Title: Plant ABC proteins--a unified nomenclature and updated inventory 

Author(s): P.J. Verrier, D. Bird, B. Burla, E. Dassa, C. Forestier, M. Geisler, M. Klein, U. 

Kolukisaoglu, Y. Lee, E. Martinoia, A. Murphy, P.A. Rea, L. Samuels, B. Schulz, E.J. Spalding, K. 

Yazaki, F.L. Theodoulou 

Source: Trends Plant Sci. Volume: 13 Pages: 151-159 

Published: 2008 

 

 

*        Is there a physiological difference between DNIC and MNIC? It could be 

interesting to add a sentence about this because we don't see the difference in the manuscript. 

In addition, most data reported about DNIC biosynthesis and function come from animal field. 

Some suggestions are missing to guide the research in plants in order to investigate the role 

and biosynthesis of DNIC in plants. We added a sentence in page 16 to clarify this point: “4.- 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?” 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Curie%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cassin%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Couch%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Divol%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Higuchi%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Le%20Jean%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Misson%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schikora%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Czernic%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mari%20S%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Ann%20Bot.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Watts%20RN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hawkins%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ponka%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Richardson%20DR%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Proc%20Natl%20Acad%20Sci%20U%20S%20A.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Verrier%20PJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bird%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Burla%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dassa%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Forestier%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Geisler%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Klein%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kolukisaoglu%20U%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lee%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Martinoia%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Murphy%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rea%20PA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Samuels%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schulz%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Spalding%20EJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yazaki%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Theodoulou%20FL%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Trends%20Plant%20Sci.');


 1 

NITRIC OXIDE, NITROSYL IRON COMPLEXES, FERRITIN AND FRATAXIN: A 
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Summary 

Iron is a key element in plant nutrition. Iron deficiency as well iron overload result 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 cellular 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 the 

different scenarios occurring under iron deficiency or iron overload, and discuss their counteracting 

and/or coordinating actions leading to the control of iron homeostasis. 

 

Keywords: Ferritin, Frataxin, Iron nutrition and metabolism, Iron homeostasis, Nitric oxide, 

Nitrosyl iron complexes. 

 

Nitric oxide is involved in plant responses triggered by iron deficiency 

Interveinal chlorosis is the most typical symptom in plants growing under iron deficient 

conditions and it is caused by a reduction of the pigments and proteins in the photosynthetic 

apparatus with consequent decrease in the photosynthetic rate. Also, the chlorosis caused by 

reduced solubility of iron in calcareous soils is a major agricultural concern, since it is responsible 

for diminished crop yields worldwide. Thereby, agronomical and biotechnological approaches 

aimed to improve plant iron uptake constitute a challenging issue in plant science. 

*Manuscript
Click here to view linked References

http://ees.elsevier.com/psl/viewRCResults.aspx?pdf=1&docID=6634&rev=1&fileID=116688&msid={6C37B94D-5B4F-482A-9D27-8F1D83D135DD}
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Nitric Oxide (NO) is a lipophylic diatomic gas under atmospheric conditions generated by 

bacteria, plants and animals. NO has a small radius and its neutral charge allows rapid membrane 

diffusion. NO stability and decay depend on its concentration, the redox status of the system and the 

concentration of its target molecules. NO entered the chemical hall of fame in 1992, when Science 

Journal named NO as the molecule of the year, followed by Nobel Price award to R F. Furchgott, L 

J. Ignarro, and F. Murad for their research on NO as signal in the cardiovascular system. In plants, 

one of the 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 abiotic 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 

deficiency. 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 

treatment was able to rescue normal growth of maize plants supplied with very low iron 

concentration in the nutrient solution (10 µM 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 pigments 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 

chloroplasts from iron deficient maize plants appeared similar to that of control plants when treated 

with NO donor [6]. Also, the transcript abundance of the RBCL (RuBisCO large subunit) and PSBA 

(D1 protein) chloroplast-encoded genes in NO-treated  iron deficient maize plants attained the level 

observed in plants growing under iron sufficiency [6].  

