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Defects in frataxin result in Friedreich ataxia, a genetic dis-
ease characterized by early onset of neurodegeneration, car-
diomyopathy, and diabetes. Frataxin is a conserved mitochon-
drial protein that controls iron needed for iron-sulfur cluster
assembly and heme synthesis and also detoxifies excess iron.
Studies in vitro have shown that either monomeric or oligomeric
frataxin delivers iron to other proteins, whereas ferritin-like
frataxin particles convert redox-active iron to an inert mineral.
We have investigated how these different forms of frataxin are
regulated in vivo. In Saccharomyces cerevisiae, only monomeric
yeast frataxin (Yfh1) was detected in unstressed cells when mito-
chondrial iron uptake was maintained at a steady, low nanomo-
lar level. Increments in mitochondrial iron uptake induced step-
wise assembly of Yth1 species ranging from trimer to =24-mer,
independent of interactions between Yfh1 and its major iron-
binding partners, Isul/Nfs1 or aconitase. The rate-limiting step
in Yfh1 assembly was a structural transition that preceded con-
version of monomer to trimer. This step was induced, independ-
ently or synergistically, by mitochondrial iron increments, over-
expression of wild type Yth1 monomer, mutations that stabilize
Yfh1 trimer, or heat stress. Faster assembly kinetics correlated
with reduced oxidative damage and higher levels of aconitase
activity, respiratory capacity, and cell survival. However, dereg-
ulation of Yfh1 assembly resulted in Yfh1 aggregation, aconitase
sequestration, and mitochondrial DNA depletion. The data sug-
gest that Yfh1 assembly responds to dynamic changes in mito-
chondrial iron uptake or stress exposure in a highly controlled
fashion and that this may enable frataxin to simultaneously pro-
mote respiratory function and stress tolerance.

A reduction in the levels of frataxin is responsible for Fried-
reich ataxia, an autosomal recessive disease affecting
~1/40,000 individuals with early onset and progressive course
(1). Biochemical and biophysical studies have shown that
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frataxin binds iron and can promote iron delivery to different
iron-binding proteins as well as detoxify iron. In either mono-
meric or oligomeric form, frataxin can serve as a Fe2™" donor for
ferrochelatase (2, 3), the iron-sulfur cluster (ISC)? scaffold pro-
tein, IscU/Isul (4, 5), and the [4Fe-4S]*>* enzyme, aconitase (6).
Moreover, frataxin assembles into particles that convert redox-
active iron to a stable mineral, which remains soluble within the
protein and is inactive in the generation of free radicals (2, 5, 7,
8). The crystal structure of yeast frataxin trimer has suggested
that this form of the protein may be able to perform both iron
delivery and iron detoxification (9). Electron microscopy
reconstructions of a 24-subunit oligomer of yeast frataxin have
further revealed that trimer is the building block of larger
frataxin oligomers, which have a hollow cavity where an iron
core can be progressively accumulated (10). There are striking
similarities in the structural organization of frataxin oligomers
and ferritin, consistent with functional similarities between
these two iron-storage proteins (2, 7). Accordingly, expression
of mitochondrial ferritin can rescue the phenotype of frataxin-
depleted yeast and human cells (11, 12).

The biochemical properties of frataxin can explain the bio-
logical functions in which this protein has been implicated in
vivo, both in humans and model systems. The ability to bind
Fe®" and deliver it to such proteins as the ISC scaffold IscU/
Isul, aconitase, and ferrochelatase can account for the roles
played by frataxin in ISC enzyme biogenesis (13—16), aconitase
activation (6, 17), and heme synthesis (18, 19), as well as cellular
iron balance (20, 21) and energy production (22, 23). In addi-
tion, the ability to convert potentially toxic iron to a redox-
inactive mineral explains why frataxin is involved in oxidative
stress tolerance, mitochondrial and nuclear DNA integrity,
tumor suppression, as well as cellular and organism longevity
(20, 24.-34).

Other known multifunctional proteins accomplish different
biological roles through various mechanisms that may include
changes in oligomeric state (35). Similarly, frataxin appears to
use self-assembly to deliver iron to other proteins or detoxify
excess iron. However, little is still known about this process.
Assembly of the yeast frataxin homologue (Ythl) in vitro
requires the presence of Fe>* and proceeds in an iron concen-
tration-dependent manner, according to the progression a —
Q3 —> g —> Qg —> 0y, —> Qg (36, 37). Although one group

2 The abbreviations used are: ISC, iron-sulfur cluster; GPD, glyceraldehyde-3-
phosphate dehydrogenase; WT, wild type.
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reported that Yfh1 oligomerization is dispensable in vivo (38),
we later showed that mutations affecting Ythl assembly are
asymptomatic in unstressed cells but become harmful during
stress exposure and cause synthetic lethality in cells lacking
copper-zinc superoxide dismutase (34). Iron-dependent
assembly has also been characterized for the Escherichia coli
orthologue, CyaY, and shown to be required for interaction of
CyaY with the ISC assembly proteins IscU and IscS in vitro (8,
39). Unlike the yeast or E. coli orthologues, human frataxin
assembles at physiological iron concentrations during expres-
sion in E. coli or in human heart but not in vitro (40, 41), indi-
cating that different mechanisms govern frataxin assembly in
different species. In the monocellular eukaryote, Saccharomy-
ces cerevisiae, frataxin most likely carries out iron delivery and
detoxification concurrently, and indeed these functions are
interdependent and difficult to separate (34, 37, 42). We there-
fore used S. cerevisiae as a model to begin to elucidate regula-
tion of frataxin assembly in vivo.

