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The primary function of frataxin, a mitochondrial protein
involved in iron homeostasis, remains controversial. Using a
yeast model of conditional expression of the frataxin homo-
logue YFH1, we analyzed the primary effects of YFH1 deple-
tion. The main conclusion unambiguously points to the up-
regulation of iron transport systems as a primary effect of
YFH1 down-regulation. We observed that inactivation of acon-
itase, an iron-sulfur enzyme, occurs long after the iron uptake
system has been activated. Decreased aconitase activity should
be considered part of a group of secondary events promoted by
iron overloading, which includes decreased superoxide dis-
mutase activity and increased protein carbonyl formation. Im-
paired manganese uptake, which contributes to superoxide
dismutase deficiency, has also been observed in YFH1-defi-
cient cells. This low manganese content can be attributed to
the down-regulation of the metal ion transporter Smf2. Low
Smf?2 levels were not observed in AFT1/YFHI double mutants,
indicating that high iron levels could be responsible for the
Smf2 decline. In summary, the results presented here indicate
that decreased iron-sulfur enzyme activities in YFHI-deficient
cells are the consequence of the oxidative stress conditions
suffered by these cells.

Frataxin is a small mitochondrial protein that when defi-
cient is the cause of Friedreich ataxia in humans. Homologues
of this protein are found in bacteria, fungi, and plants (1). The
gene encoding frataxin was identified 14 years ago (2). Initial
research performed with yeast cells deficient in the yeast
frataxin homologue 1 gene (YFH1I) indicates the presence of a
direct link between frataxin and iron metabolism (3) and the
mitochondrial nature of the disease (4, 5). The presence of
deficient activities of iron-sulfur-containing enzymes in
frataxin- or Yfh1-deficient cells was also observed early and
initially considered a consequence of iron-induced oxidative
stress (6). A direct role of Yfh1 in iron-sulfur biogenesis was
first suggested in 1999 based on the presence of low aconitase
activity in yeast Yfh1 mutants grown under iron-limiting con-
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ditions (7). Two years later, iron-sulfur deficiency was ob-
served prior to iron accumulation in a conditional frataxin
mutant mouse model (8). Both facts support the hypothesis of
a primary role for frataxin in iron-sulfur biogenesis, a com-
plex process requiring the participation of several highly con-
served proteins called ISC system proteins (9, 10). These pro-
teins are involved in providing the sulfur, iron, and reductive
power required to build the cluster. Also, some of them act as
scaffold proteins where the newborn clusters are initially ac-
commodated. Finally, a group of proteins participates in the
transfer of the cluster from the scaffold proteins to their final
host proteins. Many studies have provided evidence that
frataxins act as iron donors in iron-sulfur maturation. Most of
these studies are based on the finding of direct interactions
between frataxins and ISC system proteins such as Isul (11—
13). However, other findings contradict the hypothesis that
frataxin plays a primary role in iron-sulfur biogenesis. For
instance, the respiratory function in Yfh1-deficient yeasts can
be rescued by limiting iron toxicity, either by expressing hu-
man mitochondrial ferritin (14) or overexpressing the vacuo-
lar iron transporter CCC1 (15). Also in yeast, aconitase activ-
ity is preserved in Ayfh1 cells grown under strict anaerobic
conditions (16). Moreover, in two previous studies (17, 18),
we observed that YFHI null mutations lead to the impairment
of superoxide dismutase (SOD)? activities. When these activi-
ties were restored, the activities of several iron-sulfur-con-
taining enzymes were also recovered, suggesting that iron-
sulfur deficiency in Ayfh1 yeasts is due to the lack of SOD
activities. In frataxin-deficient Drosophila melanogaster, ac-
onitase deficiency is observed only under hyperoxia condi-
tions (19), whereas H,O, scavenging restores aconitase
activity (20). All of these observations suggest that lack of
iron-sulfur enzymatic activities in frataxin-deficient cells
could be a consequence of oxidative stress conditions gener-
ated by iron accumulation.

The controversy about the primary function of frataxin
may be due to the difficulty in differentiating between pri-
mary defects directly related to frataxin function and those
caused by oxidative stress conditions exerted by iron over-
load. These latter effects should be considered secondary and
not directly related to frataxin function. To solve this prob-
lem, some studies have analyzed the evolution of several bio-

2 The abbreviations used are: SOD, superoxide dismutase; CBB, Coomassie
Brilliant Blue.
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TABLE 1
Strains used in this work
Strain Relevant genotype Comments

W303-1A MATa ura3-1 leu2-3,112 trp1-1 his3-11,15 ade2-1 Wild type
W303-1B MATa ura3-1 leu2-3,112 trpl-1 his3-11,15 ade2-1
MML298 W303-1A yfhl:kanMX4 Ayfhl (17)
MML348 W303-1A aftl-AS5:URA3 Aaftl (45)
BQS100 W303-1A aft1-A5:URA3 yfhl1:kanMX4 Aaftl Ayfhl (44)
MML3830 W303-1A tetR'-Ssn6:LEU2 Integration of pCM244 in W303-1A (56)
tetO,-YFH1 W303-1A tetO,-YFHI::kanMX4 tetR'-Ssn6:LEU2 Promoter substitution of YFHI in MML830
BQS099 W303-1A tetO,-YFHI::kanMX4 tetR'-Ssn6::LEU2 Promoter substitution of YFHI in MML830
tetO,-YFH1 W303-1A tetO,-YFH1::kanMX4 tetR'-Ssn6::LEU2 Spore from BQS099 X W303-1B cross
BQS202 tetO,-YFH1 YFHI-3HA::natMX4 Chromosomal YFH1 tagged with 3HA using the natMX4 cassette
BQS203 tetO,-YFHI; YFHI-3HA::natMX4 Chromosomal YFH1 tagged with 3HA using the natMX4 cassette
BQS204 W303-1A YFHI-3HA:natMX4 Chromosomal YFH1I tagged with 3HA using the natMX4 cassette
BQS206 tetO,-YFH1; SMF2-3HA::hphNT1 Chromosomal SMF2 tagged with 3HA using the iphNT1 cassette
BQS207 MML298 SMF2-3HA::hphNT1 Chromosomal SMF2 tagged with 3HA using the iphNT1 cassette
BQS208 W303-1A SMF2-3HA:hphNT1 Chromosomal SMF2 tagged with 3HA using the iphNT1I cassette
BQS213 BQS100 SMF2-3HA::hphNT1 Chromosomal SMF2 tagged with 3HA using the iphNT1I cassette
BQS212 MML348 SMF2-3HA::hphNT1 Chromosomal SMF2 tagged with 3HA using the iphNT1 cassette