 Treatment with the NO donor SNP was even able to revert intervenal chlorosis in two 

maize mutants yellow stripe1 (ys1) and yellow stripe3 (ys3) which are defective in iron acquisition 

mechanisms thus displaying interveinal chlorosis under iron sufficient conditions [6]. Yellow 

stripe1-like 15 (YSL15) genes in rice are supposed to play a crucial role in iron homeostasis during 

the first stages of growth [8]. OsYSL15 has a role in uptake and distribution of iron in rice plants 

[9]; osysl15 rice KO mutants show, under iron deficiency, a more pronounced chlorotic phenotype 

than control plants but such chlorosis could be prevented upon SNP treatment [9]. A key 

observation for understanding the role of NO in the plant responses triggered by iron deficiency is 
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that the NO donor SNP improves internal iron availability and it increases the Labile Iron Pool 

(LIP) in sorghum embryonic axes [10] without increasing total iron content [6,10]. It is known from 

literature that increased expression of iron-uptake related genes is not sufficient to confer a 

noticeable enhancement of iron content when plants are grown under conditions of iron deprivation, 

NO might thus resolve iron chlorosis by either (i) increasing the availability of endogenous iron or 

by (ii) facilitating the delivery of iron for chlorophyll synthesis through the formation of 

mononitrosyl iron complexes (MNICs) and dinitrosyl iron complexes (DNICs). The formation and 

role of nitrosyl iron complexes in plant iron metabolism will be deeply discussed later. 

 

Nitric oxide as a signal molecule mediating iron deficiency responses 

  As stated above, the effects of the exogenously applied NO all suggested that endogenous NO 

should play indeed a major role in the plant responses to counteract iron deficiency. NO is rapidly 

produced in the root epidermis of tomato plants growing in iron deficient conditions, indicating that 

endogenous NO might be involved in responses to iron deficiency. Experimental evidence 

demonstrated that NO increase is required for the expression of genes associated to iron uptake in 

roots, the basic helix-loop-helix transcription factor LeFER, the ferric-chelate reductase, LeFRO1, 

and the Fe(II) transporter, LeIRT1 [11].
 
FER is believed to be a transcription factor that positively

 

regulates LeFRO1 and LeIRT1 gene expression, both proteins FRO and IRT1 are postulated to
 

function together for iron uptake from the soil [12]. Additional evidence also showed that NO 

treatment resulted ineffective in inducing iron deficiency responses in the tomato fer mutant, 

indicating that FER is necessary to mediate the effect of NO [11]. 

Recently, it was shown that Cd
2+

 induces NO production both in roots and leaves of 

Arabidopsis, and that NO contributes, in turn, to the Cd
2+

-dependent root growth inhibition [13]. In 

that work, a correlation was found between the ability of NO to promote Cd
2+ 

accumulation and 

IRT1 up-regulation in roots, suggesting that NO contributes to Cd
2+ 

toxicity. It has been also shown 

that zinc treatment triggered an increase of NO production within several hours in roots of Solanum 

nigrum seedlings [14]. This increase of NO concentration would be involved in the induction of 

programmed cell death (PCD) in root tips exposed to excess of zinc. PCD would be a response to 

long-term zinc toxicity by modulating root system architecture and subsequent adaptation to zinc 

stress [14]. The authors propose a model in which NO contributes to rapid ROS accumulation and 

subsequent PCD in root tips in response to heavy 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 deficiency responses were provided by Jin 

et al. [15]. The authors showed that elevated atmospheric carbon dioxide (CO2) concentrations
 
can 

enhance plant growth and change their nutrient demands when plants growth in iron deprivation. In 
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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 concerted 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 

precursor and storage in plants) up regulates all the identified iron-related IDED genes, indicating 

that the iron-related genes induced by ethylene are also responsive to NO [16].  

The interaction between auxin and NO signalling was investigated 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. Moreover 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 

interconversion 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 mechanisms leading to enhance plant 

responses to cope against iron deficiency. 
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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 concentration 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].  

