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Overexpression of Drosophila mitoferrin in l(2)mbn cells results in dysregulation of Fer1HCH expression
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) are mitochondrial iron carrier proteins that play important roles in iron-sulphur cluster (ISC) and haem biosynthesis. At low iron conditions mitochondrial and cytoplasmic ISC protein maturation is correlated with MRS3/4 expression. Zebrafish mitoferrin1 (mfrn1), one of two MRS3/4 orthologues, is essential for erythropoiesis. Little is known about the ubiquitously expressed paralogue mfrn2. We identified only one mitoferrin gene (dmfrn) in the genome of Drosophila melanogaster; moste likely an orthologue of mfrn2. Overexpression of dmfrn in the Drosophila l(2)mbn cell line (mbn-dmfrn) resulted in decreased IRP-1A/IRE binding activity, increased cytoplasmic aconitase activity and slightly decreased iron content when compared to control cell lines, whereas iron loading resulted in decreased IRP1-A/IRE binding, and increased cellular iron content of similar levels in all cell lines. At iron loading conditions cytoplasmic aconitase activity was increased in all cell lines, with slightly higher activity in mbn-dmfrn cells. From this we concluded that dmfrn overexpression stimulates cytoplasmic ISC protein maturation as has been reported for MRS3/4 overexpression. Compared to control cell lines mbn-dmfrn cells had higher Fer1HCH transcript and protein levels. RNA interference of the putative Drosophila orthologue of human ABCB7, a mitochondrial transporter involved in cytoplasmic ISC protein maturation, restored Fer1HCH transcript levels of iron treated mbn-dmfrn cells to those of control cells grown in normal medium. These results suggest that dmfrn overexpression in l(2)mbn cells causes an overestimation of the cellular iron content and that regulation of Fer1HCH transcript abundance is likely to depend on cytoplasmic ISC protein maturation.

INTRODUCTION

A complex system of iron acquisition, transport, storage, and sensing proteins has evolved to keep the delicate balance between iron overload and iron deficiency (reviewed in [START_REF] Dunn | Iron uptake and metabolism in the new millennium[END_REF]). Iron deficiency interferes with many essential cellular processes, while excess free iron is implicated in the formation of free radicals via the Fenton reaction, causing oxidative stress and diseases related to oxidative stress (e.g. Friedreich ataxia [START_REF] Llorens | Causative role of oxidative stress in a Drosophila model of Friedreich ataxia[END_REF] and Alzheimer's disease [START_REF] Castellani | Iron: The Redox-active Center of Oxidative Stress in Alzheimer Disease[END_REF]). Several of these diseases are caused by disorders in the mitochondrial iron metabolism in particular (reviewed in [START_REF] Kwong | The role of mitochondria in inherited neurodegenerative diseases[END_REF][START_REF] Napier | Iron trafficking in the mitochondrion: novel pathways revealed by disease[END_REF][START_REF] Lill | Maturation of iron-sulfur proteins in eukaryotes: mechanisms, connected processes, and diseases[END_REF]) and therefore a better understanding of the regulatory cues of cellular iron homeostasis exerted by the mitochondrial iron metabolism is essential.

Members of the mitochondrial carrier protein family are structurally related proteins, which translocate a broad spectrum of solutes between the mitochondrial intermembrane space and the matrix (reviewed in [START_REF] Kunji | The role and structure of mitochondrial carriers[END_REF]). The yeast genes MRS3 and MRS4 (MRS3/4) code for functionally redundant mitochondrial iron carrier proteins [8;9] and have been shown to interact with frataxin in haem and iron-sulphur cluster (ISC) synthesis [10;11]. The deletion of MRS3/4 suppresses mitochondrial iron accumulation in frataxin mutants [START_REF] Foury | Deletion of the mitochondrial carrier genes MRS3 and MRS4 suppresses mitochondrial iron accumulation in a yeast frataxin-deficient strain[END_REF] and both, the deletion or overexpression of MRS3/4 cause the activation of the iron regulon [START_REF] Mühlenhoff | A specific role of the yeast mitochondrial carriers MRS3/4p in mitochondrial iron acquisition under iron-limiting conditions[END_REF], a group of genes which are transcriptionally activated during low-iron conditions. Overexpression of MRS3 or MRS4 results in a decrease in total cellular iron content [START_REF] Li | A mitochondrial-vacuolar signaling pathway in yeast that affects iron and copper metabolism[END_REF] and at low iron conditions, MRS3/4 expression is correlated with haem synthesis as well as with mitochondrial and cytosolic ISC protein maturation [START_REF] Mühlenhoff | A specific role of the yeast mitochondrial carriers MRS3/4p in mitochondrial iron acquisition under iron-limiting conditions[END_REF].

Atm1, a gene coding for a mitochondrial ABC half-transporter, is the link between mitochondrial ISC synthesis and cellular regulation of iron homeostasis [START_REF] Rutherford | Activation of the iron regulon by the yeast Aft1/Aft2 transcription factors depends on mitochondrial but not cytosolic iron-sulfur protein biogenesis[END_REF], by transporting a substrate necessary for cytosolic ISC protein maturation [START_REF] Kispal | The mitochondrial proteins Atm1p and Nfs1p are essential for biogenesis of cytosolic Fe/S proteins[END_REF]. Abcb7, the mammalian orthologue of Atm1p [START_REF] Csere | Identification of a human mitochondrial ABC transporter, the functional orthologue of yeast Atm1p[END_REF], has been shown to be essential for cytoplasmic ISC protein maturation in mammals [START_REF] Pondarre | The mitochondrial ATP-binding cassette transporter Abcb7 is essential in mice and participates in cytosolic ironsulfur cluster biogenesis[END_REF] and for erythropoiesis [START_REF] Pondarre | Abcb7, the gene responsible for X-linked sideroblastic anemia with ataxia, is essential for hematopoiesis[END_REF].