EXPERIMENTAL PROCEDURES

S. cerevisiae Expression Constructs and Strains—The mutant
yfh1-Y73A and yfhl-T118A/VI20A alleles were created by
PCR, cloned into low copy plasmid YCplac22-YFH1 (34) under
the control of the natural YFH1 promoter, and sequenced com-
pletely. The YFH1I, yfh1-Y73A, and yfh1-T118A/VI120A alleles
were also cloned in the EcoRI-Sall sites of a TRPI-based
pRS404 integration vector under the control of the strong glyc-
eraldehyde-3-phosphate dehydrogenase (GPD) promoter (43)
yielding plasmids pRSGPD-YFH1, pRSGPD-YFH1[Y73A], and
pRSGPD-YFH1[T118A/V120A]. Strain  yfhIA[YFHI][p"]
(MATa ura3-52 lys2—801“""" ade2-101°""° trp1-A63 his3-
A200 leu2-A1 yfhIA=HIS3 + YCp50-YFH1-URA3 [p*]) is a
fully complemented derivative of strain yff11A (34). Strains wild
type (WT), Y73A, and T118A/V120A were obtained by trans-
formation of strain yfhIA[YFHI][p"] with vectors YCplac22-
YFH1, YCplac22-YFH1[Y73A], or YCplac22-YFH1[T118A/
V120A], whereas strains WT* Y73A* and T118A/V120A*
were obtained by transformation of strain yfhIA[YFHI][p"]
with vectors pRSGPD-YFH1, pRSGPD-YFH1[Y73A], or
pRSGPD-YFH1[T118A/V120A], followed by counter selection
with 5’-fluoroorotic acid to eliminate the YCp50-YFH1-URA3
plasmid (34).

Mitochondria Isolation and Fractionation Procedures—The
cells were preconditioned at 30 °C in 50 ml of YPGal medium
(1% yeast extract, 2% peptone, 2% galactose, 0.5% glucose) or
160 ml of SD medium (6.7% bacto-yeast nitrogen base, 2% glu-
cose, supplemented with amino acids and other growth
requirements) for ~12 h. These cultures were used to inoculate
larger cultures (500 ml at an A, = 0.4 for YPGal cultures, and
1,500 ml at an A4y, = 0.1 for SD cultures), and the incubation
was continued at 30 °C. After 5 h of growth, iron (100 or 500 um
from a 100 mm FeCl; stock solution) was added, and growth
continued at 30 or 37 °C as required. Aerobic conditions were
maintained by using a culture volume =5 of the volume of the
culturing flask and by shaking the culture at 225 rpm (34). The
cells were harvested by centrifugation at 3,000 X g for 20 min at
4 °C, washed with 500 ml of ice-cold water, and resuspended in
16 ml of MST buffer (210 mM mannitol, 70 mMm sucrose, 5 mm
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Tris-HCI, pH 7.5, with 1 tablet/50 ml of complete protease
inhibitor mixture (Roche Applied Science) and 2 mm phenyl-
methylsulfonyl fluoride) and aliquoted into two 50-ml tubes.
About 4 ml of 425—-600 um acid-washed glass beads (Sigma)
were added to each tube, and the cells were lysed by vortexing
three times for 2 min with 2-min intervals on ice. All of the
subsequent steps were carried out at 4 °C. Glass beads and
unbroken cells were removed by centrifugation at 1,000 X g for
1 min, and mitochondria were isolated from the supernatant by
centrifugation at 14,000 X g for 20 min. The pellets were resus-
pended in 800 ul of HN100 buffer (10 mm HEPES-KOH, pH 7.4,
100 mm NaCl, with protease inhibitors) and immediately frozen
in dry ice/ethanol. For size exclusion chromatography, each
mitochondrial preparation was thawed on ice and immediately
sonicated on ice, six times for 10 s with a Branson Sonifier 250
(with output control set at 5 and duty cycle at 50%), with a
1-min interval after each 10-s period. This step was immedi-
ately followed by ultracentrifugation at 100,000 X g for 30 min
at 4 °C, and the supernatant (typically 250 ul at a protein con-
centration of ~20 mg/ml for YPGal cultures or ~5 mg/ml for
SD cultures) immediately loaded on a 10 mm X 30 cm column
packed with Superdex 75 support (GE Healthcare). Fractions
(0.5 ml) from the column were collected, and aliquots (20 and
35 pl from YPGal and SD cultures, respectively) were analyzed
by SDS/PAGE and Western blotting. In some experiments, the
mitochondria were disrupted by sonication as described above
and diluted in HN100 buffer to a protein concentration of 4.5
mg/ml. The samples of these disrupted mitochondria were
treated with 100 mm sodium carbonate, 1% dodecyl maltoside,
or 1% Triton X-100 in HN100 buffer for 30 min at 4 °C. Each
sample was subsequently centrifuged at 20,800 X gfor 20 min at
4. °C, the supernatant was carefully transferred to a new tube,
and the sediment was resuspended in an equal volume of Lae-
mmli buffer. The sediment was further heated at 100 °C for 5
min and centrifuged for 1 min at 20,800 X g. Equal volumes of
the total, supernatant, and sediment samples were then ana-
lyzed by SDS-PAGE and Western blotting. For blue native
PAGE, the samples of disrupted mitochondria were incubated
in HN100 buffer in the presence of 1% dodecyl maltoside for
designated times. After centrifugation at 10,000 X g for 20 min
at 4 °C, the supernatant was analyzed by blue native PAGE on
3-12% Bis-Tris gels (Invitrogen) per the manufacturer’s proto-
col and subsequently detected by Western blotting with a poly-
clonal anti-Yth1 antibody. In other experiments, the samples of
disrupted mitochondria were incubated in the presence of
0.01-0.1% SDS and centrifuged at 5,000 X g for 20 min at 4 °C.
The supernatants were analyzed by native PAGE (3-12% Bis-
Tris) followed by Western blotting or Prussian blue staining.
Polyclonal antisera against recombinant purified forms of Yfh1,
Nfs1, and Isul were generated in rabbits; anti-Acol polyclonal
antiserum was a generous gift of A. L. Bulteau (Université Paris,
Paris, France).