In biological systems iron exists as ferrous (II), ferric (III), and ferryl (IV) states. It is required for a 

variety of iron-containing proteins, and utilized as catalyst at the active site of enzymes involved in 

oxygen metabolism, as well as electron transport. A percentage of cellular iron is sequestered in a 

poorly or non reactive form in storage proteins. Indeed, when iron is present in the form of low 

molecular compounds, iron has the potential to act as a pro-oxidant for the formation of reactive 

oxygen species or act as a redox signal molecule [21]. However, it has also been reported that 

nicotianamine and phytochelatin prevent Fenton reaction by sequestering iron [22]. 

The reactions of NO with iron include the direct reaction of NO with metal centers, the 

interaction with oxocomplexes and the reaction with high valent metal complexes [23]. The reaction 

of NO with transition metals will be further detailed in the section „Formation of nitrosyl iron 

compounds‟. Even though NO binds iron-proteins, it is relatively inert to direct one electron 

reduction processes that can occur under physiological conditions [24], leading to the formation of 

NO
-
 (nitroxyl anion). On the other hand, the oxidised form NO

+
 (nitrosonium cation) is a key 

species in the process of nitrosation in which the NO
+
 group is transferred from a carrier compound 

to a nucleophilic center. One important biological carrier of NO
+
 is S-nitrosoglutathione (GSNO). 

In addition, nitrosyl complexes, for instance SNP, may be effective nitrosating agents at 

physiological pH, particularly towards sulphur centers. Similar nitrosyl complexes may be formed 

intracellularly by reaction of NO with iron-centers [25]. 

Once the iron has been taken by roots from the environment, it is distributed to different organs and 

tissues, and then the intracellular iron is compartmentalized. Iron must cross several cellular 

membranes to reach its final destination. The uptake and transport of iron in plants require 

particular processes such as its chelation or reduction because ferric iron has a very low solubility 

[26]. An important iron proportion remains insoluble in the apoplast. The iron reduction to ferrous 

state is a prerequisite for iron transport across the plasma membrane in root cells and the enzyme 

involved is a FRO whose activity has been postulated to be pH-regulated [27]. However, it has been 

also suggested that ROS or high intensity of blue light may also contribute to the obligatory 

reduction of ferric iron prior to uptake [28]. The complex redox chemistry of NO, which is 

dynamically associated to changes in the redox state, is hypothesized to provide a general 

mechanism contributing to keep cell redox homeostasis [3,29]. In this context, NO could be an 

important regulator of ferrous iron availability in tissues [20]. 
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It has been demonstrated that diverse environmental stresses and iron starvation led to dramatic 

down regulation in the expression of the chloroplast iron-sulfur protein Ferredoxin (Fd) [30-32]. 

Fds are ubiquitous [2Fe-2S]-proteins involved in many different electron transfer pathways in 

plants, animals and microorganisms [33]. In a novel biotechnological approach for improving plant 

fitness under adverse environmental conditions, the physiological role of Fd was replaced by 

expressing an isofunctional protein, a cyanobacterial flavodoxin (Fld) in chloroplasts [31,32]. Fld is 

absent in plants but it showed to be able to transfer electrons to Fd-target proteins. Transgenic 

tobacco and Arabidopsis lines expressing Fld in chloroplast but not in cytosol showed a wide-range 

tolerance to biotic and abiotic stresses including iron deficient conditions [31,32,34]. Transgenic 

lines expressing Fld in chloroplast are significantly more tolerant to growth in iron limited media 

avoiding chlorophyll breakdown and chlorosis. Interestingly, these transgenic plants behaviour is 

reminiscent of those iron deficient plants treated with NO donors and it could be indicating the 

similarities of mechanisms and targets underlying Fld and NO actions. Several questions emerge 

from these observations: (i) Has NO a possible role in improving activities of the redox-sensitive 

Calvin-Benson cycle enzymes? Some key enzymes involved in photosynthesis, 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 preventing 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. 