chemical parameters in frataxin conditional mutants. In yeast,
studies taking this approach have used galactose (21)- or me-
thionine (22)-regulated promoters. However, gal promoters
present the disadvantage of the strong metabolic rearrange-
ments suffered by yeast cells after changes in the carbon
source present in the growth media, whereas methionine pro-
moters have not been used to address the early effects of Yth1
deficiency. An interesting alternative approach was attempted
in cell culture using tetracycline-inducible shRNA against
frataxin (23). Unfortunately, it is difficult to obtain strong evi-
dence from this model because detailed biochemical analysis
of the parameters affected by frataxin depletion in cell lines is
very challenging. The present study used yeast tetO-YFHI
mutants in an effort to decipher the primary consequences of
frataxin deficiency. In this model the addition of doxycycline
to the growth media allows efficient repression of frataxin
expression. This drug is known to have no effects on global
expression of the yeast genome (24), avoiding the side effects
associated with other kinds of promoters. This approach has
allowed us to establish unambiguously that the primary effect
of frataxin deficiency is up-regulation of the iron transport
systems. We also observed that decreased activities of iron-
sulfur-containing enzymes is a secondary effect, resulting
from the oxidative stress conditions generated by iron over-
load and by decreased SOD activities.

EXPERIMENTAL PROCEDURES

Organisms and Culture Conditions—The Saccharomyces
cerevisiae strains used in this study are listed in Table 1. All of
them are derived from W303-1A (MATa ura3-1 leu2-3,112
trpl-1 his3-11,15 ade2-1), which is considered the wild type
strain in this work. Yeast cells were grown in rich medium
(1% yeast extract and 2% peptone with either 2% glucose
(YPD) or 3% glycerol (YPG)) by incubation in a rotary shaker
at 30 °C. When indicated, cells were grown in synthetic com-
plete (SC) medium containing 0.67% yeast nitrogen base, a
mixture of amino acids, and a carbon source (either 2% glu-
cose or 3% glycerol). All of the experiments described in this
work were performed with exponentially growing cells at op-
tical densities ranging from 0.5 to 0.7 (A = 600 nm, 1-cm light
path).
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Plasmids and Genetic Methods—The promoter substitution
cassettes from plasmids pCM224 and pCM225 were em-
ployed for replacing the endogenous promoters of YFH1 in
MML830 by the tetO, and tetO, promoters as described (25).
The primers used for these promoter substitutions were 5'-
CAT CGC ACT TGA CAA ATT TCA AAA AACCGT ATT
CAG TGA TCA GCT GAA GCT TCG TAC GC-3' and 5'-
CACTCTATCTTICTCGCTTAGT TTT TTT TGA AAT
ACT ATCTTT GCA TAG GCC ACT AGT GGA T-3'. Plas-
mids pCYC106 (supplied by Dr. E. Gari, Universitat de Lleida)
and pYM24 (26) were used for 3HA tagging of the coding ter-
minus of the chromosomal copies of YFHI and SMF2, respec-
tively. The primers used for HA tagging in YFHI were
5'-ACT TAC TGA AGA AGT TGA GAA GGC CATTTC
TAA AAG CCA ACG TAC GCT GCA GGT CGA C-3" and
5'-AAG GAA GAG AGA CTC TAA CTA TGA AAT AGA
TTG GAT GCG TCA TCG ATG AAT TCG AGC TCG-3'.
The primers used for tagging HA in SMF2 were 5'-TGA ACT
TTT ATA TGT TAC TGG GCT TTA CTA CGG GCA AAG
AAG TACACCTCC GTA CGC TGC AGG TCG AC-3' and
5'-ATT CTT GGA TAA AAT GTA TACTTA TAC TAG
TCT AAAGAATTGTTATAT TAATCGATG AAT TCG
AGC TCG-3'. For the overexpression of Mrs4, we used the
plasmid JK1489 in which MRS4 tagged with FLAG at its C
terminus was inserted into pCM185 (27), a tetracycline-regu-
lated plasmid. JK1489 was generously supplied by Dr. Jerry
Kaplan (University of Utah, Salt Lake City).

Iron and Manganese Analyses—Total cellular iron and
manganese concentrations were determined in nitric acid
(3%)-digested cells. Cellular volumes were calculated before
digestion in a Coulter Z2 particle count and size analyzer.
Iron content was determined using bathophenanthroline sul-
fonate as chelator (28). Manganese content was assayed in a
graphite furnace atomic absorption spectrometer.

Enzyme Activities—Cell extracts were prepared using glass
beads. Aconitase and citrate synthase enzyme activities were
assayed as described (29). SOD activities were analyzed in
zymograms. Briefly, cells were disrupted using glass beads in
50 mMm Tris-HCI buffer, pH 8.0, and 30 ug of protein were
loaded on native Tris-glycine polyacrylamide gels. After elec-
trophoresis, gels were stained for SOD activity as described
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(30). Native gels were densitometered in a GS800 densitome-
ter (Bio-Rad), and the density of the bands corresponding to
Mn-SOD or CuZn-SOD activity was calculated using Quan-
tity One software (Bio-Rad). A standard curve containing se-
rial dilutions of a reference extract was used to estimate the
relative SOD activity in each extract.

Oxygen Consumption—Oxygen consumption was measured
in a Clark detector as described (31). In brief, oxygen uptake
was measured in a 4-ml stirred chamber (100 rpm) using a
YSI model 53 biological oxygen monitor (Yellow Springs In-
struments) following the manufacturer’s directions. A volume
containing 1 X 10 cells grown in YPG was harvested,
washed, resuspended in fresh YPG medium and tested for
oxygen consumption.