Orthologues of MRS3/4 have been reported in, Dictyostelium discoideum [START_REF] Satre | Mitochondrial carrier family: repertoire and peculiarities of the cellular slime mould Dictyostelium discoideum[END_REF], Cryptococcus neoformans [START_REF] Nyhus | Role of mitochondrial carrier protein Mrs3/4 in iron acquisition and oxidative stress resistance of Cryptococcus neoformans[END_REF], zebrafish [START_REF] Shaw | Mitoferrin is essential for erythroid iron assimilation[END_REF], mice [START_REF] Li | Characterization of a putative murine mitochondrial transporter homology of hMRS3/4[END_REF], and humans [START_REF] Li | Characterization of a novel human putative mitochondrial transporter homologous to the yeast mitochondrial RNA splicing proteins 3 and 4[END_REF] and are called mitoferrins in metazoa. mitoferrin1 (mfrn1) is involved in mitochondrial haem synthesis and is essential for erythropoiesis in zebrafish [START_REF] Shaw | Mitoferrin is essential for erythroid iron assimilation[END_REF]. Less is known about the ubiquitously expressed mfrn1-paralogue mfrn2. Even though it cannot complement mfrn1 mutations in zebrafish, it rescues the MRS3/4 yeast mutant [START_REF] Shaw | Mitoferrin is essential for erythroid iron assimilation[END_REF]. This underscores the specialized role that mfrn1 plays in erythropoiesis.

In this work we identified the Drosophila homologue of mfrn2 and studied the effects that its overexpression has on cellular iron homeostasis.

EXPERIMENTAL Bacteria and yeast cultures

Escherichia coli TOP10 chemically competent bacteria (Invitrogen) were used for cloning, according to the supplier's protocols. 2% (w/v) peptone and 2% (w/v) glucose) or minimal (SC, 0.67% (w/v) yeast nitrogen base without amino acids and bases, 0.07% (w/v) drop-out mix (self-made and from BIO 101®) and 2% (w/v) glucose) medium containing 75 µM bathophenanthrolinedisulfonic acid (SIGMA) where indicated.

Construction of p426TDH-CG4963 and transformation of yeast

The open reading frame (orf) of CG4963 was PCR amplified from cDNA from adult Drosophila w 1118 flies (forward primer introducing a BamHI restriction site 5´-GTT CGG ATC CAC CAT GAA CAT CGA CGA C-3´; reverse primer introducing an EcoRI restriction site 5´-TAA TGA ATT CCT ACG TGC TGA AGC CCC G-3´) and cloned into p426TDH3 [25], yielding p426TDH3-CG4963. Yeast was transformed following the quick protocol from Gietz and Woods [26].

l(2)mbn cell culture

The Drosophila l(2)mbn cell line was maintained as previously described [START_REF] Johansson | Microarray analysis of immune challenged Drosophila hemocytes[END_REF]. Penicillin G and Streptomycin were used at concentrations of 60 µg/ml and 50 µg/ml respectively. Cells co-transfected with pCoHygro (Invitrogen) were cultured in the presence of 300 µg/ml Hygromycin B (Invitrogen).

Gateway® cloning

The complete orf of CG4963 (forward primer 5´-CAC CAT GAA CAT CGA CGA CTA CGA ATC-3´ reverse primer 5´-CTA CGT GCT GAA GCC CCG-3´) and the orf lacking the stop codon (reverse primer: 5´-CGT GCT GAA GCC CCG CTC-3´) were PCR amplified from cDNA from l(2)mbn cells and cloned into the Gateway® Entry vector pENTR\D-TOPO (Invitrogen).

Full length CG4963 was transferred into the Drosophila Gateway® Destination vector pAW and CG4963(-)stop was transferred into pHWV (Carnegie Drosophila Gateway® Collection) via the LR-reaction (Invitrogen). Resulting plasmids were named pACG4963 and pHCG4963venus respectively.

Transient transfection of l(2)mbn cells and confocal laser scanning microscopy

Cells in 24-well-plate format: 400 ng of pHVW or pHCG4963venus were transfected at a ratio of 1:25 (DNA:Effectene; w/v), using the Effectene Transfection Reagent (QIAGEN). After 24 h, medium was changed and protein expression was induced by heat shock. After staining of mitochondria with MitoTracker Deep Red 633 (Invitrogen), cells were washed and fixed. Fixed cells were washed in acetone and mounted in VECTASHIELD® (Vectorlabs). Cells were imaged using a Leica TCS-SP confocal laser-scanning microscope (Leica Microsystems).

Stable transfection of l(2)mbn cells

Stable transfection was carried out as transient transfection, with these modifications: six-well plate format, 950 ng of pAVW or pACG4963 co-transfected 1:20 (w/w) with 50 ng of pCoHygro (Invitrogen). Three days after transfection, medium was changed to medium containing 300 µg/ml Hygromycin B to select for co-transfected cells for 6-8 weeks. Co-transfection was verified by fluorescence (pAVW) and by real time reverse transcription PCR (pACG4963). A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.