Aconitase Activity, Protein Carbonylation, and Mitochon-
drial Iron Content—Mitochondria were suspended in MST
buffer at a protein concentration of 25 mg/ml. Aliquots of these
samples were frozen immediately, whereas additional aliquots
were first subject to a 15-min aerobic incubation or a 5-min
treatment with 100 um H,O,, (from a 8.8 M solution) (Sigma) at
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room temperature and immediately frozen. These samples
were subsequently used for (i) detection of protein carbonyls
(100 pg and total protein) using an OxiBlot kit (Chemicon) per
manufacturer’s protocol; (ii) in-gel aconitase activity assays
(150 pg of total protein) (44); and (iii) measurement of mito-
chondrial iron content (10— 600 ug of total protein, depending
on growth conditions) (45). Protein concentration was meas-
ured by the BCA kit (Pierce).

Measurements of Petite Formation and Cell Viability—All of
the experiments were started with freshly streaked frozen
stocks grown on YPD plates (2% peptone, 1% yeast extract, 2%
dextrose) for 5 days (34). The incubations were carried out aer-
obically as described above. The cultures were initially synchro-
nized to late logarithmic phase (44,, = ~1) in SD medium at
30 °C and diluted in fresh SD to A4y, = 0.1. The cultures were
allowed to reach A,,, = 0.3 (~5 h), at which point 100 um
FeCl; or 500 um H,O, was added, and incubation continued at
37 °C. After plating on YPD and YPG (like YPD but with 2%
glycerol instead of dextrose), the cells were scored for viability
or respiratory capacity (33).

RESULTS

Mutations That Enhance Yfhl Oligomerization Hinder Yfhl
Precursor Maturation—A previous study identified amino acid
substitutions (Y73A, H74A, D78A, V108A/T110A, and T118A/
V120A) that enabled the Yfh1 monomer to form stable trimer
at physiological iron concentrations during expression in E. coli
(9) (Fig. LA). In an attempt to genetically manipulate the oligo-
meric state of frataxin in yeast, we expressed two Yfh1 proteins
with stabilizing mutations, Yfth1-Y73A and Yfh1-T118A/
V1204, in a yeast frataxin knock out strain (yf11A). Frataxin is
synthesized in the cytoplasm as a precursor polypeptide that is
imported by mitochondria and processed to mature form by
mitochondrial processing peptidase (46). The precursor forms
of the Yth1-Y73A and Yth1-T118A/V120A proteins were ini-
tially expressed by use of a low copy plasmid and the natural
YFH1 promoter to yield strains Y73A and T118A/V120A. The
~20-kDa mature form of Yfhl was nearly undetectable by
Western blotting in these strains, whereas it was readily
detected in an isogenic WT strain (not shown). Unlike the
yfh1A strain, however, Y73A and T118A/V120A grew nearly as
well as WT on solid rich medium supplemented with ferment-
able or nonfermentable carbon sources at 30 °C (Fig. 1B), indi-
cating that despite being present at very low levels, the Yfh1-
Y73A and Yth1-T118A/V120A proteins were functional.
Analyses with purified yeast mitochondrial processing pepti-
dase or isolated yeast mitochondria showed that the precursor
form of the Yth1-Y73A protein was proteolytically cleaved with
slower kinetics as compared with the wild type Yth1 precursor
(supplemental Fig. S1). However, the mature forms derived
from the wild type and mutant precursors were equally stable
over time in isolated mitochondria (supplemental Fig. S1). This
suggested that improving processing kinetics might be suffi-
cient to increase the steady-state levels of mature Yfh1-Y73A.
We therefore expressed mutant and wild type Yfh1 precursors
under the control of the strong GPD promoter (43). A yfhIA
strain bearing one chromosomally integrated copy of the yfh1-
Y73A allele (strain Y73A*) contained levels of mature Yfhl
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FIGURE 1. Mutations that stabilize Yfh1 trimer are functional in yeast.
A, structure of iron-loaded Yfh1 trimer in ribbon representation with one iron
atom (green sphere) and three water molecules (red spheres) in the central chan-
nel (9). Residues involved in trimer stabilization are shown as sticks. The figures
were generated with PyMOL. B, freshly streaked frozen stocks were grown for
~12hin 10 ml of SD medium at 30 °C. 10-fold serial dilutions were plated on
solid rich (YP) medium with dextrose (D), glycerol (G), or ethanol (E) as the
carbon source and grown for 5 days at 30 °C. Respiring strains are pigmented
on YPD plates because of the endogenous ade2-101°""® mutation. C-F, yeast
cultures were started from freshly streaked glycerol stocks, preconditioned in
YPGal at 30 °C for ~12 h, diluted into fresh YPGal, and grown for ~20 h at
30 °C, after which mitochondria were isolated. The soluble mitochondrial
fractions (~5 mg total protein) were analyzed by size exclusion chromatog-
raphy on a Superdex 75 column. This column gives excellent resolution of
purified Yfh1 monomer («, ~14 kDa) and trimer (a5, ~42 kDa), which are
eluted with apparent molecular masses of ~20 and ~40 kDa, respectively,
whereas 24-mer (a4, ~336 kDa) is eluted at the size exclusion limit of the
column. Fractions comprising the entire fractionation range of the column
were analyzed by Western blotting with anti-Yfh1 antiserum. Recombinant
Yfh1 (residues 52-174) indicates the position of the mature form of the pro-
tein on SDS-PAGE. The asterisk denotes the o* intermediate.

