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Background: The neurodegenerative disease Friedreich's ataxia is the result of frataxin deficiency. Frataxin is ami-
tochondrial protein involved in iron–sulfur cluster (Fe–S) cofactor biogenesis, but its functional role in this path-
way is debated. This is due to the interconnectivity of ironmetabolic and oxidative stress response pathways that
make distinguishing primary effects of frataxin deficiency challenging. Since Fe–S cluster assembly is conserved,
frataxin overexpression phenotypes in a simple eukaryotic organismwill provide additional insight into frataxin
function.
Methods: The Schizosaccharomyces pombe frataxin homologue (fxn1) was overexpressed from a plasmid under a
thiamine repressible promoter. The S. pombe transformants were characterized at several expression strengths
for cellular growth,mitochondrial organization, iron levels, oxidative stress, and activities of Fe–S cluster contain-
ing enzymes.

Results:Observed phenotypeswere dependent on the amount of Fxn1overexpression. High Fxn1 overexpression
severely inhibited S. pombe growth, impairedmitochondrialmembrane integrity and cellular respiration, and led
to Fxn1 aggregation. Cellular iron accumulation was observed at moderate Fxn1 overexpression but was most
pronounced at high levels of Fxn1. All levels of Fxn1 overexpression up-regulated oxidative stress defense and
mitochondrial Fe–S cluster containing enzyme activities.
Conclusions: Despite the presence of oxidative stress and accumulated iron, activation of Fe–S cluster enzymes
was common to all levels of Fxn1 overexpression; therefore, Fxn1may regulate the efficiency of Fe–S cluster bio-
genesis in S. pombe.
General Significance:Weprovide evidence that suggests that dysregulated Fe–S cluster biogenesis is a primary ef-
fect of both frataxin overexpression and deficiency as in Friedreich's ataxia.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Friedreich's Ataxia (FA) is one of themost common autosomal reces-
sive ataxias in Caucasians,with a prevalence of 2–4 patients per 100,000
individuals [1]. The major clinical features of FA include progressive
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ataxia, cardiomyopathy, atrophy of the spinal cord and diabetes [2].
The hallmarks of FA development include increased mitochondrial
iron content, oxidative stress, and deficient activities of iron–sulfur
(Fe–S) cluster enzymes in mitochondria of affected tissues [3]. FA is
most commonly caused by an expanded GAA repeat in the first intron
of the fxn gene that encodes the mitochondrial protein frataxin [4].
This genomic change is responsible for reduced fxnmRNA levels and de-
creased expression of functional frataxin protein [5]. Currently, there is
no cure for FA. Gene therapy and other treatments have shown promis-
ing results, but more knowledge of frataxin functional pathways is
required [6].

Frataxin is highly conserved with homologues in all eukaryotes and
many prokaryotes [2]. Three-dimensional structures of human frataxin
(hFxn) and both S. cerevisiae (Yfh1) and E. coli (CyaY) frataxin homo-
logues revealed a unique structural fold, suggesting that frataxin
function(s) might be evolutionarily conserved [7–9]. Early pathophysi-
ological studies and phylogenetic studies of FA patients and tissues
demonstrated that frataxin has a critical role in Fe–S cluster biogenesis,
but the exact role remains elusive [10,11]. One hypothesis is that
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frataxin is the iron chaperone for Fe–S cluster biogenesis by the ternary
biosynthetic complex composed of the cysteine desulfurase Nfs1, the
Fe–S cluster scaffold protein Isu1, and the accessory protein Isd11.
Frataxin interacts with both Nfs1 and Isu1 in humans and S. cerevisiae
[12,13] and can transfer iron to Isu1 in vitro [13,14]. Another hypothesis
is that frataxin allosterically regulates Fe–S cluster biosynthesis via
Nfs1; however, a full understanding of how frataxin modulates Nfs1 ac-
tivity is lacking [15,16]. It is also possible that frataxin could have other
functions, such asmaturation of cellular Fe–S proteins [11,17,18], repair
of Fe–S cluster containing proteins [19], iron storage [20], and iron do-
nation to the heme biosynthesis enzyme ferrochelatase [21].

Most in vivo studies of frataxin and its homologues mimic FA
through reduced levels of frataxin expression in target cells or organ-
isms [10,20,22–24]. These experiments have provided great insight
into the possible functions of frataxin inmitochondrial ironmetabolism,
but the phenotypes are complex. Because ironmetabolism is a delicate-
ly controlled system, distinguishing which observed effects are directly
related to frataxin depletion and not indirect effects of imbalanced iron
metabolism has been challenging [25]. However, characterizing the
phenotypes of frataxin overexpression in a simple and well-studied or-
ganism provides complementary knowledge to frataxin function. Al-
though frataxin overexpression studies do not correspond to a model
for FA, these studies help decipher its role in iron metabolic pathways
andmay also provide expression-level information important to poten-
tial gene therapy applications. Frataxin overexpression studies have
been performed with S. cerevisiae, D. melanogaster, M. musculus, and
human cell lines (Table 1); however, the human cells and mouse
models have given contradictory results compared to those of fly and
yeast in terms of Fe–S cluster enzyme activities, oxidative stress, and
cell viability [10,26–29]. Due to the possible differences in iron homeo-
stasis between higher eukaryotes and budding yeast, the fission yeast
Schizosaccharomyces pombe was chosen as a model system to study
the in vivo impacts of frataxin overexpression since it is thought to be
evolutionarily more similar to mammalian cells than S. cerevisiae [30,
31]. Since frataxin overexpression levels were not determined or varied
between model organisms [10,26–29], phenotypic characterization
from several overexpression levels is required to properly interpret
the role of frataxin in iron metabolism.

S. pombehas the smallest number of protein coding genes yet report-
ed for a sequenced eukaryotic genome [32]. Genetic manipulation is
straightforward and well described. For the present study, a S. pombe
strain was created in which the S. pombe frataxin homologue Fxn1
(also named Pfh1 [33]) was overexpressed from a plasmid under the
control of the thiamine repressible nmt1 promoter [34,35]. Surprisingly,
high overexpression of Fxn1 inhibits cell growth and perturbs mito-
chondrial function in S. pombe. Despite iron accumulation and possible
oxidative stress, activities of Fe-S enzymes aconitase and succinate de-
hydrogenase were significantly increased. The results of this study
Table 1
The major observations of frataxin overexpression in different organisms.