 

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]. 
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In eukaryotic cells, ferritins are formed by 24 subunits assembled 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) oxidation is followed by nucleation and growth of the mineral iron core. Plant 

ferritin core has high phosphate content and is amorphous, 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 regulated [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 control 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 production 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 downstream of iron in the induction of AtFer1 expression 

[54]. Such evidence was reinforced by the observation that AtFer1 expression 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 conditions of iron deficiency [54,55]. A 

transcription factor (TF) stably interacts with IDRS and, in conditions of iron deficiency, a still 

unidentified proteic repressor binds to such IDRS-TF complex, thus preventing AtFer1 

transcription; on the contrary, in conditions of iron excess, such binding cannot occur and AtFer1 

gene can be therefore transcribed [56]. Challenging hypothesis is that the chloroplastic NO burst 

observed few minutes after cell treatment with iron excess [56] is responsible for the production of 

a retrograde signal that, in turn, would up-regulate the expression of the nuclear encoded AtFer1 

gene through the proteasomal-dependent degradation of the repressor [40, 56].  

In mammals, the expression of different genes involved in iron uptake, storage and export is 

regulated at the post-transcriptional level [57] and it is accomplished through the interactions of iron 

responsive elements (IREs), present in either their 5‟-UTR or 3‟-UTR (untranslated regions), with 
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iron regulatory proteins (IRPs). Under normal iron availability, cytoplasmic aconitase possesses a 

functional [4Fe-4S] cluster in its catalytic site [58]. However, in iron deficient cells such aconitase 

activity goes down because its [Fe-S] cluster is disassembled and the protein thus turns into the 

mRNA-binding IRP1, able to bind to IREs. In macrophages, the increase of IRE binding activity 

and loss of aconitase activity were correlated and dependent on NO synthesis [59]. Some aspects of 

the translational control of mammalian ferritin through the IRE/IRP system [60,61] are common 

with the control of AtFer1 expression by NO. The inhibitory effect of the NO donor SNAP on 

AtFer1 suggests that in plants, ferritin regulation is sensitive to the predominant NO redox form 

[62], similarly to what observed in mammalian cells [63,64]. Nevertheless, it should be added that 

the IRE/IRP1 interaction does not operate in plants [65]. 

It is known that NO can act as signalling molecule in different pathways, such as the cGMP 

dependent one [60,66]. In plants, the NO dependent regulation of AtFer1 expression seems to be 

cGMP independent, since the guanylate cyclase inhibitor ODQ (1H-[1,2,4]oxadiazolo-[4,3-

a]quinoxalin-1-one) is unable to block SNP-mediated induction of AtFer1 expression and the 8Br-

cGMP, the membrane–permeable analog of cGMP, is unable to potentiate AtFer1 expression (I. 

Murgia, unpublished observations).  

NO is also involved in the regulation of AtFer3 and AtFer4 Arabidopsis ferritin isoforms. The NO 

donor SNP triggers AtFer3 and AtFer4 transcript accumulation but not that of AtFer2 (I. Murgia, 

unpublished data); GSNO, another NO donor, can also induce AtFer4 expression [67]; although 

IDRS-like sequences have been identified in AtFer3-4 promoters, their functionality has not been 

established yet [40] suggesting that NO might regulate expression of the other Arabidopsis ferritin 

isoforms differently from what observed for AtFer1. 

 

Frataxin-nitric oxide crosstalk further contributes to keep cellular iron homeostasis and 

compartmentalization. 

Mitochondria from eukaryotic cells are an essential and dynamic component of cellular 

metabolism [68,69]. Iron plays a crucial role in mitochondrial biochemistry. Several enzymatic 

activities and the function of mitochondrial, as well as of chloroplastic electron transport chains 

depend on the availability of iron.  