comparable with those present in WT, whereas strains bearing
one integrated copy of wild type YFHI or the yfhl-T118A/
V120A allele (strains WT* and T118A/V120A*) contained ~ 5
and ~2 times more mature Yfh1 protein than WT (Fig. 1, C-F).
The WT*, Y73A* and T118A/V120A* strains were indistin-
guishable from WT on solid rich medium supplemented with
fermentable or nonfermentable carbon sources (Fig. 1B).
Oligomerization of Yfhl Can Be Genetically Manipulated in
Vivo—To analyze the assembly state of Yfh1 in conditions of
low mitochondrial iron uptake, the strains described above
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were grown in liquid rich medium supplemented with galactose
(YPGal), a fermentable carbon source that does not repress
mitochondrial biogenesis and allows yeast to use respiration
(47). The YPGal medium prepared in our laboratory normally
contains ~12 uM iron, a concentration sufficient to partially
repress the plasma membrane high affinity iron transport sys-
tem and limit cellular iron influx (48). The cultures were pre-
conditioned in YPGal for 12 h, diluted into fresh YPGal, and
harvested after ~20 h, corresponding to the early exponential
phase of growth. The mitochondria were isolated, and the total
mitochondrial iron content was determined as a measure of
mitochondrial iron uptake. Mitochondria consistently con-
tained ~3 nmol of iron/mg of protein (Table 1). To assess the
assembly state of Yfhl, the soluble mitochondrial fraction
(100,000 X g supernatant) was analyzed by size exclusion chro-
matography followed by Western blotting. Monomer was the
only species detected in WT (Fig. 1C). Similarly, monomer was
the predominant species detected in WT*, although lower lev-
els of trimer and larger oligomers were also present in this
strain (Fig. 1D). In contrast, trimer was the predominant form
present in Y73A*, whereas monomer could not be detected
(Fig. 1E). Equivalent levels of monomer and trimer were
observed in T118A/V120A* (Fig. 1F).

The Y73A Mutation Does Not Alter the Biochemical Proper-
ties of Yfh1—To assess possible effects of the Y73 A mutation on
the functions of Yfh1, we used discontinuous assays that meas-
ure iron uptake, iron oxidation, or iron delivery independent of
the kinetics of Yth1 assembly (2, 49) (supplemental Table S1).
Atthe end of a 60-min iron-binding reaction at a saturating iron
to Ythl ratio of 75:1, there was a modest reduction in iron
uptake (~80% of wild type). In addition, oxygen consumption
measurements revealed a final Fe**/O, ratio intermediate
between wild type Yfhl and buffer, indicating that the Y73A
mutation decreased but did not abolish the ferroxidase activity
of Yfh1, which can be explained by the proximity of residue 73
to the ferroxidation site of Yfth1 (9). On the other hand, Fe?*
delivery assays did not reveal any significant differences com-
pared with wild type. We concluded that the main effect of the
Y73A mutation on Yfh1 was to stabilize a conformation that
promoted assembly of monomer to trimer. This, coupled with
the virtual absence of monomeric Yfthl in the Y73A* strain,
provided a system to assess the functional role of the Yfh1 tri-
mer in vivo.

Stabilization of Yfh1 Trimer Enhances Mitochondrial Aconi-
tase Activity and Limits Protein Carbonylation—Mitochondria
were isolated from the WT, WT*, and Y73A* strains under the
conditions described above and used to determine aconitase
activity, as a measure of the mitochondrial anti-oxidant capac-
ity and iron chaperone function of frataxin (6, 50), and protein
carbonylation, as a measure of oxidative damage. In freshly iso-
lated mitochondria, aconitase (Acol) activity was consistently
~3- and ~5-fold higher in WT* and Y73A*, respectively, as
compared with WT (Fig. 24) and remained higher upon expo-
sure of isolated mitochondria to hydrogen peroxide or atmo-
spheric oxygen (Fig. 24). Because the three strains contained
equal levels of Acol protein as determined by Western blotting
(Fig. 2C), the higher levels of Acol activity exhibited by WT*
and Y73A* reflected the presence of a larger fraction of the
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FIGURE 2. Constitutive presence of trimer enhances aconitase activity
and limits protein oxidation. Yeast cultures were grown and mitochondria
isolated as in Fig. 1 (C-F). A, in-gel aconitase activity was measured in
untreated mitochondria (Steady State) or upon exposure of mitochondria to
100 um H,0, or atmospheric oxygen. A fixed amount of total protein (150 p.g)
was analyzed in each case. Fold change shows the average increase in aconi-
tase activity in WT* and Y73A* relative to WT as determined by ImageQuant
5.0 densitometric analysis of three independent experiments, one shown.
The relative densitometric intensity of the aconitase band for WT, WT*, and
Y73A*was (means = standard deviation): Steady State, 11.0 = 7.0,36.0 = 15.7
(p = 0.032),53.0 = 13.6 (p = 0.004); H,O0, 5 min, 10.8 = 8.5,28.0 = 17.7 (p =
0.101),61.2 = 17.4 (p = 0.005); O, 15 min, 10.0 = 5.0, 28.0 = 6.3 (p = 0.009),
62.0 = 11.0 (p = 0.0009). In all cases, the p value was determined versus WT by
the t test for equal variances. B, after aconitase activity was measured, the
same gel was stained with Coomassie Blue to verify equal protein loading.
Cand D, aliquots of the mitochondrial preparations analyzed above (20 and
100 pg of total protein for Acol and Yfh1 detection, respectively) were ana-
lyzed by SDS-PAGE and Western blotting (WB) with specific antisera. E, ali-
quots of the same mitochondrial preparations (100 ug of total protein) were
analyzed with OxiBlot kit to detect carbonylated proteins. ImageQuant 5.0
densitometric analysis was performed on the region denoted by the bracket,
after which the membrane was stained with Coomassie Blue to verify equal
protein loading (only a portion of the stained membrane is shown). Fold
change represents the average decrease in protein carbonylation in WT* and
Y73A* relative to WT as determined from three independent experiments,
one shown. The relative densitometric intensity of the membrane region ana-
lyzed for WT, WT*, and Y73A* was (mean = standard deviation): Steady State,
452 +2.1,27.8 £1.6(p=0.0002),27.1 = 3.4 (p = 0.0007); H,0,5min:51.2 =
8.0,31.7 £ 7.7 (p = 0.020), 17.0 = 2.5 (p = 0.001); O, 15min, 54.7 = 6.2,27.3 =
5.6 (p =0.002),18.1 = 6.0 (p = 0.0009). The p value was determined as above.