Northern Blot Analyses—RNA isolation and electrophore-
sis, probe labeling with digoxigenin, hybridization, and signal
detection were done as described previously (32). Gene
probes were generated by PCR from genomic DNA, using
oligonucleotides designed to amplify internal open reading
frame sequences.

Western Blot Analysis—Cell extracts were separated in
SDS-polyacrylamide gels and transferred to polyvinylidene
difluoride (PVDF) membranes. The following primary anti-
bodies were used: Sod2 (Stressgen, SOD-111), Sod1 (Chemi-
con, AB1237), Acol (obtained from R. Lill, Marburg, Ger-
many), Porl (Molecular Probes, A6449), E2 subunit from
a-ketoglutarate dehydrogenase (Kgd2) (33), and antibodies
against HA epitope (Roche Applied Science, catalog No.
1867423). Peroxidase-conjugated anti-rabbit and anti-mouse
antibodies were used for detection. Image acquisition was
performed in a ChemiDoc XRS (Bio-Rad). When required,
chemiluminescent data were analyzed using Quantity One
software (Bio-Rad). The protein load was verified by post-
Western Coomassie Brilliant Blue (CBB) staining of the PVDF
membranes.

Carbonyl Quantitation—Oxidative damage to proteins can
be evaluated by the use of 2,4-dinitrophenyl hydrazine
(DNPH), a compound that reacts with carbonyl groups in
proteins. Carbonyl groups are common by-products of oxida-
tive damage to amino acid side chains. Antibodies against
DNP allow the immunodetection of this compound bound to
proteins by classic Western blot techniques. Crude extracts
were prepared as described previously (33). Antibodies
against DNP (Dako) were used at a 1:5000 dilution. A peroxi-
dase-conjugated anti-rabbit antibody was used for detection.
Images were acquired in a ChemiDoc XRS system (Bio-Rad)
and analyzed with Quantity One software (Bio-Rad).

B-Galactosidase Assay—A Fet3-LacZ plasmid containing
the FET3 promoter region cloned into YEp354, a LacZ ex-
pression vector, was kindly supplied by Dr. Jerry Kaplan (Uni-
versity of Utah) (34). This plasmid was used to transform
tetO.-YFHcells. Cells were grown in SC medium without the
specific marker present in the plasmid. B-Galactosidase activ-
ity was measured using a 96-well kinetic assay as described
(35). The reaction rate was assayed over a span of 10 min.
Specific activity is defined as nmol/min/mg protein.

RNA Isolation and Quantitative Real-time PCR—Total
RNA was extracted using the RNeasy kit (Qiagen, catalog no.
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74104) according to manufacturer’s instructions. 1 ug of total
RNA from each sample was converted into cDNA, and 50 ng
was used for each individual real-time PCR reaction. The as-
says were performed in an iCycler (Bio-Rad) using the Tagq-
Man Universal PCR Master Mix kit from Applied Biosystems.
Actin (ACT1) was used as an internal control. Primer se-
quences and probes for FET3 and ACT1 were provided by
Applied Biosystems (TaqgMan gene expression assays, cus-
tom). Quantification was completed using iCycler IQ real-
time detection system software (version 2.3, Bio-Rad). Rela-
tive expression ratios were calculated on the basis of ACp
values with efficiency correction based on multiple samples
(36).

Yeast Cell Fractionation—Mitochondrial and cytosolic frac-
tions were obtained from YPG-grown cells by the following
procedure. 0.6 g of yeast cells (wet weight) were resuspended
in 2 ml of 100 mm Tris-HCI, pH 9.3, containing 10 mwm dithio-
threitol and incubated for 30 min at 30 °C. Cells were centri-
fuged at 1250 X g for 4 min, and the pellet was washed with 4
ml of buffer A (25 mM sodium phosphate, pH 7, 1 mm MgCl,,
1 mm EDTA, and 2 M sorbitol). After a second centrifugation
step (4 min, 1250 X g) the pellet was resuspended in 2 ml of
buffer A containing 5000 units of zymolyase. After a 1-h incu-
bation, the spheroplasts were pelleted by centrifugation at
2800 X g for 7 min. The pellet was resuspended in 2 ml of 10
mM Tris-HCI, pH 7.4, containing 1 mm EGTA, 0,32 M sucrose,
and protease inhibitors. The spheroplast suspension was sub-
jected three times to 10 strokes in a cooled Potter-Elvehjem
tissue grinder (Kimble/Kontes) and centrifuged at 1250 X g
for 4 min to eliminate unbroken cells and debris. The super-
natant was centrifuged again (10 min, 7800 X g) to separate
the cytosolic proteins (which remained in the supernatant)
from the mitochondria pellet.

Immunoprecipitation of Yfhl—Mitochondrial or cytoplas-
mic proteins (200 ug) were immunoprecipitated using a
wMACS™ column (Miltenyi Biotec) prepared for HA-tagged
protein isolation according to manufacturer’s instructions.
The immunoprecipitated proteins were separated by SDS-
PAGE, blotted onto nitrocellulose membranes, and inmuno-
detected using anti-HA antibodies.

Measurement of Cell Growth Rate—Cell growth was moni-
tored in 1-ml cultures in 24-well plates incubated at 30 °C and
constant agitation in a Biotek PowerWave XS Microplate
Spectrophotometer. Plates were sealed with Breathe-EASY
membranes (Diversified Biotech, Boston, MA). Optical den-
sity (600 nm) was recorded every 30 min. Generation times
were calculated every hour using four measurements around
the desired time point. Gen5 data analysis software and Mi-
crosoft Excel were used for these calculations.