RNAi of l(2)mbn cells

dsRNA synthesis and transfection as described by Liu et al. [START_REF] Liu | Histone H2A as a transfection agent in crayfish hematopoietic tissue cells[END_REF] with primers for GFPi [START_REF] Liu | Histone H2A as a transfection agent in crayfish hematopoietic tissue cells[END_REF] and CG7955 (probe set HFA08603, GenomeRNAi Data Base [START_REF] Arziman | E-RNAi: a web application to design optimized RNAi constructs[END_REF]; T7-CG7955 forward 5´-taa tac gac tca cta tag ggA CGG TGA AGT ACT TCA ACA AC-3´ reverse 5´-taa tac gac tca cta tag ggC GAC GAT TTT CCT GAG CC-3´). Cells were treated three times in seven days with dsRNA and cells were used for experiments three days after the last RNAi treatment.

Real time reverse transcription PCR (RT RT-PCR) l(2)mbn cells were harvested by scraping. Total RNA was extracted using TRIZOL® Reagent (Invitrogen), treated with DNase I (Ambion) and re-extracted by the modified phenol/chloroform method. Absence of genomic DNA was checked by PCR, using Fer1HCH primers that anneal on either side of the first intron. 2.5 µg total RNA, primed by oligo(dT) 20 -primers, were reverse transcribed with ThermoScript (Invitrogen). RT RT-PCR was carried out using QuantiTect SYBR green (QIAGEN) in a RotorGene 3000 (Corbett Research) thermocycler. Primer performance was assayed by performing RT RT-PCR with dilution series of cDNA. The method "comparative quantification" was used to quantify relative transcript levels. Relative transcript levels of the house-keeping gene Rp49 were used to normalize data obtained for genes of interest. Primers used: Rp49 (CG7939) forward 5´-CCG CTT CAA GGG ACA GTA TCT G-3´ reverse 5´-CAC GTT GTG CAC CAG GAA CTT-3´ [START_REF] Girardot | Genome wide analysis of common and specific stress responses in adult Drosophila melanogaster[END_REF], dmfrn (CG4963) forward 5´-TTT GCC GCC TAC GAG ATG-3´ reverse 5´-TAG AAA TGG CGT CGT GTA TG-3´, Fer1HCH (CG2216) forward 5´-CTG CTC CTG TTG GCC GTG GT-3´ reverse 5´-TCC TTC ATG TCC ACC CAG TCC T-3´, Fer2LCH (CG1469) forward 5´-TAA TCA CCG CAT GCT CTA CG-3´ reverse 5´-TTG GCG TTG ATG TAG GAC TG-3´, dABCB7 (CG7955) forward 5´-GCC TTC TCT TCC GCT TCT TT-3´ reverse 5´-GGC ACC ACT GCA ATA ACC TT-3´, Act42A (CG12051) forward 5´-GCT TCG CTG TCT ACT TTC CA-3´ reverse 5´-CAG CCC GAC TAC TGC TTA GA-3´, Rbf (CG7413) forward 5´-GGA GGA CCC CAA GTT CAG TG-3´ reverse 5´-CCT TTG GCT CCC CGT CCT CG-3´ and CycE (CG3938) 5´-GGA CGA GTA CCT GGG CGA-3´ reverse 5´-GTT GCT GCT GCT CTT GCC-3´.

Western-Blot analysis l(2)mbn cells were dissolved in 1×Laemmli buffer and 20 µg total protein were separated on a 12.5% SDS-polyacrylamide gel. Proteins were transferred to PVDFmembranes (Amersham) and visualized by immunoblotting with anti-actin antibody C11 (1:2000, v/v) (Santa Cruz Biotechnology) and anti-Fer1HCH serum (1:2000, v/v) [31].

Iron quantification of cell lysates

The improved ferrozine based assay for the quantification of total iron, including haem-iron, was done according to Riemer et al. [START_REF] Riemer | Colorimetric ferrozine-based assay for the quantitation of iron in cultured cells[END_REF] with cell type specific adjustments.

Electrophoretic Mobility Shift Assay (EMSA) l(2)mbn cells were incubated as indicated and homogenized in band shift buffer (40 mM KCl, 25 mM Tris HCl, pH 7.5, 1% (v/v) Triton X-100, 5 mM DTT, and protease inhibitor cocktail (Roche)). Extracts were centrifuged twice (5 then 30 min) at 16000×g (4°C). 20 µg of total protein were added to a final volume of 12.5 µl of band shift buffer with or without 2% (v/v) 2-mercaptoethanol. Samples were incubated with A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law. [START_REF] Lind | Of two cytosolic aconitases expressed in Drosophila, only one functions as an iron regulatory protein[END_REF] in reaction mixture (20% (w/v) glycerol, 2 µg/µl yeast tRNA, 200 µM DTT, and RNase inhibitor) and separated on 4% acrylamide (59:1)/Tris borate EDTA gels (89 mM Tris, 89 mM boric acid, 10 mM EDTA, pH 8.0). Fixed gels were exposed for autoradiography. QuantityOne software (BioRad) was used for densitometry and values were background corrected. Calculations: relative IREbinding activity of IRP1 = density no 2-ME / density 2-ME .