Frataxin Organism/cell lines Amount of overexpression M

Human FXN1 Human preadipocytes 2–8-fold Inc
ph

Human FXN1 Human colon carcinoma N.D.a De
inc

Human FXN1 Transgenic mouse N.D. Inc
Human FXN1 Transgenic mouse 4–10-fold No

ac
Human FXN1 Transgenic Drosophila model 9 fold Re

de
Drosophila Dfh1 Transgenic Drosophila model 9 fold De
Drosophila Dfh1 Transgenic Drosophila model 3–5-fold Inc
Yeast Yfh1 S. cerevisiae 2–18-fold Iro

im

a Not determined.
support the hypothesis that S. pombe Fxn1 enhances Fe–S cluster bio-
genesis or maturation of Fe–S cluster proteins. This further suggests
that frataxin deficiency would primarily lead to decreased production
of Fe–S clusters and Fe–S containing proteins that are essential for cell
viability and function [36].
2. Materials and methods

2.1. Yeast strains, plasmid construction, and growth media

2.1.1. Yeast strains
Schizosaccharomyces pombe strains used in this study were SP870

(h90 ade6-210 leu1-32 ura4-D18) (from D. Beach) and sdh2-GFP (h90

ade6-M210/216* ura4-D18 leu1-32 sdh2::GFP::KanMX6) (this study).
S. pombe transformants were grown in Edinburgh minimal medium
(EMM) with 250 mg/l adenine and uracil (EMM + AU). S. pombe cells
were transformed with indicated plasmids using the standard lithium
acetate procedure [37].
2.1.2. Plasmid construction
Plasmids used in this study were pREP3X [34], pREP3X/Fxn1,

pREP3X/Fxn1Δ2–11, and pREP3X/Fxn1-6His, pREP4X, and pREP4X/
Isu1. The coding sequence of fxn1 from S. pombe genomic DNAwas am-
plified by PCR and ligated into pREP3X between the BamHI and XhoI
sites to produce pREP3X/Fxn1. Plasmids pREP3X/Fxn1Δ2–11 and
pREP3X/Fxn1-6His were constructed in pREP3X/Fxn1 by deleting the
base pairs encoding amino acid residues 2–11 in the fxn1 sequence or
by inserting the 6His coding sequence (5′-CATCATCATCATCATCAT-3′)
at the 3′-end of fxn1 using QuikChange Lighting site-directed mutagen-
esis (Agilent Technologies). The coding sequence of isu1was amplified
from S. pombe genomic DNA by standard PCR and ligated into pREP4X
between theBamHI and XhoI sites, to produce the pREP4X/Isu1 plasmid.
2.1.3. Cell cultures
S. pombe cells transformed with plasmids pREP3X, pREP3X/Fxn1,

pREP3X/Fxn1Δ2–11, or pREP3X/Fxn1-6His were maintained on
EMM + AU agar with 50 μM thiamine. Each transformant was
grown overnight in EMM + AU with 50 μM thiamine at 30 °C with
shaking to mid-log phase. Cells were harvested by centrifugation
and the cell pellets were washed twice with EMM+ AU before inocula-
tion into fresh EMM + AU medium containing 50 μM, 50 nM or 10 nM
thiamine [38]. All cultures were grown at 30 °C for 72 h and cells were
sub-cultured into freshmediumwhen necessary tomaintain a cell densi-
ty of ≤1 × 107 cells/ml, which is mid-logarithmic for S. pombe growth.
Samples for all assays are prepared from the final cultures unless
specifically indicated.
ajor observations Reference

reased cellular respiration; increased oxidative
osphorylation

Ristow et al. [68]

creased cellular growth rate; increased cellular respiration;
reased aconitase activity

Schulz et al. [70]

reased aconitase activity; up-regulated TCA cycle Pook et al. [72]
change in systemic iron metabolism; (no measurement of

onitase or respiration)
Miranda et al. [26]

duced viability; increased sensitivity to oxidative stress;
creased aconitase activity; increased oxidative stress

Navarro et al. [29]

velopmental defects; no change in aconitase activity Llorens et al. [71]
reased total antioxidant activity; resistance to oxidative stress Runko et al. [27]
n accumulation; decreased SDH and aconitase activities;
paired respiration; increased resistance to oxidative stress

Seguin et al. [28]



3024 Y. Wang et al. / Biochimica et Biophysica Acta 1840 (2014) 3022–3033
2.2. Growth assays

Growth of pREP3X, pREP3X/Fxn1, pREP4X, and pREP4X/Isu1
transformants was analyzed with serial dilution spotting assays.
An overnight culture for each transformant was grown to mid-log
phase in EMM + AU (pREP3X transformants) or EMM + AL
(pREP4X transformants) with 50 μM thiamine at 30 °C, then cells
were washed twice with EMM + AU/AL and grown in fresh EMM +
AU/AL for 24 h at 30 °C with shaking. The cells were washed and serially
diluted to 1 × 107, 2 × 106, 4 × 105, 8 × 104, and 1.6 × 104 cells/ml. Three
microliters of the dilutions were spotted on EMM + AU/AL agar plates
with thiamine and/or additional supplements, as indicated, and grown
at 30 °C in either aerobic or anaerobic conditions (i.e., an O2-deficient
chamber). Photographs were taken after 3 and 5 days, which were opti-
mal for S. pombe growth on minimal media [35].

2.3. Respiration rate assays

The respiration rates of the pREP3X and pREP3X/Fxn1
transformants with 50 μM, 50 nM or 10 nM thiamine were
measured with Strathkelvin Model 782 dissolved oxygen measuring
system coupled with Clark-type microcathode oxygen electrode
[39]. The instrument was calibrated before use. One milliliter
(1 × 107 cells/ml) of each final culture was added to the cuvette
and the oxygen concentration was recorded once the reading was
stable and repeated after 5 min. The oxygen consumption rate was
calculated as ng/(ml∙min) per 106 cells.

2.4. Analysis of mitochondrial organization

Mitochondrial organization was visualized by fluorescence mi-
croscopy using an sdh2-GFP strain in which the protein coding se-
quence of the mitochondrial-localized succinate dehydrogenase-2
gene (sdh2) is fused at its 3′ end to the coding sequence for green
fluorescent protein (GFP) [40]. Sdh2-GFP cells transformed with
pREP3X/Fxn1 or pREP3X were cultured under the same conditions
as SP870 transformants. Fluorescence microscopy of sdh2-GFP
transformants was carried out using a Nikon 90i automated epi-
fluorescence microscope system equipped with a 60× Plan Fluor ob-
jective lens and operated using Nikon NIS-Elements software.
Images of fluorescent cells were captured using a Photometrics
CoolSNAP HQ2 monochrome CCD camera. Raw images were level-
adjusted using Adobe PhotoShop CS5.

2.5. mRNA isolation, cDNA synthesis, and quantitative real-time PCR
(qRT-PCR)

Three transformants of pREP3X and pREP3X/Fxn1 were each cul-
tured in EMM + AU with 50 μM, 50 nM or 10 nM thiamine for 72 h
at 30 °C. For the 3 biological replicates, total RNA was extracted
using the Ambion RiboPure Yeast kit. The RNA concentration and
purity were determined using an Agilent 8453 UV-visible spectrom-
eter (A260/A280 ≥ 2.1, A260/A230 ≥ 1.5). The integrity of total RNA
was verified by a 1.5% TAE-agarose gel. The synthesis of cDNA
from 1 μg extracted total RNA was performed using the Quanta
qScript kit.