active, [4Fe-4S)*" form of the protein. In the same mitochon-
dria preparations used to measure Acol activity, protein car-
bonyls were slightly but consistently lower in WT* and Y73A*
relative to WT, both at steady state and upon exposure to
hydrogen peroxide or atmospheric oxygen (Fig. 2E). These
results did not correlate with the mitochondrial iron content,
which was ~3 nmol/mg protein in all three strains (Table 1),
nor with the absolute levels of Yth1 (Fig. 2D), which were sim-
ilar between WT and Y73A* and at least 5-fold higher in WT*
mitochondria (~0.04, 0.06, and 0.25 nmol of Yth1/mg of mito-
chondrial protein, as determined by densitometry relative to a
known amount of purified Yfh1l). On the other hand, the
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increasing levels of Acol activity (Y73A* > WT* > WT) (Fig.
2A) and the decreasing levels of protein carbonylation (Y73A*
<WT* < WT) (Fig. 2E) appeared to correlate with the levels of
trimer present in each of the three strains at steady state (Y73A*
>WT*>WT) (Fig. 1, C-E). It appeared that under steady state
conditions insufficient to drive oligomerization of wild type
Ythl (as seen in WT), the constitutive presence of trimer
enhanced detoxification of labile iron, resulting in higher pro-
portions of active Acol and lower levels of protein carbonyla-
tion in Y73A* and WT* compared with WT. Monomeric
frataxin could have contributed to this effect in WT*.

Yfhl Oligomerizes in Response to Increments in Mitochon-
drial Iron Uptake—To assess Yfhl assembly during limited
increases in mitochondrial iron uptake, WT, WT*, and Y73A*
cultures were preconditioned in YPGal for ~12 h, diluted into
fresh YPGal supplemented with 100 or 500 uM iron, and har-
vested after ~20 h. The strains grew at the same rate, and their
cytoplasmic and mitochondrial iron levels increased in parallel
upon iron supplementation, although most added iron
remained in the culture medium (Table 1). This result was con-
sistent with repression of the high affinity iron transport system
during culture preconditioning, which limited cellular iron
uptake during the subsequent iron supplementation. Accord-
ingly, increments in mitochondrial iron content were relatively
small, from ~3 to ~5 and 15 nmol/mg of protein (Table 1).
Nevertheless, they were associated with significant changes in
the Yth1 distribution in all three strains. In WT, when mito-
chondrial iron levels increased from 3 to 5 nmol/mg protein,
monomer was shifted to a slightly larger species intermediate in
size between monomer and trimer (hereafter denoted o*) (Fig.
3, A versus B); larger levels of a* and lower but discrete levels of
trimer as well as species =24-mer were detected when mito-
chondrial iron levels increased further to ~15 nmol/mg protein
(Fig. 3C). In WT*, the a* and trimer already present at the initial
mitochondrial iron concentration of ~3 nmol/mg protein (Fig.
3D) were converted to larger oligomers when iron levels
increased to ~5 nmol/mg protein (Fig. 3E); additional forma-
tion of o*, trimer, and larger species occurred when mitochon-
drial iron levels increased to ~15 nmol/mg protein (Fig. 3F). In
Y73A%, trimer and o* were fully converted to species =24-mer
when mitochondrial iron concentration increased from ~3 to
either ~5 or 15 nmol/mg of protein (Fig. 3, H and I). Under
these conditions, the three strains contained equal levels of
Acol protein, but Acol activity was consistently higher in
Y73A* before or after exposure of isolated mitochondria to
hydrogen peroxide or atmospheric oxygen (not shown). Thus,
the behavior of Ythl was consistent with iron-dependent
assembly (36, 37), with a faster assembly rate in Y73A* that
correlated with a higher proportion of active Acol.

When mitochondrial iron content increased from ~3 to 15
nmol/mg protein, the molecular mass distributions of Acol
and monomeric Isul did not change (Fig. 3, J versus K and L
versus M). Conversely, Nfs1 and the low levels of Isul initially
present in ~80—670-kDa fractions shifted to the highest of
these fractions (Fig. 3, L versus M and N versus O), possibly
reflecting interactions of the Nfsl-Isul complex with iron-
loaded Ythl oligomers, as observed for bacterial frataxin in
vitro (8). Thus, the broad molecular mass shift exhibited by
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FIGURE 3. Iron-dependent assembly of Yfh1 analyzed by size exclusion chromatography. Yeast cultures
were started from freshly streaked glycerol stocks, preconditioned in YPGal at 30 °C for ~12 h, and further
grown in YPGal without iron supplementation (A, D, G, J, L, and N) or in the presence of 100 um (B, E, and H) or
500 uMm (C, F, I, K, M, and O) FeCl; for ~20 h at 30 °C. The mitochondria were isolated and soluble mitochondrial
fractions (5 mg of total protein) analyzed by size exclusion chromatography as in Fig. 1 (C and D). The mem-
branes analyzed in A and C were probed sequentially with antibodies against Yfh1, Nfs1, and Isu1. The mem-
branes analyzed in G and / were probed sequentially with antibodies against Yfh1 and Aco1. A, D, and G are the
same as C, D, and E in Fig. 1. The average iron concentrations measured in the mitochondrial preparations
analyzed by size exclusion chromatography are shown on the left side of each panel (see also Table 1).