Frataxin is a mitochondrial protein highly conserved in mammals, yeast, bacteria and plants. This 

strongly suggests that frataxin is an essential protein that could play similar roles in many unrelated 

organisms. In humans, mutations in the frataxin gene are responsible for the cardio-neuro 

degenerative disease Friedreich‟s ataxia [70]. Several functions have been proposed for frataxin 

including iron homeostasis [70,71], Fe-S cluster assembly [72-74], regulation of respiration and 

oxidative phosphorylation [75,76], control of antioxidant defences [77] and iron chaperone 
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modulating 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 investigated so far [81]; in Arabidopsis, a single 

gene AtFH homologous to human frataxin has been identified [82], which is able to complement 

null mutant frataxin yeast (yfh). Arabidopsis AtFH frataxin can rescue frataxin-deficient RNAi 

Trypanosoma brucei cells restoring 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 indicate 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]. Furthermore, 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 internalization 

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 cluster 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 

clusters 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 deficiency 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 mitochondria [89], all Fe-S clusters of cytoplasmic proteins would depend on 

mitochondrial supply. It remains to be determined if the predicted lower Fe-S exportation from the 
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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 

Fenton‟s reaction [90]. Indeed, it was reported that frataxin-deficient plants exhibit increased ROS 

formation and induction of detoxifying 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 parallel 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 NO may protect from oxidative stress by two ways: (i) directly by scavenging O2
-.
 

[91] and, (ii) indirectly by NO-mediated induction of ferritin genes (AtFer1 and AtFer4) [54,67]. 

Thus, NO positively contributes to diminish free iron levels within the organelles and controls ROS 

formation with consequent protection from oxidative stress and cell death. It was then suggested 

[67] that high NO production in atfh-1 plants might be part of the response to oxidative stress 

caused by frataxin deficiency-mediated altered cellular iron compartmentalization. Peroxinitrite 

(ONOO
-
) is rapidly formed after the reaction between O2

-.
 and NO, and could be also responsible of 

the inhibition of aconitase activity by disrupting its Fe-S cluster. 

Frataxin-deficient Arabidopsis plants exhibit a hairy root phenotype when grown under 

normal conditions, similar to what observed in wild type roots grown under iron-deficiency [67]. 

This phenotype, together with the high NO production in atfh-1 plants, is consistent with the hairy 

root phenotype associated with NO accumulation observed in wild type roots exposed to iron 

deficiency [11]. Furthermore, the increased number of root hairs in atfh-1 is abolished by the NO 

scavenger cPTIO. However, the NO-dependent up-regulation of FIT, IRT1 and FRO2 expression 

normally observed in both tomato [11] and Arabidopsis roots [16, Ramirez et al. unpublished] 

exposed to iron deficiency was not observed in atfh-1 plants but, instead, a slightly reduction of 

IRT1 and FRO2 expression as well as of the enzymatic activity of FRO was observed [67]. Another 

important difference between atfh-1 and wt plants was found in plants growing on iron-deficient 

medium. While atfh-1 mutant plants grow green and healthy, extensive chlorosis is always seen in 

wt plants [Zabaleta et al., unpublished data]. Even if NO-mediated responses seem to be dependent 

on iron concentration and compartmentalization, further experiments are necessary to explain these 

differences. 

Chloroplasts contain a membrane permease involved in transport of iron and copper termed 

PIC1 (Permease In Chloroplasts1) [92]. The pic1 KO mutant grows only heterotrophically and is 

characterized by a chlorotic and dwarfish phenotype reminiscent of iron-deficient plants. 
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Additionally, AtFer1 and AtFer4 transcripts are accumulated in pic1 mutant as well as transcripts of 

stress-related genes indicating an impaired metal homeostasis at the cellular level. Roots from pic1 

mutant are smaller than in wild-type plants showing a down-regulation of IRT1 transcript. Thus, 

pic1 phenotype is somehow similar to atfh-1 phenotype. It would be interesting to evaluate the NO 

levels as well as to analyse the subcellular iron distribution and content in pic1 plants. Such 

experiments, however, seem not to be straightforward due to the difficulties encountered in 

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 mobilization), the NFU family, ISC system and the 

corresponding scaffold proteins [93-97]. Assembly of Fe–S proteins in the eukaryotic cytosol and 

nuclei requires the assistance of both the mitochondrial ISC assembly machinery and a 

mitochondrial ISC export system [98]. Additionally, maturation of these Fe–S proteins is dependent 

on the essential cytosolic Fe–S-protein assembly (CIA) machinery [99].  