Quantitative RT-PCR was performed using Quanta PerfeCta SYBR
Green Supermix in a Bio-Rad MyiQ real-time PCR detection system.
Three technical replicates were performed for each biological repli-
cate. The primers for assayed genes are listed in Table S1 in the
Supplementary data. The cycling conditions were 95 °C for 3 min,
followed by 40 cycles of 95 °C (10 s) and then 58 °C (30 s). A melt
curve analysis was performed to ensure that a single PCR product
was amplified and detected. Three technical replicates were per-
formed for each sample. The relative expression levels were calcu-
lated using the actin act1 housekeeping gene as the reference [24]
according to Eqs. (1) and (2) where CT is the threshold cycle for
target amplification [41].

−ΔΔCT ¼
�
CT geneð Þ−CT actinð Þ

�
pREP3x=Fxn1ð Þ−

�
CT geneð Þ−CT actinð Þ

�
pREP3Xð Þ

ð1Þ

Relative mRNA expression ¼ 2−ΔΔCT ð2Þ

2.6. Cellular fractionation

2.6.1. Whole cell lysate preparation
Mid-log phase cultures of pREP3X or pREP3X/Fxn1 transformants

were harvested by centrifugation at 3000 ×g for 5 min at 4 °C, then
the cell pellets were resuspended with Chelex-treated phosphate buff-
ered saline (pH 7.4) with 1 mM phenylmethanesulfonyl fluoride and
1 mM benzamidine to a final density of 2 × 109 cells/ml. Cells were vig-
orously vortexedwith acid-washed glass beads at 4 °C. The total protein
concentrations of the cell lysateswere determinedby the ThermoPierce
bicinchoninic acid (BCA) assay.

2.6.2. Isolation of mitochondria
Mitochondria were purified from pREP3X or pREP3X/Fxn1

transformants grown in 50 μM, 50 nM, or 10 nM thiamine for 72 h
according to Chiron et al. with minor changes [42]. Purified mitochon-
driawere resuspended in 10mMimidazole (pH6.4)with 0.6M sorbitol.
Total protein concentration of the cell homogenate, the homogenate
post-mitochondrial separation, and the isolated mitochondria were
determined by the BCA assay.

2.7. Immunodetection of Fxn1-6His

Tenmicrograms of isolated mitochondrial protein in 0.5% Tween-20
and 10% glycerol was separated on a 15% SDS-PAGE gel. Protein was
transferred to a nitrocellulose membrane and blocked with 5% BSA.
Fxn1-6His was detected with mouse monoclonal His-tag primary anti-
body (Abgent) and goat anti-mouse IgG/alkaline phosphatase conjugate
secondary antibody (Southern Biotech) using nitroblue tetrazolium/
5-bromo-4-chloro-3′-indolyl phosphate (NBT/BCIP) staining. Analysis
of Fxn1-6His expression levels and distribution was performed using
theUVPMultiDoc-It imaging system and ImageJ software (NIH). Images
were level-adjusted using Adobe Illustrator CS3.

2.8. Iron content

Total iron content of cell lysate and isolatedmitochondria of pREP3X
and pREP3X/Fxn1 S. pombe cells cultured in EMM + AU (740 nM iron)
with no additional iron added was determined with bathophenan-
throlinedisulfonic acid (BPS) [43]. Cells (10 ml of cells from a
1 × 107 cells/ml culture) from transformants grown in 50 μM, 50 nM
or 10 nM thiamine were lysed and the final volume was adjusted to
200 μl. One hundred microliters of each sample was acidified with
60 μl of concentrated HCl and heated at 100 °C for 15 min. For mito-
chondrial iron, 0.5 mg of isolated mitochondria was disrupted with
0.5% Triton X-100 in Chelex-treated water up to 100 μl and incubated
on ice for 5 min. Samples were acidified with 60 μl concentrated HCl
and heated at 100 °C for 15 min. For both lysate and mitochondrial ex-
tracts, precipitate was removed by centrifugation at 14,000 rpm for
5 min. Then, 100 μl of supernatant was added to 650 μl of 0.5 M Tris–
HCl (pH 8.5), 100 μl of fresh 5% ascorbate, and 200 μl of 0.1% BPS. The
sample was incubated for 1 h at 23 °C and the total iron concentration
was determined by the absorbance at 535 nm using an Agilent
8453 UV-visible spectrophotometer. A standard calibration curve of
iron (4.5–107.4 μM) was prepared from serial dilutions using a cali-
brated iron solution (Perkin Elmer).
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2.9. Enzyme activity assays

Enzyme activities are reported as the change in the concentration of
product formed per unit of time per amount of total mitochondrial pro-
tein. While standard practice, normalization of enzyme activity to total
mitochondrial protein does not reflect possible changes in protein levels
as a result of Fxn1 overexpression.

2.9.1. Aconitase activity assay
Twenty-five micrograms of isolated mitochondria was resus-

pended with 100 μl of buffer (50 mM Tris–HCl, 0.5 mM MnCl2,
30 mM sodium citrate, 0.5% Triton X-100, pH 7.4) at 4 °C, essentially
as described by Pierik et al. [44]. Fifty microliters (12.5 μg) was
added to 50 μl of 50 mM Tris–HCl, 0.5 mMMnCl2, 1 mM sodium citrate,
and 1 mM L-cysteine at pH 7.4 and loaded to Greiner 96-well plate. The
reaction was initiated with 100 μl of 5 mg/ml NADP+ with 8 units/ml
isocitrate dehydrogenase. The formation of NADPH was followed at
340 nm for 30 min at 37 °C using a BioTek Synergy 2 Multi Detection
microplate reader. The extinction coefficient for NADPH is Δε340 =
0.06622 μM−1 cm−1. The relative aconitase activity was normalized to
the amount of total protein in the reaction.

2.9.2. Succinate dehydrogenase activity assay
Fifty micrograms of isolated mitochondria was diluted to 1 ml

with cold buffer (50 mM Tris–HCl pH 7.4, 10 μg/ml antimycin A,
1 mM CaCl2, 1 mM KCN, 8 mg/ml sodium succinate) and incubated
for 5 min, as described by Ackrell et al. [45]. The solution was heat-
ed to 37 °C in a quartz cuvette. The SDH reaction was initiated with
100 μl of 0.33% phenazine methosulfate (PMS) and 10 μl of 1% 2,6-
dichlorophenolindophenol (DCIP) at 37 °C. Absorbance at 600 nmwas
monitoredwith a Cary 100UV-visible spectrophotometer for 15min. The
decrease in absorbance at 600 nm was related to the reduction of DCIP
where Δε600 nm = 0.021 μM−1 cm−1. The relative SDH activity was
normalized to the amount of total protein in the reaction. For this assay
of SDH activity, antimycin A and potassium cyanide were added to
block the normal path of electrons through the respiratory chain; there-
fore, the intrinsic activity of SDH is measured, which is not a reflection
of total respiratory function [46]. This activity is instead related to the
Fe–S cluster content [47].