shock enhances yeast oxygen con-
sumption, causing an increase in the
generation of reactive oxygen spe-
cies in mitochondria (51, 52). To
test possible effects of heat shock on
Yfhl assembly, the WT strain was
grown in synthetic defined medium
with glucose as the carbon source
(SD) at 30, 37, or 42 °C for 24 h, after
which cells were harvested and
mitochondria isolated. Only very
low levels of Yth1l were detected in
the 100,000 X g soluble mitochon-
drial fraction from cells grown at
37 °C (not shown). Even when mito-
chondria were lysed by sonication
and separated into supernatant and
pellet by table top centrifugation
(20,000 X g for 20 min), wild type
Ythl was mostly soluble in mito-
chondria from cells grown at 30 °C
but largely insoluble in mitochon-
dria from cells grown at 37 or 42 °C
(Fig. 4A). In the same mitochondrial
preparations, there was also a
temperature-dependent increase in
the relative amounts of Acol and
Nfs1 detected in the insoluble frac-
tion, although not as pronounced as
for Yfhl (Fig. 4, B and C). On the
other hand, similar mitochondrial
iron levels were present in WT
mitochondria at 30 and 37 °C (Table
1). It appeared that wild type Yfh1
formed quickly sedimenting com-
plexes in a temperature-dependent
manner.

The Rate of Frataxin Assembly
Influences Heat Stress Tolerance—
During growth in SD at 37 °C, WT*
and Y73A* accumulated ~20 and
10-fold higher levels of mature
Yth1, respectively, relative to WT
(Fig. 4D), probably as a result of
improved kinetics of Yfh1 precursor
import and processing caused by
induction of heat shock proteins
(53). Despite the different protein
levels, the ratio of insoluble versus
soluble (P versus S) Yfh1l was sim-
ilar between WT and WT* and
slightly higher in Y73A* (Fig. 4D).

Yth1, from ~17 to >670 kDa, appeared to be largely independ-  The ratio of insoluble versus soluble Acol or Nfs1 was also
ent of interactions with its main protein partners. slightly higher in Y73A* (Fig. 4, E and F). Moreover, the

Yfh1 Forms Fast Sedimenting Complexes in Response to Heat  ratios of insoluble versus soluble Yth1, Acol, and Nfs1 pres-
Stress—Next we asked whether the conformational adjustment  ent in Y73A* at 37 °C were similar to those present in WT at
required for assembly of wild type Yfh1 could be induced inde- 42 °C (Fig. 4, B and C versus E and F). It appeared that Yfh1,
pendent of an increase in mitochondrial iron uptake. Heat Acol, and Nfslbecame prone to aggregationinatemperature-

NOVEMBER 14, 2008+ VOLUME 283-NUMBER 46 (ASHMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 31505



Assembly of Yeast Frataxin in Vivo

WT WT WT
30 °C 37 42 °C
-  —
T S P T S P T S P
-—— W w —™ A
|'—-— —— W ~— —4— ACO1 B
o —— We—— =N C
WT WT* Y73A*
37 °C 37 °C 37 °C
i B S P RE S P T S P
—— N TP~ e e |« D
P S —— - e— —— |4 ACO'] E
SD 37°C SD 37°C + 500 uM H,0,
1.2 — 1.2
e __". -
1.0 G / 1.0 H —
(=]
8 o8 0.8
(a]
O s : 0.6
® wT o wT
041 P A wr 0.4 Ay
Y/ W y73a* W y73A
0.2 0.2
0 10 20 30 40 50 0 10 20 30 40 50
Time (hours) Time (hours)
I J
2.2e+6 de+5 - i
B y73A*
§ 2.0e+6 - S
L=
o Q 3e+5 -
O 1.8e+6 | o }
L] 0 Wt
g J L © { i3
- 1.6e+6 | =
5 : % = 2e+5 -
© i H .-
T i [ , :
> 1.4e+6 - % t o % : e
1.2e+6 - 1e+5 - .-
SD  +H,0, SD  +H,0,

FIGURE 4. Yfh1 solubility decreases in response to heat stress. A-f, yeast cultures were started from freshly
streaked glycerol stocks, preconditioned in SD at 30 °C for ~12 h, diluted into fresh SD, and grown for ~24 h at
different temperatures, after which the mitochondria were isolated. Total mitochondrial lysates (T; 4.5 mg/ml total
protein) were prepared by sonication and separated into supernatant (S) and pellet (P). Equal amounts (by volume)
of the T, S, and P fractions were analyzed by SDS/PAGE and Western blotting. In D only, to enable simultaneous
detection of Yfh1 in the WT, WT*, and Y73A* strains despite their different levels of Yfh1 expression, the amounts of
T,S,and P fractions analyzed for WT* and Y73A* were 5- and 2.5-fold lower, respectively, than those analyzed for WT.
The membrane analyzed in B-D was probed sequentially with antibodies against Aco1 and Nfs1,and the membrane
analyzed in F and G was probed with antibodies against Acol and Nfs1. F, fragment of Nfs1 (65). G and H, yeast
cultures were started from freshly streaked glycerol stocks, synchronized to late logarithmic phase in SD at 30 °C for
~12h, diluted into fresh SD in the absence or presence of 500 um H,0,, and shifted to 37 °C. The data points are the
averages from two independent growth curves. / and J, at different times, aliquots of the cultures were diluted to
Agoo = 0.0002, equal volumes (150 wl) were plated on YPD or YPG plates, and the colonies were counted after 5 days
at 30°C./and J show the number of viable and nonrespiring cells, respectively, expressed per Aggy = 1 (1 Agoo iS
~1-2 X 107 cells/ml). The data show the means = standard deviation of four (WT and Y73A*¥) or two (WT* and
T118A/V120A¥) independent experiments, with two plates per experiment scored for each strain analyzed. , p =
0.02 as determined by the t test for equal variances.
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dependent manner, as seen in WT,
and that this behavior was enhanced
in the Y73A* strain.