P-labelled IRE

Preparation of cytoplasmic extract l(2)mbn cells were incubated as indicated in Figure . 5. 40×10 6 cells per treatment were harvested and washed three times in PBS. Cells were resuspended in a buffer containing 0.25 M sucrose, 50 mM N-2-hydroxyethylpiperazine-N´-2-ethanesulfonic acid (HEPES), pH 7.4 and proteinase inhibitor cocktail (Roche). Cytoplasmic extract was prepared according to Drapier and Hibbs [START_REF] Drapier | Aconitases: a class of metalloproteins highly sensitive to nitric oxide synthesis[END_REF]. The protein concentration of cytosolic extract was 1-2 mg/ml. Samples were kept at -80C before measurement of aconitase activity.

Aconitase activity

Cytosolic aconitase activity was determined spectrophotometrically at 240 nm by following the disappearance of cis-Aconitate (Sigma Aldrich). 50 µg protein was used and the assay was performed according to Drapier and Hibbs [START_REF] Drapier | Aconitases: a class of metalloproteins highly sensitive to nitric oxide synthesis[END_REF]. One unit (U) corresponds to one µmol of substrate consumed per min.

Software and internet resources

DNA and amino acid sequences were retrieved and subjected to BLAST 2.2.17 [June- 

RESULTS AND DISCUSSION CG4963 is the only orthologue of Mrs3/4p in Drosophila

We performed BLASTP searches against the Drosophila melanogaster protein database at FlyBase to search for orthologues of Mrs3p/Mrs4p. CG4963 was the only likely candidate retrieved (bit scores 205 and 191 and E-values 3×10 -53 and 3×10 -49 respectively). The alignment of its amino acid sequence with yeast Mrs3/4p and zebrafish mitoferrin1 and mitoferrin2 (mfrn1 and mfrn2) showed an approximately 10% higher degree of sequence conservation between the metazoan proteins (38% and 32% sequence identity and 50% and 44% sequence similarity to Mfrn1, and Mfrn2) than between CG4963 and the yeast proteins (28% and 27% sequence identity and 41%, 41% sequence similarity to Mrs3p and Mrs4p) (Figure 1).

A putative substrate binding site and three contact sites in mitochondrial carrier proteins have been proposed by Robinson and Kunji [35;[START_REF] Kunji | The conserved substrate binding site of mitochondrial carriers[END_REF]. The putative substrate binding site and contact sites I and II are identical in CG4963, Mrs3/4p and Mfrn1/2, while contact site III is identical within the group of eumetazoa and within the two yeast mitochondrial carriers (Figure 1). 

CG4963 expression rescues yeast MRS3/4 mutants

Not all proteins with similarity to mitochondrial carrier proteins actually localize to mitochondria [START_REF] Kunji | The role and structure of mitochondrial carriers[END_REF]. To investigate the subcellular localization of CG4963, we transiently transfected l(2)mbn cells with plasmids that allowed heat inducible expression of venus protein or C-terminally venus-tagged CG4963 protein. Expression of venus protein resulted in a pancellular signal, while CG4963-venus protein colocalized with the mitochondrial stain MitoTracker DeepRed ® (Figure 2), confirming CG4963 as a mitochondrial protein.

Next, we tested whether CG4963 was able to complement the yeast ∆Mrs3∆Mrs4 double mutant, which shows a growth defect on low iron medium. The wild type strain was able to grow on iron replete and low iron medium, while the double mutant transfected with empty vector grew only on iron replete medium (Figure 3). This growth defect was rescued by ectopical expression of CG4963 (Figure 3). These results show that the gene CG4963 codes for a functional orthologue of MRS3/4, and we therefore named it dmfrn (Drosophila mitoferrin) to avoid confusion with vertebrate mitoferrin1 which is sometimes referred to as mitoferrin.

Insect and invertebrate genomes code for only one mitoferrin gene

Yeast [8;12;13], zebrafish, mouse and humans [START_REF] Shaw | Mitoferrin is essential for erythroid iron assimilation[END_REF][START_REF] Li | Characterization of a putative murine mitochondrial transporter homology of hMRS3/4[END_REF][START_REF] Li | Characterization of a novel human putative mitochondrial transporter homologous to the yeast mitochondrial RNA splicing proteins 3 and 4[END_REF] have two mfrn genes, but only one gene was found in the genome of D. melanogaster. To investigate whether this was common in insects and invertebrates, the amino acid sequence of Mrs3p was used in BLASTP searches against six insect genomes as well as the databases of Caenorhabditis elegans, Strongylocentrotus purpuratus, human, mouse and chicken (Table 1). The E-values for already known mitoferrins ranged from 3×10 -58 to 4×10 -54 and that of the best off-target hit was 1×10 -24 . Amino acid sequences of all hits with E-values lower than 1×10 -40 , contained the putative substrate binding site while the first hits not within the threshold did not (supplementary Table S1 and supplementary Alignment S1). This analysis identified two mfrn genes in all vertebrates, while only one mitoferrin gene was identified in each of the six insect and the two other invertebrate (nematode and sea urchin) genomes (Table 1).

The ubiquitously expressed mfrn2 cannot rescue mfrn1 mutants, even though it rescues MRS3/4 double mutants which makes it a functional paralogue of mfrn2 [START_REF] Shaw | Mitoferrin is essential for erythroid iron assimilation[END_REF]. Therefore it was proposed that mfrn2 may have a specialized function in haem synthesis during erythropoiesis. Recently the reason for the differential function of mfrn1 and mfrn2 was identified. Only mfrn1, but not mfrn2, accumulates in mitochondria of erythropoietic cells at sufficient quantities to support erythropoiesis [START_REF] Paradkar | Regulation of mitochondrial iron import through differential turnover of mitoferrin1 and mitoferrin2[END_REF]. Considering these reports, the most compelling reason for the presence of only one mfrn gene in invertebrate genomes may be the fact that they lack the specialized haem synthesis system of vertebrate erythropoiesis. This would also suggest, that invertebrate mitoferrins are functional orthologues of vertebrate mfrn2.