2.9.3. Superoxide dismutase activity assay
Total superoxide dismutase (SOD) activity was determinedwith the

colorimetric Sigma SOD activity assay kit according to product instruc-
tions. Each reaction contained ~5 μg of total protein from lysate of
each transformant grown under the various thiamine conditions. The
substrate was WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, which forms a colored formazan dye
(λmax = 450 nm) upon reduction by the superoxide anion. The SOD
activity was quantified bymeasuring the decrease in the color develop-
ment at 450 nm for 30 min using Greiner Bio one 96-well plates and a
BioTek microplate reader. The SOD activity was normalized to the
amount of total protein in the reaction.

2.9.4. Catalase activity assay
The total catalase activity was determined with the Cayman Chemi-

cal catalase assay kit, using Greiner Bio one 96-well plates and a BioTek
microplate reader. Samples contained ~2 μg of total protein from cell
lysate. The formation of formaldehyde was followed at 540 nm. One
unit of catalase activity equals the production of 1 nmol/ml formaldehyde
per min, and results are normalized to the amount of total protein.

2.10. Statistical analysis

Results are presented as means ± S.E.M. (standard error of the
means), as indicated. The Student's t-test was used for comparison be-
tween the pREP3X control and pREP3X/Fxn1 overexpression groups
and between thiamine levels in an experiment using KaleidaGraph
(Synergy Software). The level of significance was set at p ≤ 0.05 (*)
and p ≤ 0.01 (**).

3. Results

3.1. S. pombe growth effects from Fxn1 overexpression

To examine the overall cellular effects of Fxn1 overexpression
in S. pombe, the aerobic growth of transformants with pREP3X or
pREP3X/Fxn1 was analyzed with spotting assays on minimal media
agar containing varying amounts of thiamine. The expression of Fxn1
from the pREP3X/Fxn1 plasmid is under the control of the thiamine re-
pressible nmt1 promoter, which is maximally repressed at thiamine
concentrations greater than 0.5 μM and maximally de-repressed in the
absence of thiamine [34,35]. Marked growth inhibition of S. pombe
cells is correlated to the level of Fxn1 overexpression, with the greatest
inhibition observed when pREP3X/Fxn1 is fully de-repressed in the ab-
sence of thiamine (Fig. 1A). Interestingly, growth of transformants over-
expressing truncated Fxn1 with a disrupted mitochondrial localization
sequence (Fxn1Δ2–11) is similar to pREP3X at all concentrations of thi-
amine (Fig. 1A). These observations demonstrate that the growth inhi-
bition resulting from Fxn1 overexpression is related to mitochondrial
levels or improper processing of Fxn1. The Fe–S cluster scaffold protein
Isu1, which interacts directly with frataxin [48], was also overexpressed
to determine if the Fxn1 growth inhibition is a general feature of mito-
chondrial protein overexpression in S. pombe. Slight decrease in cell vi-
ability is observed at the highest Isu1 concentrations without thiamine
(Fig. 1B).

3.2. Mitochondrial integrity and cellular respiration of cells overexpressing
Fxn1

To determine whether Fxn1 overexpression affects cell morphology
or mitochondrial organization, pREP3X/Fxn1 and pREP3X were trans-
formed into an S. pombe strain, sdh2-GFP, in which the gene encoding
mitochondrial-localized succinate dehydrogenase (sdh2) is fused at its
3′-end to the protein coding sequence for green fluorescent protein
(GFP). At themoderate levels of Fxn1 overexpression (50 nM thiamine)
some cells have a bottle-shape appearance, which becomes more pro-
nounced at 10 nM thiamine (Fig. 1C). Similar to mitochondria in mam-
malian cells [49,50], mitochondria in interphase S. pombe cells are
organized into tubular networks that typically span the length of the
cell [42,51]. As shown in Fig. 1D, pREP3X transformed sdh2-GFP cells ex-
hibit predominantly normal tubularmitochondrial organization in each
thiamine concentration, as did pREP3X/Fxn1 transformed cells cultured
in 50 μM thiamine. At moderate Fxn1 overexpression levels, 33% of cells
contain normal tubular mitochondria, which decreases to less than 10%
at high Fxn1 expression (Fig. 1E) [23,52]. Anaerobic Fxn1 overexpres-
sion in 50 and 10 nM thiamine slightly increased cell viability
(Fig. 1A), consistent with mitochondrial dysfunction. Further, cells cul-
tured in 10 nM thiamine have an 80% reduction in the rate of cellular
respiration, but respiration rates are reproducibly increased in cells
overexpressing lower levels of Fxn1 (Fig. 1F). Thus, Fxn1overexpression
in S. pombe disrupts mitochondrial integrity and function when in vast
excess. To determine the relative levels of oxidative stress, control and
Fxn1 overexpression cells in the absence of thiamine were treated
with the intracellular superoxide indicator dihydroethidium [53]. Bright
fluorescence staining upon oxidation to oxyethidium is observed for
cells expressinghigh levels of Fxn1 compared to control cells, suggestive
of oxidative stress at high levels of Fxn1 (Supplementary Fig. S1).

3.3. Fxn1 overexpression levels

The relative amount of fxn1 transcript expressed from both the
fxn1 chromosomal locus and pREP3X/Fxn1 as a function of thiamine
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data are normalized to the pREP3X transformant controls (*p b 0.05; error bars shown as mean ± S.E.M., n ≥ 4).
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concentration was measured with quantitative real-time PCR (qRT-
PCR) (Fig. 2A). The nmt1 promoter is leaky [34], so fxn1 mRNA levels
are ~14-fold higher than pREP3X control transformants at 50 μM
thiamine. As the thiamine concentration decreases, the fxn1 tran-
script levels increase to 42- and 386-fold in 50 and 10 nM thiamine,
respectively.

Mitochondria from pREP3X/Fxn1-6His transformants were isolated
from cells cultured in the various thiamine concentrations. Western
immunoblots of isolated mitochondria detected a ~14 kDa Fxn1-6His
protein at all thiamine concentrations (Fig. 2B). As the thiamine concen-
tration is lowered, expression of the ~14 kDa Fxn1 protein increases and
at 10 nM thiamine, a ~19 kDa protein is also observed. The ~14 kDa
protein was purified and MALDI-TOF mass spectrometry indicated a
monoisotopic mass of 14,669 Da, which corresponds to Fxn1 residues
38–158 with the C-terminal His-tag (Supplementary Fig. S2). Thus,
the first 37 amino acid residues are removed during maturation, and
the high overexpression of Fxn1 leads to incomplete processing to the
“mature” form. Native acrylamide gel electrophoresis shows a new dif-
fuse band with slower electrophoretic mobility than the 14 kDa Fxn1
monomer at 10 nM thiamine, but the monomeric form is predominant
(Supplementary Fig. S3). No evidence of post-translational modifica-
tions for either the 14 or 19 kDa proteins is observed (Supplementary
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Fig. S4), consistent with human frataxin isoforms [54], so the change in
electrophoretic mobility on a native gel is most likely due to aggrega-
tion/oligomerization of Fxn1 [55].
Fig. 3.Overexpression of Fxn1 causes iron accumulation and enhanced ferric reductase ac-
tivity. pREP3X and pREP3X/Fxn1 transformants were cultured in 50 μM, 50 nM or 10 nM
thiamine. (A) The total cellular iron content was measured by BPS and normalized to the
number of cells. The fold increase of iron in Fxn1 overexpressing cellswas compared to the
pREP3X controls. (B) The iron concentrations of mitochondria purified from pREP3X and
pREP3X/Fxn1 were measured with BPS and normalized to total protein. Values shown
are the fold difference compared to the pREP3X controls. (C) pREP3X and pREP3X/Fxn1
transformants were grown to mid-log phase without thiamine then resuspended to 1 ×
107cells/ml. Cells were serially diluted (1:5) and spotted on EMM + AU with 25 μM BPS
with 0 nM, 10 nM, 50 nM and 50 μM thiamine. Plates were incubated at 30 °C for
5 days. (*p b 0.05, error bars shown as mean ± S.E.M., n ≥ 5).
3.4. Iron metabolism in cells overexpressing Fxn1