We analyzed whether Y73A* con-
tinued to exhibit a higher degree of
stress tolerance relative to WT and
WT* during growth in SD at 37 °C,
as observed under less stressful con-
ditionsin YPGal at 30 °C. WT, WT*,
and Y73A* grew at similar rates,
reaching the stationary phase at
~24 h (Fig. 4G). During growth in
SD, entrance into the stationary
phase requires that yeast cells be
able to shift to respiration (diauxic
shift) and maintain a high metabolic
rate (54, 55). Under these condi-
tions, Y73A* cultures contained a
higher proportion of viable cells (i.e.
stationary cells able to resume
growth after transfer to rich
medium) (Fig. 4/), and a smaller
proportion of petite cells (i.e. cells
that have lost respiratory capacity
because of a loss of mitochondrial
DNA integrity) (Fig. 4/). The same
was true in the presence of 500 um
H,O, (Fig. 4, H-J), which potenti-
ates oxidative stress during heat
shock (51). These results were
obtained with two independent iso-
lates for each strain, indicating that
in Y73A* faster kinetics of Yfhl
assembly consistently enhanced
yeast stress tolerance.

Rate-limiting Step in Frataxin
Assembly Is Critical for Mitochon-
drial DNA  Maintenance—We
stressed our strains further by use of
growth conditions that resulted in a
rapid and large increase in mito-
chondrial iron influx. WT, WT*,
and Y73A* cultures were synchro-
nized at 37°C for 12 h in SD
medium, which only contained
~0.2 uM iron and was not expected
to repress the plasma membrane
high affinity iron transport system
(48). The cultures were then diluted
into fresh SD medium supple-
mented with 100 um FeCl; and har-
vested after another 24 h, corre-
sponding to entry in the stationary
phase. In all strains, mitochondrial
iron levels raised from ~20 nmol to
~3 umol/mg protein, a >100-fold
increase (Table 1). The strains
exhibited similar growth rates (Fig.
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relative to WT and WT* (Fig. 5, E
and F). This was especially evident
in the case of Acol, which was
mostly soluble in WT and WT* and
completely insoluble in Y73A* (Fig.
5E). Acol binding to mitochondrial
DNA is required for mitochondrial
DNA integrity (56), and therefore,
sequestration or aggregation of
Acol could have been sufficient to
cause the dramatic accumulation of
petite colonies in the Y73A* strain.
Polymerization of Wild Type Yfhl
Occurs via Stepwise Assembly—We
attempted to characterize the insol-
uble Yfh1 species described above.
WT and Y73A* mitochondria were
broken by sonication and incubated
with sodium carbonate or the non-
ionic detergents dodecyl maltoside
or Triton X-100, and mitochondrial
lysates were clarified by tabletop
centrifugation. Most Yfhl present
in WT mitochondria was solubi-
lized upon treatment with either
sodium carbonate or mild deter-
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gents, whereas the vast majority of
Ythl present in Y73A* mitochon-
dria remained in the sediment upon
either treatment (Fig. 6A and not
shown for Triton X-100). Blue
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FIGURE 5. Deregulated assembly of Yfh1 causes Aco1 sequestration and loss of mitochondrial DNA
integrity. A, yeast cultures were performed as in Fig. 4G except that 100 um FeCl; was added during growth at
37 °C.The data points are the averages of two independent growth curves. Band C, equal numbers of cells from
the cultures described above, after 24 h (B) or 2, 6, and 24 h (C) of growth, were plated and scored for viability
(B) or respiratory capacity (C) as in Fig. 4 (/and J). The data show the means *+ standard deviation of four (WT and
Y73A*) or two (WT* and T118A/V120A*) independent experiments, with two plates per experiment scored for
each strain analyzed. #, p =< 0.02. D-F, cultures were performed as above, and mitochondria were isolated. T, S,
and P fractions were prepared and analyzed as in Fig. 4. In D only, the amounts of T, S, and P fractions analyzed
for WT* and Y73A* were 5- and 2.5-fold lower, respectively, than those analyzed for WT. The membrane
analyzed in B and C was probed sequentially with antibodies against Aco1 and Nfs1.

5A), and overall similar cell viabilities at 24 h (Fig. 5B). After 2 h
of growth in SD supplemented with iron, Y73A* accumulated
less petite colonies as compared with WT and WT* (11% versus
30 and 24% respectively; Fig. 5C), in agreement with the results
in the absence of iron supplementation. However, Y73A* cul-
tures subsequently showed a striking phenotypic change char-
acterized by the accumulation of a large proportion of petites,
reaching 50% of the total viable cells after 6 h and nearly 100%
after 24 h (Fig. 5C). Thus, the Y73A mutation was for the first
time associated with a detrimental effect, primarily on mito-
chondrial DNA integrity. Although the ratio of insoluble versus
soluble (P versus S) Yth1 was similar in all strains (Fig. 5D), the
fraction of insoluble Acol and Nfs1l was enhanced in Y73A*
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mer (Fig. 6B, left panel). Thus, in
the case of WT, insoluble Yfhl
appeared to consist at least in part of
homopolymers that were peripher-
ally associated with mitochondrial
membranes. Similar homopolymers
were present in Y73A*, although
this strain also contained a larger
fraction of Yfh1 that was irreversibly
aggregated. Native PAGE was further performed on WT or
WT* mitochondria upon treatment with low concentrations of
SDS followed by tabletop centrifugation. Analysis of duplicate
gels by Western blotting or Prussian blue staining revealed high
molecular mass Ythl complexes at the top of the gel that
appeared to co-migrate with iron (Fig. 6B, right panel; not
shown for WT*), probably corresponding to the polymers of
iron-loaded frataxin particles previously observed in vitro and
invivo (57, 58). Attempts to affinity purify these complexes and
analyze their composition failed because of their limited
solubility.