RESULTS

Selection of Growth Media—The present study used yeast
tetO-YFH1 mutant strains in which the endogenous YFH1
gene was placed under the control of a Tet promoter. Never-
theless, we first analyzed the effect of the growth media on
mitochondrial content and activity in our wild type strain
(W303-1A) to select the optimal growth conditions for this
study. Glucose is the preferred carbon source of S. cerevisiae,
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and consequently this sugar exerts a strong repressive effect
over many genes involved in the utilization of other carbon
sources. Glucose also has a strong repressive effect on many
mitochondrial genes involved in respiration or NADH gener-
ation. As a consequence, yeast grown under conventional
YPD medium (which contain 2% glucose) display a respirofer-
mentative metabolism in which most of the glucose used is
converted to ethanol. This phenomenon is known as the
Crabtree effect (37, 38). Yeast cells can also grow efficiently in
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FIGURE 1. Increased mitochondrial content in YPG-grown cells. W303
cells were grown in either YPG or YPD medium. Enzymatic activities of ac-
onitase (A) and citrate synthase (B) were measured in whole cell extracts.
The protein content of Aco1, Kgd2, and Por1 was analyzed using specific
antibodies (C). In each gel lane, 15 ug of protein from whole cell extracts
was loaded. The protein load was also verified by post-Western CBB stain-
ing of the PVDF membrane. The apparent molecular weight of each protein
is shown in kDa.

rich medium containing glycerol (YPG), which is a nonfer-
mentable carbon source. Therefore, we analyzed several mito-
chondrial markers, both in YPD- and YPG-grown cells, in-
cluding two enzymatic activities (aconitase and mitochondrial
citrate synthase) and three proteins (aconitase, a-ketoglut-
arate dehydrogenase, and the mitochondrial porin). As shown
in Fig. 1, all of these parameters were higher in cells grown in
YPG, indicating strong repression of mitochondrial function
in cells grown in YPD medium. As a result, YPG medium was
selected to perform our experiments. It is worth reminding
that frataxin is a mitochondrial protein, and tissues most af-
fected in Friedreich ataxia are those with high oxygen con-
sumption (39).

Construction and Validation of Conditional YFH1 Mutant
Strains—W e constructed two conditional mutants in which
YFH1 expression was placed under the control of either tetO,
or tetO., promoters. For this purpose, we generated tetO,-
YFH1I and tetO,-YFH1 strains in which the wild type YFH1
promoter was replaced by these two promoters. Because these
promoters differ in the number of activation/repression boxes
they contain, tetO, promoters are more efficient than tetO,
promoters (32). Both of the tetO-YFH1I strains were able to
grow on glycerol in the absence of doxycycline (YFHI ex-
pressed). The level of expression of YFHI was measured by
Northern blot before and after 7 h of exposure to doxycycline
(Fig. 2A). Wild type and AyfhI strains were used as controls.
As expected, tetO,-YFH]I presented higher levels of expres-
sion than tetO,-YFH]I in the absence of doxycycline, whereas
in the presence of this drug the repression was stronger in
tetO,-YFH1 than in tetO,-YFHI. To evaluate the effect of the
different expression levels on protein levels, a 3X HA tag was
placed at the C-terminal site of Yfh1 in wild type and tezO-
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FIGURE 2. Validation of conditional YFHT mutant strains. A, W303, tetO,-YFH1, and tetO,-YFH1 cells were grown in YPD medium, and the expression of
YFH1 was analyzed by Northern blot before and after the addition of doxycycline (7 h) to the growth medium. B, the effect of the promoter on Yfh1 protein
levels was analyzed in YPG-grown cells by Western blot in the HA-tagged versions of the described strains. C, evolution of Yfh1-HA and Por1 protein con-
tent after doxycycline addition in the tetO,-YFH1-HA strain grown in YPG medium. The detectable signal in the a-HA Western blot after 8 h of doxycycline
addition corresponds to a nonspecific signal. In Band C, 30 ug of protein from whole cell extracts was loaded in each gel lane, and the protein load was
verified by post-Western CBB staining of the PVYDF membrane. D, total cellular iron concentration was quantified in YPG-grown cells as described under
“Experimental Procedures.” E, aconitase activity was measured in whole cell extracts from YPG-grown cells. Data are representative of means =+ S.D. from
three independent experiments. The apparent molecular weight of each protein is shown in kDa.
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FIGURE 3. Evolution of aconitase activity and iron content after Yfh1 depletion. Total cellular iron concentration (A) and aconitase activity (B) were
measured in YPG-grown tetO,-YFH1 (red line) and tetO,-YFH1 cells (black line) after doxycycline addition. C, Aco1 and Por1 protein content was measured in
YPG-grown tetO,-YFH1 cells using specific antibodies. In each gel lane, 15 pg of protein from whole cell extracts was loaded, and protein load was verified
by post-Western CBB staining of the PVDF membrane. The apparent molecular weight of each protein is shown in kDa. D, oxygen consumption (nmol O,
min~') was measured by a Clark-type electrode. Data are representative of means *+ S.D. of three independent experiments. E, tetO,-YFH1 cells were grown
in 24-well plates in YPG medium containing (blue line) or not containing (red line) 2 ug/ml doxycycline. Generation time was calculated for each condition as
explained under “Experimental Procedures.” Data are representative of mean = confidence intervals from five independent cultures.