The normal green atfh-1 phenotype suggests that mitochondrial frataxin deficiency does not 

affect the chloroplastic Fe-S system although the mitochondrial system is compromised [84]. 

Conversely, mitochondrial Fe-S proteins and respiration were not affected in inducible RNAi 

silenced CpNifS plants (an important factor for Fe-S cluster synthesis in chloroplasts), suggesting 

that mitochondrial and chloroplastic Fe-S assembly operate independently [100]. 

Figure 1 represents a model to explain changes in root cells of the atfh-1 mutant. While 

mitochondrial homeostasis is kept through a coordinated regulation of their components in wild 

type Arabidopsis plants (Fig. 1a), frataxin deficiency leads to iron accumulation in 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 mitochondrial, plastidial and cytosolic iron 

homeostasis.  

 

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 
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suggested.  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 molecular 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 represent NO-stabilizing species. 

Based on the nature of thiolate ligand, these complexes could be protein-bound or low-molecular 

weight compounds, when include cysteine or glutathione (GSH).  

Solutions of S-nitrosocysteine (an S-nitrosothiol) in the presence 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 Mn
2+

 (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 oxidants like hydroxyl radical or an 

oxoiron
(2+) 

compound. NO reacts with Fe(II) with high rate constants (10
5
~10

8
 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, it is defined as a cell chelatable iron pool that comprises both ionic forms 

of Iron (Fe
2+

 and Fe
3+

) associated with a heterogeneous population 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 cells NO can act as a chelator, binding iron and inducing its 
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intracellular release from the Fe-storage molecule ferritin [110,111]. A 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 [112]. In summary, chelation of 

iron is a central process in iron homeostasis because it enhances its cellular availability by helping 

its solubilization and it also scavenges iron in a non-Fenton active form.   

 

Formation of nitrosyl iron compounds 

One of the most important biological activities of NO is accomplished through its reaction 

with transition metals. The reaction of NO with iron plays a central role in physiology and 

biochemistry, since many regulatory functions of NO are due to its ability to bind iron within the 

haem group of proteins.  

The interaction between iron, thiols and NO lead to the formation of DNICs or MNICs with 

the general formula (RS)2Fe(NO)2 or (RS)2Fe-NO, respectively [103]. In these coordination 

complexes the iron atom binds one or two NO molecules, and two thiols (e.g. GSH). Vanin and 

co-workers proposed a mechanism of nitrosyl-iron complex formation through the decomposition 

of S-nitrosothiol in the presence of iron [103]. Recently, a pathway leading to the formation of 

nitrosyl-glutathionyl-iron complex has been proposed in animals. That complex is formed through 

the reaction of NO with a protein-bound iron followed by the addition of GSH, resulting in the 

release of iron from the protein and the formation of a GS-Fe-NO complex [110]. 

It is important, however, to consider where the iron came from and what the physiological 

consequences of its removal are during the formation of nitrosyl-iron compounds. For instance, NO 

has 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 saturation of the metal coordination sphere and 

prevents its ability to reduce H2O2 through the Fenton reaction. 

 

Transport of nitrosyl iron complexes 
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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 

and plants. In yeast, OPTs mediate the transport of the modified peptide GSH (-Glu-Cys-Gly) 

[117]. In Arabidopsis, the member of OPT family AtOPT3 plays a critical role in maintenance of 

whole-plant iron homeostasis and iron nutrition of developing seeds [118]. AtOPT3 might mediate 

the distribution of peptides/modified peptides-Fe chelator or Fe-chelator complexes that could be 

critical for long-distance signaling of whole-plant iron status. It would be interesting to study the 

involvement of the OPT family, including YSL, in the transport of small iron-nitrosyl complexed 

with GSH. 