Interestingly, the unicellular yeast does not seem to fit into this picture as it also has two mitoferrin genes despite its obvious lack of erythropoiesis. It is very likely that MRS3 and MRS4 are the product of a genome duplication after the divergence of Saccharomyces from Kluyveromyces [38;39]. Since only MRS4 is under the control of the transcriptional iron regulators Aft1p and Aft2p [START_REF] Rutherford | Aft1p and Aft2p mediate iron-responsive gene expression in yeast through related promoter elements[END_REF], the two mitoferrins in yeast may have adapted to different regulational control under specific conditions. dmfrn mRNA levels are increased after iron starvation with DFO MRS4 is under the control of the transcription factors Aft1p and Aft2p and its transcript abundance is increased under low iron conditions [START_REF] Rutherford | Aft1p and Aft2p mediate iron-responsive gene expression in yeast through related promoter elements[END_REF]. To test whether dmfrn transcript was also affected by low iron concentrations, l(2)mbn cells were grown for 48 h in the presence of the iron chelator DFO. dmfrn mRNA abundance was increased 4-fold in iron-starved cells compared to control cells. Iron loading of the cells, using FAC, had no effect on dmfrn transcript levels (Figure 4). Accordingly, partially iron loaded chelator still resulted in an increase in dmfrn transcript, while iron saturated chelator did not (Figure 4). This shows, that the change in dmfrn transcript level is most likely due to decreased cellular iron levels and not a result of chemical side effects of the chelator itself. Therefore, dmfrn is likely to play a role in the iron metabolism of l(2)mbn cells.

dmfrn overexpression at normal conditions results in higher cytoplasmic ironsulphur cluster protein maturation than in control cells

Iron regulatory protein 1 (IRP1) is a cytoplasmic protein that, depending on the availability of ISCs, shifts between two conformations and functions. In the cytoplasmic aconitase conformation an ISC is bound and the protein has aconitase activity. If the ISC is lost, IRP1 can bind stem-loop RNA structures that are referred to as iron responsive elements (IRE) (reviewed in [1;41]). In Drosophila, two IREs have been identified and shown to be functional. One is located in the 5´-UTR of SDhb-mRNA [42] and the other is in the 5´-UTR of one of three splice variants of Fer1HCH-mRNA [START_REF] Lind | Drosophila ferritin mRNA: alternative RNA splicing regulates the presence of the ironresponsive element[END_REF].

Mrs3/4p cooperate with frataxin during ISC and haem synthesis [10;11] and their overexpression at low iron conditions results in increased cytoplasmic ISC protein maturation. dmfrn, which rescues the MRS3/4 double mutant and shows high similarity in amino acid sequence to other mitoferrins, is very likely to have the same function in Drosophila. If so, dmfrn overexpression should decrease IRP-1A/IRE binding activity and increase cytoplasmic aconitase activity.

To test this, we first made stable cell lines that overexpressed either venus (mbnvenus) or dmfrn (mbn-dmfrn). The mbn-venus cell line was included as an additional control, since it was not known whether a changed protein metabolism would effect iron homeostasis.

Next, we measured relative IRE-binding activity of IRP-1A and cytoplasmic aconitase activity in cell extracts from the different cell cultures. IRE/IRP-1A binding activity and cytoplasmic aconitase activity of wild type (WT) and mbn-venus cells were not different from each other (Figure 5 A and C), indicating that protein overexpression does not interfere with this aspect of iron homeostasis.

During normal growth conditions, less IRP-1A was in the IRE-binding conformation in mbn-dmfrn cells than in WT and mbn-venus cells, whereas no difference in relative IRE-binding activity between the different cell lines was observed after FAC treatment (Figure 5 A). Nevertheless, FAC treatment resulted in an overall decrease in relative IRE/IRP-1A binding activity to a ratio lower than that of WT and mbn-venus cells at normal conditions (Figure 5 A). Conversely, we observed significantly increased cytoplasmic aconitase activity in mbn-dmfrn cells when compared to control cells at normal growth conditions (Figure 5 C). Iron loading resulted in a general increase in aconitase activity in all cell lines whereas mbn-dmfrn cells still have marginally higher activity than the controls (Figure 5 C). These results indicate that cytoplasmic ISC-protein maturation at normal growth conditions is increased in mbn-dmfrn cells compared to control cells.

To test if simply higher cellular iron content caused the observed phenotype in mbndmfrn cells, we quantified total iron. While WT and mbn-venus cells behaved similarly, a small but significant decrease in iron content of mbn-dmfrn cells at normal conditions was observed (Figure 6). At iron loading conditions -again -no difference was evident between all three cell lines but cellular iron content was increased to similar levels (Figure 6).

The combination of a decreased cellular iron content and an increase in cytoplasmic ISC-protein maturation in mbn-dmfrn cells under normal conditions, supports our hypothesis that ISC synthesis is stimulated by the overexpression of dmfrn.