regulated strains. Western blot analysis revealed the presence
of three bands (Fig. 2B). The fast migrating band corresponds
to the mature form of the protein, whereas bands of higher
molecular weight correspond to the immature forms. Wild
type and tetO,-YFHI1-HA presented similar levels of the ma-
ture form, whereas some increase in this form could be ob-
served in the tetO,-YFHI-HA strain. Immature forms where
found increased in both of the conditional strains, although
this increase was higher in the tetO,-YFHI-HA strain. After
doxycycline addition (Fig. 2C), both the mature and immature
forms disappeared, and the Yth1 signal was undetectable after
8 h of incubation with the drug. As an additional control, we
analyzed the iron levels and aconitase activity in the different
strains used. As shown in Fig. 2, D and E, no relevant changes
were observed in these parameters between the different
strains. Finally, we analyzed the effects of doxycycline addi-
tion to the wild type strain on iron levels, aconitase activity,
and SOD amounts (measured by Western blot). No signifi-
cant changes were observed in any of these parameters after
24 h of incubation with doxycycline (not shown). This obser-
vation is consistent with previous reports indicating no doxy-
cycline effect on global gene expression in S. cerevisiae (24).
All of these data indicate that neither the substitution of the
YFH1 promoter nor the addition of doxycycline per se has a
major effect on the parameters under study. Therefore, any
effect observed on the conditional mutants after doxycycline
addition may be attributed to Yth1 depletion.
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Analysis of Iron Accumulation and Aconitase Activity on the
Conditional Mutants—W e analyzed the effect of doxycycline
addition on total cellular iron content and aconitase activity
in both strains: tetO,-YFH1 at 0, 8, 14 and 24 h and tetO,-
YFHI at 0, 8, 14, 24, 48, and 72 h. Iron accumulation was de-
tected after 14 h of YFH repression in both strains, reaching
a 10-fold increase after 72 h of doxycycline addition in tetO,-
YFH1I (Fig. 3A). Aconitase activity (Fig. 3B) was stable for 14 h
and then slowly began to decrease after 24 h of incubation.
After 72 h, less than 30% of the initial activity could be de-
tected. Western blot analysis of Acol protein content (Fig.
3C) indicated that decreased aconitase activity was due to the
loss of Acol protein. Mitochondrial porin was used as a con-
trol of mitochondrial content. This protein remained constant
throughout the incubation, indicating that the observed de-
crease in aconitase activity and content was not due to a gen-
eral loss of mitochondria. During the first 24 h of YFHI re-
pression, the patterns of iron accumulation and aconitase
activity were similar in both tetO,-YFHI and tetO,-YFH1
strains, indicating that the original levels of Yfh1 do not have
a marked effect on the evolution of the parameters analyzed.

Decline in Respiratory Function—Respiratory failure is a
common trait in Yfh1-deficient cells. This failure may result
from inactivation of several iron-sulfur-containing proteins,
including aconitase and those present in the mitochondrial
complexes of the respiratory chain. As a measure of respira-
tory function, oxygen consumption was analyzed in tetO.,-
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YFH1 cells using a Clark-type electrode. As shown in Fig. 3D,
oxygen consumption remained constant in our conditional
model during the first 14 h after doxycycline addition fol-
lowed by a progressive decline. This pattern indicates that,
similar to aconitase, iron-sulfur centers in respiratory chain
complexes were not quickly affected by Yth1 depletion.

Decline in Growth Rate—We followed the effect of Yfh1
depletion on the growth rate of the tetO,-YFHI strain. We
performed these experiments in 24-well plates containing 1
ml of YPG cultures. These plates, containing control cells and
doxycycline-treated cells, were incubated in a Biotek Power-
Wave XS Microplate Spectrophotometer. As described under
“Experimental Procedures,” cultures were kept at log phase by
diluting in a new plate every 12 h. Optical density was mea-
sured every 30 min, and generation times were calculated for
each culture considering 2-h time lapses. As shown in Fig. 3E,
a significant increase in the generation time was observed
after 30 h of treatment with doxycycline. Notably, this in-
crease parallels with the loss in aconitase activity and respira-
tory function described above.

Activation of the Iron Regulon Precedes Aconitase
Inactivation—The results presented above suggest that iron
accumulation precedes the decline in aconitase activity and
oxygen consumption as observed, for instance, after 24 h of
incubation with doxycycline. At this time point, total cellular
iron has increased nearly 4 times, both in tetO,-YFHI and
tetO,-YFH1 strains, whereas aconitase activity presents only a
slight (10%) and insignificant decrease (Fig. 3, A and B). This
finding suggests that Aftlp, the transcription factor involved
in iron homeostasis, is activated early, before aconitase activ-
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ity or oxygen consumption decrease. This finding is highly
relevant, because most authors consider iron accumulation in
Ayfhl strains to be one of the consequences of iron-sulfur
deficiency, as Aftlp is known to be activated by the disruption
of iron-sulfur biogenesis (40). However, if this canonical hy-
pothesis were true, our conditional model would show a de-
crease in aconitase activity before Aftlp activation. To further
confirm the early activation of iron-responsive genes after
Yth1p depletion, we measured the expression of FET3 by
quantitative RT-PCR at 4 h after doxycycline addition in both
the tetO,-YFH1 and tetO,-YFH]I strains. The Fet3 protein
plays a central role in the high affinity iron transport system
of yeast and is strongly induced after Aftl activation (41). The
results presented in Fig. 44 indicate a clear induction of the
FETS3 transcript in both strains. To further investigate this
point, we transformed the tetO,-YFH1 strain with a plasmid
containing a LacZ reporter gene under the control of the Fet3
promoter. Fig. 4B shows the evolution of LacZ activity in the
transformed strain after addition of doxycycline. A progres-
sive increase in LacZ activity was observed soon after doxycy-
cline addition, confirming the quantitative RT-PCR data. In
summary, our data indicate that induction of the high affinity
iron transport system in the absence of Yfh1 is not triggered
by a general decrease in iron-sulfur centers, thus questioning
the idea that iron-sulfur biogenesis is a primary function of
frataxin or Yfh1.

Absence of Extramitochondrial Yfh1—The results described
above indicate that depletion of Yth1 leads to an early activa-
tion of the high affinity iron transport system through an un-
known mechanism not dependent on iron-sulfur biosynthesis.
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means = S.D. from three independent experiments.

We wanted to explore the presence of a cytosolic form of
Yth1 that could act as a regulator of Aftl. In human cells, the
presence of an extramitochondrial form of frataxin has been
reported that could be involved in IRP1 regulation (42). It
should be noted, however, that the existence of such an extra-
mitochondrial form of frataxin has been questioned by other
authors (43). To analyze the existence of such an extramito-
chondrial form of Yth1, yeast cells carrying an HA-tagged
Yth1 (strain BQS204) were fractionated and analyzed by
Western blot for the presence of Yfh1-HA in the cytosolic and
mitochondrial fractions (Fig. 4C). The mitochondrial proteins
Hsp60 and Porl were not detected in the cytosolic fraction,
indicating the absence of mitochondrial contamination in
such fractions. The cytosolic protein glyceraldehyde-3-phos-
phate dehydrogenase (Tdh1) was used as a cytosolic marker.
The presence of Yth1-HA could not be detected in the cytoso-
lic fraction. This may be due to the presence of minute
amounts of Yfh1, not detectable by Western blot, a technique
with a limited dynamic range. To overcome this limitation
and further confirm the absence of Yth1 in the cytosol, we
immunoprecipitated this protein in the cytosolic and mito-
chondrial fractions using anti-HA antibodies. Again, Yth1-HA
could not be detected in the cytosolic fraction (Fig. 4D). These
results suggest that yeast cells do not display a cytosolic form
of Yth1. Activation of the high affinity iron transport system
in YFHI-deficient cells may then be triggered by mitochon-
drial events.