Mitochondria are highly involved in ironmetabolism and disruption
ofmitochondrial function often leads to alteredwhole-cell iron process-
ing [56]. Since frataxin deficiency leads tomitochondrial iron accumula-
tion [33,57], we investigated whether higher concentrations of Fxn1
would yield the opposite effect: a decrease in iron levels. The concentra-
tions of cellular and mitochondrial iron were determined in S. pombe
pREP3X/Fxn1 transformants grown inminimalmediawithout addition-
al iron (~0.7 μM iron in the media). Surprisingly, cells de-repressed in
10 nM thiamine actually accumulate ~11-fold more cellular iron than
control cells (Fig. 3A). The free mitochondrial iron concentration is
also elevated up to ~2-fold at the highest level of Fxn1 expression
(Fig. 3B). While not directly comparable, the two results show that
Fxn1 expression increases iron at the cellular and mitochondrial levels;
however, the majority of the accumulated iron is non-mitochondrial.

Iron uptake by S. pombe requires reduction of ferric iron (Fe3+) to fer-
rous iron (Fe2+) by the cell surface enzyme ferrireductase (Frp1), whose
activity is up-regulated during iron limitation [58]. Thus, Frp1 activity is a
marker of intracellular iron levels, predominantly the bioavailable Fe2+

form. The iron-specific chelator bathophenanthrolinedisulfonic acid
(BPS) was used as a colorimetric indicator of Frp1 activity since the
production of Fe2+ can be monitored by the formation of the red Fe2+-
BPS complex at the cell surface [43,58]. The enhanced red color of the
Fe2+-BPS complex is observed for Fxn1 overexpressing transformants
compared to the control strains (Fig. 3C). It is especially noticeable at
50 nM thiamine where the growth inhibition is not as severe. Even
though increased Fxn1 levels cause iron to accumulate in cells and mi-
tochondria, Frp1 activation indicates that the cell has signaled the need
to import iron [33]. This also suggests that the accumulated iron inside
the cell may be oxidized Fe3+, which has a low solubility in aqueous so-
lution and may be unavailable for iron metabolism [59].

Because of the iron accumulation, serial dilution growth assayswere
performed in the presence of cell-impermeable and cell-permeable
metal chelators to determine if iron limitation could rescue the growth
deficit upon Fxn1 overexpression. Transformants were grown in mini-
mal media with 50 μM thiamine (i.e., fully repressed), then cultured in
media without thiamine to express Fxn1. EMMminimal media contains
~0.7 μM iron, so iron was not limiting until cells were plated onto agar
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with chelators. All chelators are inhibitory to the growth of pREP3X con-
trol cells to varying degrees (Supplementary Fig. S5). Fxn1 overexpres-
sion still inhibits growth, but no additional growth inhibition from iron
chelation is observed as it is for control cells. The most obvious protec-
tive effect is with the combination of the high affinity iron chelator
DTPA and the membrane-permeable chelator deferoxamine, which
chelates labile intracellular iron [60]. It is possible that the combination
of iron-deplete media and cell-permeable iron chelation limits iron up-
take and accumulation such that Fxn1 overexpressing cells aremore re-
sistant to growth inhibition arising from metal depletion [61]. It also
suggests that the accumulation of iron at high levels of Fxn1 is related
to the loss of cell viability since the growth can be rescued by iron
limitation.
3.5. Effect of Fxn1 overexpression on the activities of mitochondrial Fe–S
cluster enzymes

Mitochondrial Fe–S cluster biogenesis provides essential Fe–S
cluster cofactors for proteins, and the pathway is responsive to
both iron levels and oxidative stress [17,56]. Since Fxn1 overexpressing
transformants accumulate 2-fold more iron than control cells, Fe–S
cluster synthesis could be affected. The relative activities of two mito-
chondrial Fe–S cluster enzymes, aconitase and succinate dehydrogenase
(SDH), were examined in Fxn1 overexpressing transformants. Aconitase
is a tricarboxylic acid (TCA) cycle enzyme [62], while SDH links the respi-
ratory chain to the TCA cycle [47]. Thus, Fe–S cluster synthesis andmatu-
ration of Fe–S containing proteins are functionally required for aerobic
cell growth [63]. In spite of the inhibited growth of Fxn1 transformants,
aconitase activity relative to total mitochondrial protein increases up to
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Fig. 4.Mitochondrial aconitase and succinate dehydrogenase relative activities increase in
Fxn1 overexpressing cells. Mitochondria were purified from pREP3X and pREP3X/Fxn1
transformants cultured in 50 μM, 50 nM or 10 nM thiamine (n ≥ 5, error bars are shown
as mean ± S.E.M., *p b 0.05). (A) The aconitase (ACON) activity was measured with
12.5 μg of purified mitochondria. The rate was monitored as a change in absorbance at
340 nm and was normalized to the total mitochondrial protein in each reaction.
(B) Succinate dehydrogenase (SDH) activity was measured with 100 μg of purified mito-
chondria. The absorbance change at 600 nmof each reaction after 5minwas normalized to
the total amount of protein and plotted as the fold increase in activity compared to control
pREP3X cells.
~3.8-fold at all levels of Fxn1 overexpression compared to control cells
(i.e., fold increase in relative activity is N1) (Fig. 4A). Averaged aconitase
progress curves clearly show that the reaction rate increases as a function
of Fxn1 overexpression (Supplementary Fig. S6). Relative SDH activities
from cells overexpressing Fxn1 are also statistically higher than the
control strains at all thiamine concentrations; however, there was no sta-
tistical relevance between the levels of Fxn1 overexpression themselves
(Fig. 4B). Quantitative RT-PCR with Fxn1 overexpressing transformants
indicate that the increased Fe–S enzyme activities are not due to up-
regulated transcription of mitochondrial aconitase (acon1) or SDH
(sdh2) genes (Table 2). Therefore, Fxn1 overexpression in general leads
to increased relative aconitase and SDH activities at the protein level,
which could be related to the fraction of enzymewith active Fe–S clusters
[64].