Interestingly, iron loaded mbn-dmfrn cells exhibited slightly increased cytoplasmic aconitase activity when compared to iron loaded control cells (Figure 5 C), whereas relative IRP-binding activity was similar in all three cell line after iron loading (Figure 5 A). Most likely IRP-1A was saturated with ISC after iron loading. As the ISC of IRP-1A can loose on iron and remain an inactive IRE-binding protein, it´s aconitase activity is diminished. The slightly increased aconitase activity in iron loaded mbndmfrn cells could indicate that the supply of functional IREs in these cells is increased when compared to that of control cells. In summary, these results are compatible with the model in the yeast system, where MRS3/4 overexpression at low iron conditions results in increased ISC synthesis and ISC protein maturation in mitochondria and the cytoplasm respectively [START_REF] Mühlenhoff | A specific role of the yeast mitochondrial carriers MRS3/4p in mitochondrial iron acquisition under iron-limiting conditions[END_REF]. Apparently, the iron content of l(2)mbn cells at normal conditions is not too high to interfere with the dmfrn overexpression phenotype.

dmfrn overexpression in l(2)mbn cells alters Fer1HCH expression

In whole flies, increased transcript levels of Ferritin Heavy Chain Homologue 1 (Fer1HCH) can be used as an indicator for iron loading [START_REF] Georgieva | Iron availability dramatically alters the distribution of ferritin subunit messages in Drosophila melanogaster[END_REF]. As one Fer1HCH mRNA splice variant contains an IRE [START_REF] Lind | Drosophila ferritin mRNA: alternative RNA splicing regulates the presence of the ironresponsive element[END_REF], Fer1HCH protein levels may give an additional indication of the cell sensed iron status.

Using RT RT-PCR, we confirmed that dmfrn was actually overexpressed in mbndmfrn cells (samples 3a and 3b in insert of Figure 7). Next we measured relative transcript levels of Fer1HCH and performed Fer1HCH immunoblots of cells grown at normal conditions and iron loading conditions. Both, Fer1HCH mRNA and protein were increased in all three cell lines after treatment with FAC (Figure 7 A andB). This increase in Fer1HCH expression (transcript and protein) coincided with elevated cellular iron levels (Figure 6), showing that cell-sensed iron levels are reflected in both, Fer1HCH transcript and protein. In iron loaded flies, Ferritin 2 Light Chain Homologue message (Fer2LCH) was previously found to be elevated as well [START_REF] Georgieva | Drosophila melanogaster ferritin: cDNA encoding a light chain homologue, temporal and tissue specific expression of both subunit types[END_REF]; but in our cell culture model this effect was not observed (Figure 7 A). Interestingly, mbn-dmfrn cells had significantly increased levels of Fer1HCH transcript, when compared to WT and mbn-venus cells grown under the same conditions (normal medium and high iron medium) (Figure 7 A). Fer1HCH protein levels were also higher in mbn-dmfrn cells compared to control cells (Figure 7 B). These results indicate that mbn-dmfrn cells overestimate the cellular iron content.

The higher amount of cytoplasmic ISCs, as determined by IRP-1A/IRE binding activity and cytoplasmic aconitase activity, in mbn-dmfrn cells at normal conditions and in all cell lines at high iron conditions is most likely responsible to some degree for the increase in Fer1HCH protein. The reduction of relative IRP-1A/IRE binding activity should result in a higher rate of translation of the Fer1HCH splice variant containing the IRE.

RNAi of the putative Drosophila ABCB7-transporter restores basic Fer1HCH transcript levels

While the decrease in IRP-1A/IRE binding activity is most likely responsible for a certain increase in Fer1HCH protein expression in mbn-dmfrn cells at normal conditions and in all cell lines at iron loading conditions, the higher level of Fer1HCH transcript of mbn-dmfrn cells remains unclear. As relative Fer1HCH transcript levels correlate with the activity of cytoplasmic aconitase in mbn-dmfrn cells we suspected that mitochondrial ISC synthesis might play a role in Fer1HCH transcriptional regulation. A regulation mechanism that acts on the transcript level and is influenced by mitochondrial ISC synthesis has only been described in yeast. Chen et al. [START_REF] Chen | Transcription of the yeast iron regulon does not respond directly to iron but rather to iron-sulfur cluster biosynthesis[END_REF] found that activity of mitochondrial ISC synthesis inactivates Aft1p and Aft2p under iron replete conditions. The signal which mediates this inactivation comes from mitochondrial ISC synthesis and depends on Atm1p [START_REF] Rutherford | Activation of the iron regulon by the yeast Aft1/Aft2 transcription factors depends on mitochondrial but not cytosolic iron-sulfur protein biogenesis[END_REF]. Therefore we investigated whether such a signal could also be responsible for the increase in Fer1HCH transcript of mbn-dmfrn cells.

Using BLASTP search, we identified CG7955 (referred to as dABCB7) as a putative ABCB7 ortholog. Its amino acid sequence shares very high sequence similarity and identity with Abcb7 and Atm1p (Supplementary Table S2 and Supplementary Alignment S2).

A dsRNA probe targeting all three possible transcripts of dABCB7 was chosen from the Heidelberg RNAi database. Knock down of dABCB7 resulted in a depletion of dABCB7 transcript to 20-30 % of mock treated cells (Figure 8 A) but did not effect dmfrn expression (Supplementary Figure S2). Fer1HCH transcript levels in mock treated mbn-dmfrn cells grown for 16 h at iron loading conditions, were increased when compared with mock treated mbn-venus cells which were grown at similar conditions (Figure 8 A). Treatment of mbn-dmfrn cells with dABCB7 dsRNA decreased Fer1HCH transcript levels significantly and to a level of mock treated control cells not grown under iron loading conditions (Figure 8 A). Fer1HCH expression levels in mock treated mbn-venus cells treated with FAC were only slightly increased, but also returned to levels comparable to that of control cells, after dABCB7 RNAi treatment (Figure 8 A).