Protein Oxidative Damage—Oxidative stress could explain
the progressive decrease of aconitase protein and activity in
tetO.-YFH1 after doxycycline addition. Iron overload is
known to trigger oxidative stress, which would compromise
the activity of aconitase, a protein highly sensitive to such
stress. We decided to analyze the presence of protein car-
bonylation, a known marker of protein oxidative damage, in
tetO.-YFH1 after doxycycline addition. Carbonyl groups are
common by-products of the free radical attack on amino acid
side chains. They can be detected by Western blot after deri-
vatization with DNPH (33). Protein carbonylation has been
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found previously to be increased in AyfhI mutants (16, 44) as
well as in other mutants showing iron accumulation (45). Fig.
5 shows the progressive accumulation of carbonyl groups on
proteins after Yfh1 depletion in the tetO.-YFH1 strain. Analy-
sis of the chemiluminescent data reveals a significant increase
in protein carbonylation after 24 h of incubation with doxycy-
cline, indicating the presence of a strong oxidative environ-
ment under such conditions. This could explain the observed
decline in aconitase at this same time point.

Evolution of SOD Amounts and Activities—In two previous
studies, we showed that SODs play a central role in protein
oxidative damage in null YFH1 yeast cells. First, we observed
the presence of decreased Mn-SOD activity in Ayfl1, which
compromise the activity of some iron-sulfur-containing en-
zymes (17). We also observed that decreased activities of
SOD1 and SOD2 contribute to oxidative damage to a specific
subset of proteins by increasing the presence of chelatable
iron in AyfhI cells (18). We wanted now to explore the evolu-
tion of both SOD enzymes on the conditional tetO-YFHI
strains and their potential relevance to aconitase deficiency.
To this purpose we analyzed changes in protein content (by
Western blot) and enzymatic activities (by zymograms) of
both SOD isoenzymes after doxycycline addition to the
growth media. Again, tetO,-YFHI was monitored for 24 h and
tetO,-YFH1 for 72 h. SOD protein amounts were induced
progressively after Yth1 repression in both strains (Fig. 6A).
This induction was also observed previously in Ayfi1 mutants
(17, 44) and may be the consequence of the oxidative stress
conditions exerted by iron overload. Enzymatic activities were
measured using zymograms, which allow a clear differentia-
tion of both isoenzymes (Fig. 6B). As shown in Fig. 6, C and D,
enzymatic activities did not correlate to protein amounts (Fig.
6A) over the time course of the study. Mn-SOD activity de-
creased steadily over the time course of the study, whereas
CuZn-SOD showed an initial increase followed by a progres-
sive decline after 24 h of incubation with doxycycline.

Evolution of Manganese and Smf2 Levels—We were inter-
ested in understanding the origin of the Mn-SOD activity de-

JOURNAL OF BIOLOGICAL CHEMISTRY 41659

GTOZ ‘92 8UNC U0 YAI37113A LVLISYIAINN B /10700 [ mammy/:dny wouy papeoiumod


http://www.jbc.org/

Frataxin Depletion Triggers Up-regulation of Iron Transport

Time (hours) + doxycycline; tetO,-YFH1 A

0 4 8 14 24

25‘ T v — — -‘a-SODZ

16 [ S e e a— | o-SOD1

Time (hours) + doxycycline; tetO,-YFH1
0 8 14 24

25|— — — —‘a—SODZ

R ) i
TT-Y (P — “’.* 4-SOD1

Time (hours) + doxycycline B

0 24 48 72

Mn-SOD
CuZn-SOD

160
140 C
120 |
100
80 -|
60 |
40
20
0

Relative SOD activity(%)

T T

T 1
0 20 40 60 80
Time(hours) + doxycycline

300 " D
250
200
150
100

50

Relative SOD activity(%)

0 T T T T 1
5 10 15 20 25
Time(hours) + doxycycline

o

FIGURE 6. Evolution of SOD content and activity after Yfh1 depletion. A, evolution of Sod1 and Sod2 protein content in the indicated strains after the
addition of doxycycline was analyzed by Western blot using specific antibodies. In each gel lane, 15 ug of protein from whole cell extracts was loaded, and
protein load was verified by post-Western CBB staining of the PVDF membrane. The apparent molecular weight of each protein is shown in kDa. B, a repre-
sentative zymogram from tetO,-YFH1 is shown, with the bands corresponding to Mn-SOD and CuZn-SOD activity indicated. C and D, CuZn SOD activity
(gray rhombus) and Mn-SOD activity (white rhombus) were measured by zymograms in YPG-grown tetO,-YFH1 (C) and tetO,-YFH1 cells (D) at different time
points after doxycycline addition. Activities at time point 0 were used as 100% reference. Data are representative of means =+ S.D. from three independent

experiments.