It is possible that genes encoding proteins of the Fe–S cluster biosyn-
thetic complex are up-regulated from the increased iron concentrations
in Fxn1 overexpressing cells [59]. The transcriptional levels of the
cysteine desulfurase Nfs1, the Fe–S cluster scaffold protein Isu1, and
the accessory protein Isd11were determined byRT-PCR in Fxn1 overex-
pressing strains (Table 2). No statistically significant changes in tran-
script level are observed for nfs1, while isu1 and isd11 transcript levels
are both increased in Fxn1 overexpression strains. This suggests that
Fxn1 levels may directly or indirectly regulate the transcription of
some Fe–S cluster biosynthetic complex proteins, whichmay lead to in-
creased Fe–S cluster biogenesis.

3.6. Mild Fxn1 overexpression confers cellular resistance to oxidative stress

Since excess iron can produce reactive oxygen species (ROS) [65],
growth assays were performed to determine whether Fxn1 overex-
pressing strains were sensitive to external hydrogen peroxide stress
[66]. H2O2 decreases the viability of pREP3X control cells, but not
those overexpressing low levels of Fxn1 (Fig. 5A). This indicates that
slight increases in Fxn1 are protective and increase resistance to oxida-
tive stress. Higher overexpression of Fxn1 (50 and 10 nM thiamine) did
not have a protective effect against peroxide stress (data not shown),
which is consistent with the growth inhibition observed under these
conditions (Fig. 1). It is possible that antioxidant enzymes such as super-
oxide dismutase (SOD) and catalase contribute to the resistance to
external oxidative stress at low Fxn1 levels. Cytosolic (SOD1) and mito-
chondrial (SOD2) enzymes reduce superoxide anions to hydrogen per-
oxide, which is further reduced to water by catalase [67]. Total relative
SOD activity (SOD1/SOD2) for all Fxn1 overexpressing strains is signifi-
cantly higher compared to that for control cells (Fig. 5B), but the activity
is not correlated with Fxn1 concentration. The levels of sod1 transcript
also increases 1.7-fold for cells cultured in 50 μM and 50 nM thiamine
(Table 2). In addition, total relative catalase activity increases over
2-fold for cells overexpressing Fxn1; however, but the activity does
not vary significantly with Fxn1 concentration (Fig. 5C). Thus, cells
with slight overexpression of Fxn1 have a “pre-induced” oxidative
stress response that is consistent with low levels of ROS, but this
response is not adequate to overcome the more extensive oxidative
stress created at high Fxn1expression levels (Fig. S1).

4. Discussion

The highly conserved protein frataxin, whose deficiency leads to the
neurodegenerative disease Friedreich's ataxia (FA), is linked tomitochon-
drial iron metabolism in eukaryotic cells [57]. The precise biological
function of frataxin has been researched in multiple model systems, but
is still amatter of debate [12]. This is due, in part, to the conflicting results
as to which phenotypes are direct consequences of frataxin deficiency
and which are secondary consequences from disrupted of iron homeo-
stasis [28]. One approach to dissect these roles is to overexpress frataxin
in a model organism and characterize the phenotypic changes that re-
sult. Overexpression of frataxin and homologues has been studied in



Table 2
The relative mRNA levels of specific genes in iron metabolism and oxidative stress.a

50 μM thiamine 50 nM thiamine 10 nM thiamine

pREP3X pREP3X/Fxn1 pREP3X pREP3X/Fxn1 pREP3X pREP3X/Fxn1

fxn1 1.00 ± 0.06 15.5 ± 0.26⁎ 1.01 ± 0.07 43 ± 8.5⁎ 1.00 ± 0.05 387 ± 71.9⁎

acon1 1.00 ± 0.06 0.78 ± 0.05 1.00 ± 0.05 0.95 ± 0.10 1.02 ± 0.13 0.81 ± 0.05
sdh1 1.00 ± 0.04 0.96 ± 0.11 1.01 ± 0.09 1.29 ± 0.05 1.000 ± 0.004 0.72 ± 0.07
sdh2 1.00 ± 0.05 0.82 ± 0.03 1.01 ± 0.12 0.94 ± 0.05 1.00 ± 0.03 0.620 ± 0.007
isu1 1.00 ± 0.06 1.52 ± 0.29⁎ 1.01 ± 0.07 1.34 ± 0.19⁎ 1.00 ± 0.02 1.86 ± 0.46⁎

nfs1 1.01 ± 0.09 1.2 ± 0.15 1.05 ± 0.23 0.97 ± 0.19 1.00 ± 0.03 1.041 ± 0.012
isd11 1.0 ± 0.1 1.32 ± 0.08⁎ 1.03 ± 0.18 1.27 ± 0.22⁎ 1.01 ± 0.12 0.92 ± 0.04
sod1 1.00 ± 0.05 1.76 ± 0.04⁎ 1.03 ± 0.17 1.70 ± 0.11⁎ 1.00 ± 0.04 1.1 ± 0.2
sod2 1.00 ± 0.07 1.33 ± 0.02 1.0 ± 0.1 0.84 ± 0.02 1.00 ± 0.06 0.95 ± 0.15

a Three transformants of pREP3X and pREP3X/Fxn1were each culturedwith 50 μM, 50 nMor 10 nM thiamine for 72 h at 30 °C. The primers for genes assayed by quantitative real time
PCR are in Table S1 in the Supplementary data. The relative expression levelswere calculatedusing the actin act1housekeeping gene [24]. Three technical replicateswere averaged for each
biological replicate and reported as mean ± S.E.M. (*p b 0.05).
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S. cerevisiae, mouse, fly, and human cell lines, but these studies have
produced contradictory results [26–30,68–71]. As listed in Table 1, over-
expression of human frataxin in human cell lines and mouse models
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(B) Relative superoxide (SOD) activity was measured with 5 μg of cell lysate from
pREP3X and pREP3X/Fxn1 transformants cultured in 50 μM, 50nMor 10nM thiamine. Ac-
tivities were normalized to the total protein concentration and plotted as the fold
difference of Fxn1 cells compared to control pREP3X cells (n ≥ 4, error bars are shown
as S.E.M., *, p b 0.05). (C) Relative catalase activity was measured with 2 μg of cell lysate
from pREP3X and pREP3X/Fxn1 transformants cultured in 50 μM, 50 nM or 10 nM
thiamine. Activities were normalized to the total protein concentration and plotted as
the fold difference of Fxn1 cells compared to control pREP3X cells (n ≥ 4, error bars are
shown as mean ± S.E.M., *p b 0.05, **p b 0.01).
indicates that increased frataxin concentrations enhance both cellular
respiration and relative aconitase activity (or oxidative phosphorylation)
[68,70,72]. However, fly and yeast studies observed decreased aconitase
relative activity and impaired cellular respiration if frataxin was
overexpressed [28,29]. The reason for these discrepancies is unclear,
but may be related to the level of frataxin overexpression, which is the
focus of this study using Schizosaccharomyces pombe as a model organ-
ism. S. pombe fission yeast is an attractive model organism for human
mitochondrial diseases such as FA as it is a unicellular eukaryote that is
evolutionarily distant from S. cerevisiae and a good organism to study
mitochondrial diseases [31,73]. The S. pombe frataxin homologue Fxn1
(also called Pfh1) is 44% identical to human frataxin and is known to
closely replicate the FA phenotype upon its deletion (fxn1Δ) [33]. For
these reasons we characterized the phenotypic effects of S. pombe Fxn1
overexpression, providing a complementaryway to investigate the func-
tion of frataxin. Our characterization has also shed light onto the reason
for the inconsistencies in other frataxin overexpression models.