It was reported that RNAi of ABCB7 in HeLa cells resulted in decreased cell viability [START_REF] Cavadini | RNA silencing of the mitochondrial ABCB7 transporter in HeLa cells causes an iron-deficient phenotype with mitochondrial iron overload[END_REF]. We assayed Actin5C, cyclinE and Rbf transcript levels as further controls and found no difference in their expression (Figure 8 A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law. treated cells with mock treated cells. From this, and the observation that cells treated with dABCB7 dsRNA did not stop proliferating noticeably, we concluded that cell viability was not effected during the experimental period.

Since RNAi of dABCB7 restored Fer1HCH transcript levels of FAC treated mbndmfrn cells to levels of control cells, we suggest that regulation of Fer1HCH transcript levels is connected with mitochondrial ISC synthesis.

CONCLUSIONS

In yeast it has been established that cytoplasmic ISC protein maturation is dependent on substrates provided by mitochondrial ISC synthesis, whereas in mammals this issue is discussed controversially (reviewed in [START_REF] Lill | Iron-sulfur protein biogenesis in eukaryotes: components and mechanisms[END_REF]). Our results indicate, that in the Drosophila cell line, stimulation of mitochondrial ISC synthesis through the overexpression of dmfrn, results in more ISC protein maturation in the cytoplasm. This in turn is in favour for a model in insects, where mitochondrial ISC synthesis stimulates cytoplasmic ISC protein maturation.

The fact that none of the Fer2LCH transcripts and only one of three Fer1HCH transcripts contains an IRE, makes it clear that fly ferritin expression is most likely regulated on both, the translational and transcriptional level to avoid overproduction of ferritin protein. In the closely related mosquitoes it was shown in cell culture that ferritin is under transcriptional regulation [START_REF] Pham | Transcriptional control is relevant in the modulation of mosquito ferritin synthesis by iron[END_REF] and in Drosophila, metal responsive elements have been identified in the ferritin promoter region [START_REF] Dunkov | Organization of the ferritin genes in Drosophila melanogaster[END_REF]. Furthermore, two alternative polyadenylation sites in Drosophila Fer1HCH mRNA have been reported as well [43;44]. We assume that the change in Fer1HCH transcript in our experiments is most likely due to a combination of both, elevated transcription and transcript stability.

It should also be mentioned that holo-Ferritin in Drosophila is not located in the cytoplasm, but in the secretory pathway, which allows export of iron-loaded Ferritin (for a review on insect iron metabolism see [START_REF] Nichol | Iron metabolism in insects[END_REF]). Total iron content of cells, as measured in our study, is the sum of iron influx and efflux mediated by this system and possibly by other, yet unidentified, mechanisms. A special region of the fly midgut, which is very Ferritin-rich in iron-loaded flies, is supposed to be responsible for iron storage. A yet unidentified post-transcriptional regulatory mechanism balances the ratio of Fer1HCH and Fer2LCH subunits in holo-Ferritin of the midgut [START_REF] Missirlis | Homeostatic mechanisms for iron[END_REF]. We were not able to detect Fer2HCH protein in the l(2)mbn cell line and one possible reason for this could be, that it is exported as holo-ferritin from l(2)mbn cells, which are blood cells [53] and unlikely to be involved in iron storage.

In summary, our results establish dmfrn as the Drosophila orthologue of mitoferrin2 and show that its overexpression causes changes in several components of the cellular iron homeostasis system in l(2)mbn cells. Furthermore, we show that knockdown of putative dABCB7 blocks the effects of dmfrn overexpression on Fer1HCH expression, indicating that both dABCB7 and dmfrn act in a similar pathway.
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FIGURE LEGENDS

Fig. 1. CG4963 protein shares high sequence identity and similarity with Mitoferrin1/2 and Mrs3/4. Alignment of the amino acid sequences of Drosophila melanogaster CG4963 (CG4963), Zebra fish mitoferrin1 (mfrn1) and mitoferrin2 (mfrn2) as well as Yeast Mrs3p (Mrs3) and Mrs4p (Mrs4). Identities in all four sequences (black boxes) and identities (dark grey boxes) / similarities (light grey boxes) between CG4963 and any other sequence are highlighted. Arrowheads indicate putative substrate binding sites [START_REF] Robinson | Mitochondrial carriers in the cytoplasmic state have a common substrate binding site[END_REF], asterisks indicate putative contact sites and bars above the sequences indicate transmembrane helices H1-H6 and matrix side helices h12, h34 and h56 [START_REF] Robinson | Mitochondrial carriers in the cytoplasmic state have a common substrate binding site[END_REF]. GenBank accession numbers: CG4963 NP_651600; mitoferrin1 NP_001035060; mitoferrin2 NP_998284; Mrs3p NP_012402 and Mrs4p NP_012978. A c c e p t e d M a n u s c r i p t (mbn-venus) or venus (mbn-dmfrn) were grown in fresh medium or fresh medium supplemented with 40 µg/ml FAC for 16 h and either used for EMSA or a cytoplasmic aconitase activity assay. (A) At normal growth conditions, relative IRE-binding activity of IRP-1A is decreased in mbn-dmfrn cells when compared to control cells. Intensities of IRP-1A/IRE-bands were measured and the relative IRE-binding activities of IRP-1A were calculated. Data represent the means +/-SD of three independent experiments. (B) One representative EMSA. FP: free probe. (C) Cytoplasmic aconitase activity is significantly increased in mbn-dmfrn cells when compared to control cells (* t-test P ≤ 0.05). At iron loading conditions cytoplasmic aconitase activity of mbn-dmfrn cells is slightly increased when compared to control cells. Data represent the means +/-SD of three independent experiments. Fig. 6. Iron levels in dmfrn overexpressing cells are not increased compared to control. l(2)mbn cells (WT) and stably transfected cell lines overexpressing venus (mbn-venus) or dmfrn (mbn-dmfrn) were grown in fresh medium or fresh medium supplemented with 40 µg/ml FAC for 16 h. Total iron was measured using the Ferrozine method [START_REF] Riemer | Colorimetric ferrozine-based assay for the quantitation of iron in cultured cells[END_REF] and data was normalized to the total protein concentration. Iron levels of mbn-venus cells are significantly decreased in normal medium (* t-test P ≤ 0.05). Results shown are the means +/-SD of four experiments. 
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Fig. 2 .