ficiency in Yfh1-deficient cells. Previously, we reported that
Ayfhl mutants exhibited decreased total cellular manganese
content. Manganese supplementation of the growth media
restored normal manganese levels and recovered Mn-SOD
activity, suggesting that inactivation of Mn-SOD was due to
limited cofactor availability (17). The reasons for this manga-
nese deficiency in AyfhI cells and their relationship with Yfh1
were not investigated. Therefore, we analyzed the manganese
content at 0, 24, 48, and 72 h of incubation with doxycycline
in the tetO,-YFH1 strain and observed a decline on this metal
content after 48 h (Fig. 7A). This is consistent with previous
observations in the null mutant and suggests that manganese
deficiency is a late effect of Yfh1 depletion not directly linked
with the primary function of Yth1. To analyze the possibility
of an early deficiency of this metal in mitochondria, manga-
nese content was also measured in mitochondrial fractions
after 24 h of doxycycline addition. No significant differences
were found in the manganese content in this organelle at this
time point (data not shown). To find the reason for the total
cellular manganese content deficiency, we decided to analyze
the expression of Smf2, an internal membrane protein re-
quired for manganese uptake. Loss of this protein leads to
decreased manganese cellular content and decreased Mn-
SOD activity, which can be recovered by manganese supple-
mentation of the growth media (46). Smf2 is regulated at the
post-translational level by iron and manganese levels. Upon
metal-replete conditions, it is targeted to the vacuole for deg-
radation (47). By Western blot, we followed the presence of
Smf2 after doxycycline addition to BQS206, a tetO,-YFH1
strain with a HA-tagged version of Smf2. We observed a pro-
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gressive decline of Smf2 levels after 14 h of incubation (Fig. 7,
B and C), which became more marked after 48 h of incubation
when only 40% of the original levels of the protein could be
detected. Thus, manganese deficiency in Yth1-depleted cells
may be due to the loss of this protein. To further understand
the Smf2 deficiency, we investigated the presence of Smf2-HA
in Ayfhl, Aaftl, and double Ayfhil1Aaftl strains. Mutation of
AFT1 prevents iron accumulation in a Ayf1 background (44).
As shown in Fig. 7D, Smf2 levels are very low in Ayfh1 in con-
trast to the levels observed in Aaft1 and in the double
AyfhlAaft]l mutants. This suggests that decreased Smf2 levels
in both Ayfh1 and tetO,-YFH]I are due to iron accumulation.
In contrast to Aftl, Smf2 could be able to sense increased iron
levels in Ayfh1 cells and lead to decreased high affinity man-
ganese transport.

Effect of Manganese Supplementation on SOD and
Aconitase—In a previous study in Ayfhl cells (17), we ob-
served protection of several iron-sulfur enzymes by manga-
nese supplementation of the growth media. This treatment
also restored Mn-SOD activity. This finding suggested that
iron-sulfur enzymes are inactivated by the oxidative stress
conditions created by decreased Mn-SOD activity and iron
overload. However, manganese treatment in Ayfh1 cells was
unable to restore aconitase activity. This differential behavior
of aconitase could be due merely to increased sensitivity of
this enzyme toward oxidative stress (relative to the other
iron-sulfur enzymes tested), or to the existence of a specific
role of Yth1 in holo-aconitase maturation or stability. The
conditional tetO,-YFHI model used in this work allowed us to
better address the relationship between decreased SOD and
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(=) with 50 um MnCl,. B-Galactosidase activity was measured 4 h after doxycycline addition. Data are representative of means = S.D. from three indepen-
dent experiments.

aconitase activities. The results presented in Figs. 3 and 6 in- in cultures treated with doxycycline for 48 h and supple-
dicate that both Mn-SOD and aconitase activities showed a mented or not with 50 um manganese. As shown in Fig. 8, A
similar inactivation rate, suggesting that aconitase inactiva- and B, manganese had a similar protective effect on both ac-
tion could be triggered by a decrease in Mn-SOD activity. To  onitase and Mn-SOD activities in the doxycycline-treated
confirm this triggering, we analyzed the effect of manganese cells (Yfh1 OFF), whereas no effect of this metal was observed
supplementation on Mn-SOD and aconitase activities in the in the control cultures not treated with doxycycline (Yth1

conditional tetO,-YFHI mutant. We measured both activities =~ ON). These data support the hypothesis that aconitase inacti-
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FIGURE 9. Overexpression of MRS4 promotes inactivation of aconitase. W303 cells were transformed with plasmid JK1489 (containing MRS4 tagged
with FLAG) or with the plasmid vector (pCM185). Cells were grown in SC-glucose medium. Where indicated, doxycycline was added at 2 ug/ml. A, aconi-
tase, Mrs4-FLAG, and porin were detected by Western blot using the indicated antibodies. In each gel lane, 15 ug of protein from whole cell extracts was
loaded, and protein load was verified by post-Western CBB staining of the PVDF membrane. The apparent molecular weight of each protein is shown in
kDa. B, aconitase activity was measured in whole cell extracts. A significant decrease in aconitase activity was found in the cells overexpressing Mrs4 (*, p <
0.05). Data are representative of means * S.D. from three independent experiments.

vation may be triggered by increased superoxide levels due to
decreased Mn-SOD activity. As a control, total cellular iron
content was measured after 48 h of treatment, and Fet3 pro-
moter activity was measured after 4 h of doxycycline addition
(using the Fet3LacZ construction). As shown in Fig. 8, C and
D, neither of these parameters was affected by manganese
supplementation.

Effect of Mitochondrial Iron Overload on Aconitase—To
confirm the sensitivity of aconitase under iron overload con-
ditions, we transformed wild type yeast cells with a multicopy
plasmid carrying a FLAG-tagged version of the mitochondrial
iron transporter Mrs4 under a tet-regulated promoter. This
led to overexpression of this transporter (Fig. 94), which pro-
motes mitochondrial iron overload (48). As shown in Fig. 9B,
such overexpression resulted in a 50% decrease in aconitase
activity. When expression of Mrs4 was repressed by the addi-
tion of doxycycline (or in cells transformed with the void plas-
mid) this inactivation was not observed. This result indicates
that excess iron in the mitochondria contributes to aconitase
inactivation.