The expression of exogenous S. pombe Fxn1 was controlled via a
thiamine-repressible promoter [34,35]. Three Fxn1 expression levels
over native amounts were compared: high (~380-fold), moderate
(~40-fold) and low (~15-fold) overexpression corresponding to
10 nM, 50 nM and 50 μM thiamine, respectively (Fig. 2A). The
“low-moderate” (50 μM and 50 nM thiamine) and “high” (10 and
0 nM thiamine) Fxn1 overexpression phenotypes are distinct and
summarized in Table 3.

Mature S. pombe Fxn1 is composed of residues 38–158 (Fig. S2) and
is the major isoform in cells with low–moderate overexpression
(Fig. 2B). The full-length ~19 kDa Fxn1 isoform was observed at high
overexpression levels (Fig. 2B), along with protein oligomerization/
aggregation (Fig. S3). Under aerobic conditions, cell viability declined for
both the low-moderate and high overexpression phenotypes (Fig. 1A);
however, high Fxn1 levels caused severe growth inhibition that was not
from general mitochondrial protein overexpression as this level of inhibi-
tion was not observed for the Fe–S scaffold Isu1 (Fig. 1B) or in other
S. pombe overexpression studies [74,75]. We propose that the degree of
growth inhibition from Fxn1 expression is related to the amount of un-
processed Fxn1 or to the amount of frataxin in oligomeric complexes,
similar to Yfh1 [48]. Contradictory studies indicating frataxin oligomeriza-
tion is functional [76,77] and not non-functional [78] have been reported,
so a more detailed examination is required in S. pombe.

Similar to other S. pombe mutants with mitochondrial dysfunction
[79], cells with high Fxn1 overexpression exhibited clear morphological
and mitochondrial membrane abnormalities (Fig. 1C) and were
respiratory-deficient, unlike the low-moderate overexpressing cells
which had slightly increased cellular respiration (Fig. 1F). The S. pombe
fxn1Δ strain also had a decreased respiration rate [33], so it is interesting
that mitochondrial dysfunction appears to be related to both Fxn1
deficiency and high mitochondrial Fxn1 overexpression, but not at low-
moderate levels. Further studies indicated that oxidative stress, a



Table 3
Summary of S. pombe Fxn1 overexpression phenotypes.

Property Low–moderate overexpression (14 – 40 fold)a High overexpression (380 fold)a

Cell growth (aerobic) Slightly inhibited Severely inhibited
Cell growth (anaerobic) No difference compared to aerobic Less inhibited compared to aerobic
Cell morphology Few bottle shaped Majority bottle shaped
Mitochondrial membrane integrity Some aggregation at 50 nM Severely aggregated/fragmented
Cell respiration rate Increased ~20% of control Decreased ~80% of control
Isoform Fxn138–158 FXN138–158 and FXN11–158

Fxn1 aggregation No Yes
Cellular iron accumulation Slight increase Increased ~11-fold
Mitochondrial iron accumulation No significant increase Increased ~2-fold
Growth with Fe chelators Less inhibition than control Less inhibition than control
Oxidative stress Slight increase Significant increase
Induced ROS response Yes Yes
SDH activity Increased ~2-fold Increased ~2-fold
Aconitase activity Increased 1.8–3.2-fold Increased ~4-fold
SOD activity Increased 1.7–2.3-fold Increased ~1.5-fold
Catalase activity Increased 1.9–2.3-fold Increased 2.3-fold
Growth with external ROS Growth enhanced compared to control No difference

a Determined from quantitative RT-PCR of fxn1 gene.
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hallmark of respiratory deficiency [80],may play a role in this dysfunction
in the high overexpression phenotype [67]. AlthoughROS is likely present
in both Fxn1 overexpression phenotypes, it is more severe at the highest
Fxn1 levels. Low amounts of Fxn1 up-regulated SOD and catalase activi-
ties to actually protect S. pombe from external peroxide stress (Fig. 5A);
however, the ROS correlated with the high expression phenotype pre-
sumably exceeds the antioxidant capacity, leading to loss of cellular via-
bility. Cell viability was somewhat restored under anaerobic conditions,
which bypasses the aerobic respiratory chain (Fig. 1A). Anaerobic growth
also rescued the fxn1Δ S. pombe strain, which had clear markers of ROS
[33]. Therefore, we propose that the growth inhibition of S. pombe cells
overexpressing high levels of Fxn1 is from mitochondrial dysfunction
and/or oxidative stress.

The 11-fold cellular and 2-fold mitochondrial accumulation of iron
in the high Fxn1 overexpression phenotype levels suggested that dys-
regulated iron metabolism may contribute to oxidative stress and
growth inhibition of S. pombe cells (Fig. 3A), although further investiga-
tion into the type of ROS present is required to confirm this prediction
[30,48]. Extra- and intra-cellular iron chelators improved cell viability
of Fxn1 overexpressing cells, providing further support for the link be-
tween excess iron and cell growth (Supplementary Fig. S5). Even mod-
erate Fxn1 concentrations led to increased ferric reductase activity at
the cell surface (Fig. 3C), which is part of the high affinity iron uptake
pathway that is up-regulated by iron limitation [30,58]. Potential induc-
tion of the “iron-deficient” cellular response suggests that some of the
accumulated iron in the high overexpression phenotype may be non-
labile (e.g., in ferric aggregates or nanoparticles) [33,81]; however,
more studies are required to confirm the oxidation state and chemical
species of the accumulated iron. Further, mitochondrial iron accumula-
tion in frataxin-deficient cells is known to be proportional to the
amount of iron in the media [82]. Therefore, it is difficult to compare
the levels of iron accumulation in our studieswhich did not supplement
growth media with iron (i.e., 0.7 μM) to the many studies of frataxin-
deficiency that added iron to the culture media. In Yfh1-deficient
yeast, a relative depletion in cytosolic iron accompanies the increase
in mitochondrial iron [20], and reintroduction of exogenous Yfh1 (5-
fold overexpression) appears to redistribute iron from themitochondria
to the cytosol [18]. These results are similar to our observations with
S. pombe Fxn1 overexpression, where most accumulated iron is in the
cytosol. This is not to say that the small increase in mitochondrial iron
from Fxn1 overexpression is not without consequence. Some re-
searchers postulate that significant iron accumulation may be a late
event in FA, but subtle increases in mitochondrial iron levels may be
an early event and may play a role in the pathogenesis of FA (i.e., Fe–S
cluster deficits and oxidative stress) [18,83]. In fact, our iron accumula-
tion data are actually more consistent withmammalian FAmodels with
frataxin-depletion or deficiency in which mitochondrial iron only in-
creases 1.5–3 fold [84,85], as compared to 2–12 fold for S. cerevisiae
yfh1Δ knockout strains [18]. This is another reason S. pombe is an attrac-
tive model for FA studies.