 2 Fig.2. CG4963venus localizes to mitochondria. l(2)mbn cells were transiently transfected with plasmids for expression of fluorescence protein venus (pHVW) or Cterminally venus-tagged CG4963 protein (pHCG4963venus). After heat shock induction of expression, cells were stained with MitoTracker DeepRed 633, fixed, washed, and analysed by laser scanning microscopy (color image provided as supplementary FigureS1).

Fig. 3 .

 3 Fig.3. Growth of the yeast mutant ∆Mrs3∆Mrs4 on low iron minimal medium is restored by expression of CG4963. Yeast strains WT and ∆Mrs3∆Mrs4 were transformed with expression plasmids p426TDH or p426TDH-CG4963 and grown in YPD medium over night, washed with milliQ water and diluted to an OD 600 ~ 0.07. Serial dilutions (1:10) were spotted parallel on SC -URA (control) and SC -URA 75 µM bathophenanthrolinedisulfonic acid (low iron) agar plates and incubated at 30°C under aerobic conditions for 2 to 4 days.

Fig. 4 .

 4 Fig. 4. dmfrn transcript is increased at low iron conditions in l(2)mbn cells. l(2)mbn cells were grown for 48 h in either standard medium, medium supplemented with DFO or FAC (20 µg/ml contain ~60 µM Fe 3+ ) at concentrations as indicated. RT RT-PCR: fold changes of treated cells are relative to cells grown in normal medium. Results shown are the means +/-SD of four independent experiments.

Fig. 5 .

 5 Fig. 5. In normal medium, relative IRE-binding activity of IRP-1A is decreased and cytoplasmic aconitase activity is increased in l(2)mbn cells overexpressing dmfrn. l(2)mbn cells (WT) and stably transfected cell lines overexpressing dmfrn

Fig. 7 .

 7 Fig. 7. Fer1HCH expression is increased in l(2)mbn cells overexpressing dmfrn compared to control cells. l(2)mbn cells (1) and stably transfected cell lines overexpressing venus (2) or dmfrn (3) were grown in normal medium or medium supplemented with 40 µg/ml FAC for 16 h. (A) Relative transcript levels of Fer1HCH and Fer2LCH were obtained by RT RT-PCR. Fer1HCH is significantly (** t-test P ≤ 0.01) upregulated in cells overexpressing dmfrn, compared to WT and cells overexpressing venus. After FAC treatment, Fer1HCH is significantly (* t-test P ≤ 0.05) increased in dmfrn overexpressing cells compared to dmfrn overexpressing cells grown in normal medium and FAC treated WT and cells overexpressing venus. Fold changes are relative to WT cells at normal growth conditions. Results shown are the means +/-SD of four independent experiments. Insert in A: Relative expression of dmfrn in WT cells (1) and in stably transfected cell lines overexpressing venus (2) or dmfrn (3a and 3b, two independent cell lines). One representative experiment shown. (B) Western blot of Fer1HCH protein expression of cells treated as in A. Representative data of three experiments with similar outcome are shown.

Fig. 8 .

 8 Fig.8. RNAi of dABCB7 suppresses increased Fer1HCH expression in dmfrn overexpressing cells. l(2)mbn cells overexpressing venus (mbn-venus) or overexpressing dmfrn (mbn-dmfrn) were treated with dsRNA probes for either GFP (GFPi; mock treatment) or dABCB7 (dABCB7i). Cells were then grown in iron supplemented medium for 16 h and used for RT RT-PCR. Fold changes are relative to the control ((A) normal medium, mbn-venus cells, GFPi treated or (B) the respective GFPi control of each cell line). Results shown are the means +/-SD of three (A) and two (B) independent experiments (* t-test ≤ 0.05; ** t-test 0.005).
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  searches at NCBI (http://www.ncbi.nlm.nih.gov/) and Flybase (http://flybase.bio.indiana.edu/). Primers were designed using Oligo 4 (Molecular Biology Insights) and Primer3 (http://frodo.wi.mit.edu/). //workbench.sdsc.edu) using ClustalW with the BLOSUM matrix. Alignment shading was done with TexShade within the Biology Work Bench.
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