DISCUSSION

Fourteen years after the discovery of the gene coding for
frataxin, the precise function of this protein remains a matter
of debate. According to the results shown here, the primary
role of frataxin in iron-sulfur biogenesis should be questioned.
The use of conditional Yfth1 mutants in this work has allowed
us to overcome one of the main difficulties in analyzing the
effects of frataxin deficiency: distinguishing primary defects
directly due to the absence of the protein from those defects
due to oxidative stress exerted by iron deregulation. Our re-
sults indicate that deregulation of iron metabolism is the pri-
mary effect of Yth1 depletion, as increased expression of Fet3
was clearly observed 4 h after doxycycline addition in both
tetO,-YFH1 and tetO.-YFH1 strains. This induction was ob-
served by quantitative RT-PCR analysis, as well as with the
Fet3-LacZ reporter protein. Iron accumulation was also ob-
served at the early stages of Yfh1 depletion. The remaining
effects (increased protein oxidative damage, decreased aconi-
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tase and SOD activities, decreased oxygen consumption, and
decreased manganese and Smf2 levels) were observed only
after 24 or 48 h of doxycycline addition. Therefore, all of these
may be secondary effects, the consequence of iron overload.
The more controversial point in this hypothesis is the un-
derstanding of the mechanism that explains aconitase defi-
ciency in Yfh1-depleted cells. This deficiency cannot be pri-
mary, as most of the activity of this enzyme remained stable
24 h after doxycycline addition, whereas iron overload,
protein oxidative damage, and induction of both SOD isoen-
zymes were clearly observed at this time point. Previous ob-
servations indicate that disruption of genes involved in iron-
sulfur biogenesis leads to a rapid loss in aconitase activity.
Reduction of GRXS5 expression through the use of a tet-regu-
lated promoter leads to a more than 80% decrease in aconi-
tase activity within 12 h (45). Such a rapid decrease has also
been observed in a Met-regulated Nfs1 strain (40). Both ob-
servations suggest that aconitase does not present a long half-
life. Also, as yeast cells are not arrested during the first 24 h of
treatment, the remaining aconitase activity cannot be attrib-
uted to the initial holo-aconitase pool. Indeed, the presence of
high aconitase activity at this time point indicates that the
biochemical machinery required for holo-aconitase matura-
tion remains active in the absence of Yfh1. Aconitase activity
decline appears to be a consequence of oxidative stress. First,
markers of oxidative stress, such as carbonyl content or Sod1p
and Sod2p content, were found increased at 24 h after doxy-
cycline addition. Second, mitochondrial Mn-SOD activity was
also decreased after 48 h of incubation. The presence of de-
creased activities of iron-sulfur enzymes has been widely de-
scribed in different organisms as one of the consequences of
decreased SOD activity, as this type of cofactor is extremely
sensitive to superoxide (49). Finally, when inactivation of Mn-
SOD activity is prevented by manganese supplementation of
the growth media, a decline in aconitase activity was also pre-
vented. This last observation highlights the relationship be-
tween decreased Mn-SOD and aconitase activities, previously
analyzed in AyfhI cells (17, 18). Under such conditions, re-
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storing Mn-SOD activity prevented inactivation of three iron-
sulfur-containing enzymes (succinate dehydrogenase, gluta-
mate synthase, and isopropyl malate dehydrogenase) but not
of aconitase. The present work indicates that this difference
between aconitase and other iron-sulfur-containing enzymes
may be due to the increased sensitivity of aconitase toward
oxidative stress conditions.

Iron overload may trigger the deficiencies observed in man-
ganese and SOD activities. These anomalies were observed
previously and investigated in AyfhI mutants (17, 18). Mn-
SOD deficiency was considered the consequence of an imbal-
ance between reduced cofactor (manganese) levels and in-
creased iron content that would promote the accumulation of
apo-Sod2 and Fe-Sod2, two inactive forms of the enzyme.
However, the origin of manganese deficiency was not com-
pletely understood. In this work, we observed a decline in
Smf2, a protein involved in manganese uptake, both in Ayfh1
cells and in tetO,-YFH1I cells treated with doxycycline. This is
a late event that could be triggered by iron overload; this pro-
tein is known to be post-translationally regulated by metal
levels (50). The experiment with the AyfhAaft] strain con-
firms this triggering, as preventing iron accumulation in the
double mutant also prevents the decay in Smf2 levels. Inacti-
vation of the cytosolic SOD isoenzyme was also observed pre-
viously in AyfhiI cells (18). Again, this inactivation was de-
scribed as the consequence of limited cofactor (in this case
copper) availability. Copper is required for Fet3 activity,
which is largely induced in AyfhI (51) and, as observed in this
work, in tetO-YFHI1 mutants. Indeed, it has been described
that activation of iron acquisition by the iron-responding fac-
tor Aftl increases copper transport into membrane compart-
ments, leading to copper-deprived cytosol (41). In summary,
the results described here using the conditional tetO-YFH1
mutants confirm the previous observations in Ayfh1 cells and
provide an explanation for the origin of manganese deficiency
in Yfh1-deficient cells.

The final conclusion of this study is that Yfh1 does not have
an essential role in iron-sulfur biogenesis. Then what is the
role of this mitochondrial protein? Our results can fit with
two alternative hypotheses among those that have been for-
mulated to explain frataxin function: the iron storage-detoxi-
fication hypothesis and the iron-sensing hypothesis. The first
suggests that frataxin forms ferritin-like structures that store
iron in an oxidized, nonreactive form (52). Lack of frataxin
would lead to the formation of highly reactive iron forms that
inactivate iron-sulfur-containing enzymes. The second one
suggests that, rather than acting as the iron donor for iron-
sulfur biogenesis, frataxin senses mitochondrial iron content
and regulates the rate of iron-sulfur biogenesis (53). This sec-
ond hypothesis would explain the interactions observed be-
tween frataxin and members of the iron-sulfur biosynthetic
machinery (11-13), as well as its iron binding properties (54).
Of course, one of the early consequences of losing either an
iron storage protein or an iron-sensing protein could be the
deregulation of iron metabolism, as observed in the present
study. Also, any of these mitochondrial roles could explain
why Yfth1 depletion leads not only to Aftl activation but also
to iron accumulation in the mitochondria. In this context, it is
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worth mentioning that the mitochondrial iron transporter
Mrs4 is induced in Ayfil mutants (48), thus contributing to
mitochondrial iron accumulation. In contrast, this induction
is not observed in constitutively activated Aftl mutants (the
so-called Aftl-up) (55). This would indicate that such activa-
tion, in the absence of mitochondrial events, is not enough to
explain the phenotype observed. The final clue needed to un-
derstand the primary role of frataxin may be obtained by deci-
phering the sequence of early events leading from Yfh1 deple-
tion to Fet3 up-regulation.
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