The accumulated mitochondrial iron from Fxn1 overexpression was
likely shunted to Fe–S cluster biogenesis in some way. S. pombe
aconitase and succinate dehydrogenase (SDH) enzymes both require in-
tact Fe–S clusters for activity [48,56]. Aconitase activity normalized to
total protein increased for both Fxn1 overexpression phenotypes
(Fig. 4A) and was not due to increased acon1 transcription (Table 2).
Relative SDH activity was also enhanced for both the low-moderate
and high Fxn1 overexpression phenotypes; however, there was no sta-
tistical relationship between activity and amount of Fxn1 (Fig. 4B).
Given that both aconitase and SDH displayed increased normalized ac-
tivities, it is likely that Fxn1 overexpression stimulates Fe–S cluster syn-
thesis or maturation of Fe–S proteins using some of the imported
mitochondrial iron.

Mitochondrial Fe–S clusters are synthesized on the Isu1 scaffold pro-
tein using sulfur from the cysteine desulfurase Nfs1 in complex with an
accessory protein Isd11 [56]. Frataxin may donate iron for Fe–S cluster
assembly, although recent experiments suggest that frataxin regulates
Nfs1 cysteine desulfurase activity and sulfur mobilization for Fe–S bio-
genesis [15,16]. If Fxn1 regulates the production of Fe–S clusters, over-
expression of Fxn1 would activate Fe–S cluster biosynthesis, leading to
increased maturation of Fe–S containing proteins like aconitase and
SDH. We determined that nfs1 and isd11 transcript levels were not
greatly altered by Fxn1 overexpression (Table 2); however, isu1 tran-
scription, which is regulated by mitochondrial iron availability [86],
was increased for both low-moderate and high Fxn1 overexpression
phenotypes. As a result, it is possible that activation of Fe–S biosynthesis
by Fxn1 could lead to up-regulated isu1 transcription and increased iron
import to support cluster production [63]. This is a very interesting av-
enue for future investigations of Fxn1 function during Fe–S biogenesis.

Finally, the augmented normalized aconitase activity in S. pombe
Fxn1 overexpressing cells is interesting from a functional standpoint
since the catalytic [4Fe–4S] cluster is sensitive to oxidative damage
and enzyme inactivation [87]. Our studies suggest that cells overex-
pressing Fxn1 experience some level of oxidative stress, so it is unusual
that aconitase activity was enhanced, but not without support in the lit-
erature. Other frataxin overexpression studies in mouse [26], human
adipocytes [68], and human cancer cells [70] also reported increased
aconitase activities (Table 2). None of these studies presented a hypoth-
esis for increased aconitase activity in relation to Fxn1. Frataxin over-
expression in S. cerevisiae [28] or Drosophila [71] actually led to a
decline in aconitase activity. This could indicate that S. pombe
Fxn1 has functions more conserved with mammalian frataxin than
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S. cerevisiae and Drosophila orthologues, which supports its use as a
model organism for FA research [42]. The increased aconitase activity
detected in Fxn1 overexpressing S. pombe cells is also consistent with
a study by Bulteau et al. that demonstrated that the Fe–S cluster
in S. cerevisiae aconitase is protected from oxidation through a direct
interaction with Yfh1 [19]. A more likely scenario is that oxidatively
damaged Fe–S clusters undergo faster turnover using imported mito-
chondrial iron. This would not be as noticeable for SDH as its Fe–S clus-
ters are not as sensitive to oxidative stress [47].

5. Conclusions

S. pombe cells overexpressing Fxn1 have two phenotypes distin-
guished by the amount of Fxn1 in the mitochondria. It appears as
though low-to-moderate overproduction of Fxn1 may lead to some
beneficial effects, whereas the significant overexpression of Fxn1 over
some threshold value may be toxic to the overall health of the cell.
These two phenotypes also potentially explain the phenotypic discrep-
ancies between overexpression studies in other organisms (Table 2).
This study indicates that Fxn1 protein levels must be balanced to prop-
erly carry out its role in Fe–S cluster biogenesis. We propose that since
activated Fe–S cluster synthesis or maturation is common to both phe-
notypes, Fxn1 may be a regulator for this process as proposed for other
frataxin homologues [15,16]. Enhanced production of Fe–S clusters at
low-moderate Fxn1 concentrations explains the slightly stimulated cel-
lular respiration rate and iron uptake. Any unused iron could undergo
redox chemistry with oxygen and contribute to low level oxidative
stress that up-regulates antioxidant enzymes like SOD and catalase
[67]. At high Fxn1 overexpression levels, cells continue to import iron
to their detriment. Since the cell is presumably replete in Fe–S clusters,
the decreased cellular respiration,mitochondrial fragmentation, and in-
hibition of cell growth observed at high Fxn1 levels may be due to iron-
based oxidative stress, not Fe–S cluster deficits in electron transport
chain proteins [48]. Despite its known sensitivity to oxidative stress,
aconitase activity was enhanced under these cellular conditions,
which further supports the hypothesis that Fe–S cluster production
has been up-regulated by Fxn1, although other potential mechanisms
of oxidative stress must also be explored [88].

Based on the prediction that Fxn1 is an activator of Fe–S synthesis
[15,16], its deficiency in FA would clearly decrease Fe–S cluster biogen-
esis and downstream activities of Fe–S-containing proteins including
aconitase, SDH, and some in the electron transport chain. In this case,
oxidative stress would be created through a feedback-loop mechanism
related to respiratory deficiency and iron accumulation [48]. These phe-
notypes have been observed as hallmarks of Friedreich's ataxia: respira-
tory deficit, decreased activities of Fe–S enzymes, mitochondrial iron
accumulation and oxidative stress [3]. Deletion of S. pombe fxn1 repro-
duces the FA phenotype [33] and Fxn1 overexpression delineates a
regulatory role in Fe–S cluster biosynthesis. This would suggest that
dysregulation of Fe–S cluster biogenesis is involved in the pathogenesis
of Friedreich's ataxia. Putting our research in contextwith other studies,
it also suggests that therapies to increase transcription and translation
of endogenous frataxin or to replace exogenous frataxin via gene thera-
py must tightly control protein expression since high levels of frataxin
are detrimental to the cell in a manner similar to its deficiency [26–30,
68–71].
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