On the other hand, it was demonstrated the role of the GSH-conjugate 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) family. In plants, ATP-binding 

cassette (ABC) proteins constitute a large superfamily that encodes membrane-bound proteins 

which participate directly in the transport of a wide range of molecules across membranes [120]. It 

has been suggested that GSH participates in the export of the iron from mammalian cells by either 

acting as a reducing agent or by completing the coordination shell of a Fe-NO complex [110]. This 

complex (GSH-Fe-NO) may be released from the cells by an active process through a transporter 

identified as a multi-drug resistance-associated protein 1 (MRP1) [110]. The authors have suggested 

a NO-mediated iron release from endothelial cells in the form of nitrosyl-iron complex, which could 

reach smooth muscle cells where NO exerts its biological action. In animal tissues it has been also 

shown that DNIC-(GSH) has excellent membrane permeability and has a relatively high affinity for 

the liver and kidney where it can donate iron [121].  

As the OPT family members, it would be interesting to analyze the presence of MRP1 

homologous in the plant ABC superfamily and test their functional homology in transporting 

nitrosyl iron complexes. Figure 2 describes the interaction of cellular components involved in 

nitrosyl iron complexes formation, their putative cellular transporters and their role to support iron 

and NO delivery in a safe form. 
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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 signaling 

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 associated 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 

intracellular 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 regulatory system in the presence of NO and thiols [112]. 

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 

starvation, thus explaining the previously observed effect of NO in preventing iron deficiency 

symptoms [6,104]. 

 

Concluding Remarks – Perspectives 

 Even if considerable advances have been attained on the role of novel cellular components 

like NO and frataxin to understand plant iron nutrition, metabolism and homeostasis in the last 

decade, our knowledge on their coordinating actions with ferritin, free iron status and redox control 

is still scarce and remains preliminary in comparison with the state of the art in animal systems. 

Researches are aimed to go deep in studying how iron moves and its traffic is regulated between 

different cellular compartments to counteract iron excess or deficiency, and how iron is 

interchangeable between iron-containing proteins including iron-storage proteins like ferritin and 

low molecular iron-containing compounds. The molecular mechanisms implicated in iron 

transportation between cells and tissues and its delivery are also requiring attention. Developing 

novel strategies to understand all these important topics remain a big challenge to face iron-

generated disruptive conditions in plant cell homeostasis.  
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Interesting questions could serve as a guide to focus and mobilize efforts on critical aspects of plant 

iron nutrition and metabolism. 

        1.- Could the biological functions of iron as an active redox form be replaced by another metal, 

or even by NO, taking into consideration 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. 

2.- Is the frataxin deficiency-mediated disruption of iron homeostasis indicating that [Fe-S] 

formation and correct assemble in cell proteins is an essential step that determines cell iron 

distribution and compartmentalization? 

3.- How ferritin and iron nitrosyl complexes interact at the molecular 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? 

4.- 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? 

Figure 3 proposes a model that describes the cellular components operating to preserve iron 

homeostasis under disruptive-generating conditions. It is postulated that a permanent 

counterbalance results from the coordinated and synchronized interaction between NO generation 

systems, nitrosyl iron complexes formation and redox control.  

This is an exciting time for plant biologists since novel pharmacological, molecular and genetic 

approaches will help to understand the network of interactions operating in plant adaptive 

physiological responses to the consequences of a changing environment. 
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Legends of the figures 
 

Figure 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 
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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, Ferritin (FER-1 and FER-4) and SOD genes are induced. 

ATM3/STA1 is reduced and it is supposed that the unknown mitochondrial and plastid (PIC1) iron 

transporters should be induced to explain the observed iron increment in organelles. 

 

 

Figure 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 bound to physiologically available Fe-

chelators as citrate or NA (nicotinamine). These iron complexes of low molecular weight are part of 

labile iron pool. The later reaction of NO-Fe-protein with GSH could lead to the release of iron 

from proteins as proposed in animal cells [106]. Nitrosyl iron complexes could be transported 

between cells probably through oligopeptide transporters family (OPT). In cells of other tissues, 

nitrosyl iron complexes transported via phloem can release iron and NO. 

 

 

Figure 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) and dinitrosyl iron 

complexes (DNIC) are operating in coordination to moderate pronounced imbalances in redox 

changes and to modulate gene expression and physiological adaptations. FER, transcription factor; 

FRO, iron-chelate reductase; IRT, iron transporter; →, induction; ┤, repression; ↔, interaction. 
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