To gain insight into the mechanism of Yfh1 polymerization,
we analyzed by size exclusion chromatography the distribution
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FIGURE 6. Polymerization of Yfh1 in response to heat stress. A, mitochon-
dria were isolated under the same conditions used in Fig. 5 (A-C), and the
total mitochondrial lysates (T) were extracted with 100 mm Na,CO; or 1%
dodecyl maltoside for 30 min on ice prior to separation into supernatant (S)
and pellet (P). B, total mitochondrial lysates (4.5 mg of total protein/ml) were
left untreated or extracted with 1% dodecyl maltoside for 20 or 60 min on ice.
After centrifugation at 10,000 X g for 20 min at 4 °C, aliquots of the superna-
tants were analyzed by blue native PAGE and Western blotting (WB) with
anti-Yfh1 antibody. Purified monomer, trimer, and 24-mer (a, a5, and a,,)
were used as molecular mass standards. In another experiment, total mito-
chondrial lysates were incubated in the presence of low concentrations of
SDS followed by centrifugation at 5,000 X g for 20 min. Two identical sets of
samples from the resulting supernatants were analyzed by native PAGE
(3-12% Bis-Tris) on the same gel. One half of the gel was stained with Prussian
blue foriron detection, and the second half was analyzed by Western blotting
for Yfh1 detection. Cand F, yeast cells were preconditioned in SD and further
grownin 1,500 ml of SD in the presence of 100 um FeCl; for ~24 hat37 °C.The
mitochondria were isolated, and a soluble mitochondrial fraction (1.5 mg of
total protein) was analyzed by size exclusion chromatography and Western
blotting as described in the legend of Fig. 3 (C-F). Because of the very low
levels of soluble Yfh1 present in mitochondria under the conditions used in
these experiments, long exposures were required for Yfh1 detection resulting
in high backgrounds.

of the residual Yfh1 present in the soluble mitochondrial frac-
tion (i.e. after the insoluble polymers had been removed by
ultracentrifugation at 100,000 X g). In WT and WT*, soluble
Yth1 consisted primarily of monomer and lower levels of a* and
trimer (Fig. 6, C and D). This distribution was nearly identical to
that observed when mitochondrial iron content was in the low
nanomolar range (Fig. 3, C and F), indicating that stress-in-
duced polymerization of Yth1 occurred via the same o — a* —
a4 transition observed in unstressed cells. Trimer was the pre-
dominant species present in the soluble fraction derived from
Y73A* mitochondria (Fig. 6E), suggesting that the Y73A muta-
tion had accelerated Yth1 assembly until free iron had become
limiting and/or the accumulation of Yth1 aggregates had inhib-
ited further trimer assembly.
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DISCUSSION

Our results indicate that Yth1 assembly in vivo is activated
upon increments in mitochondrial iron uptake. Such incre-
ments may transiently increase the fraction of labile iron in
the mitochondrial matrix, which may induce Yfh1 self-as-
sembly as observed in vitro (36, 37). Given that the iron
binding capacity of Yfh1 increases from 2 atoms/subunit in
the monomer (59) to >50 atoms/subunit in Yth1 oligomers
(7), iron-dependent assembly probably serves to rapidly
expand the mitochondrial iron buffering capacity independ-
ent of de novo Yfh1 protein synthesis. This idea is consistent
with current knowledge that mitochondrial iron influx is
proportional to iron availability in the culture medium (17)
or the cytoplasm (60) and that mitochondrial iron efflux is
mainly controlled by mitochondrial ISC synthesis (61, 62).
Thus, rapid increases in cellular iron availability and mito-
chondprial iron uptake, such as those induced in this study,
may temporarily exceed the existing rate of mitochondrial
iron incorporation into ISC. Under these conditions, Yfh1
assembly may help to detoxify excess iron until iron uptake
returns to basal levels or a new balance between iron uptake
and iron efflux is established.

In all conditions leading to assembly, a species intermediate
in size between monomer and trimer, denoted a*, consistently
preceded or accompanied the appearance of trimer, suggesting
that formation of «* is an obligate step for trimer formation.
Moreover, during iron increments in either WT or WT* mito-
chondria, monomer was consistently present in excess relative
to trimer, further suggesting that the o« — o* — a5 transition is
the rate-limiting step in the assembly reaction of wild type Yth1.
The o* intermediate could represent Yfh1 dimer or an assem-
bly-competent form of the monomer. The possibility that Yfh1
monomer undergoes a conformational change to form trimer is
supported by limited but significant differences in the structure
of Yfh1 monomer before and after assembly into trimer. Both
forms of the protein share the typical a/B sandwich fold of
frataxin with two «a helices (@2, @3) packed against a five-strand
(B1-B5) B sheet (9, 63). However, in the monomer helix &2 has
seven turns, whereas in the trimer the first two turns of helix a2
unwind, enabling interaction between the N terminus of one
subunit and the 3 sheet of another (Fig. 14). Helix a2 contains
an extended acidic patch involved in iron binding as well as
ferroxidase activity and iron core nucleation (34, 38, 42, 59).
Iron binding to one or more sites on helix a2 may disrupt inter-
actions needed to maintain the a-helical conformation, which
may result in partial unwinding of helix a2 leading to oligomer-
ization. In agreement with this idea, point mutations within or
adjacent to the region of helix @2 that undergoes unwinding
(D78A, H74A, or Y73A; Fig. 1A) enable Yfh1 to assemble in the
presence of iron concentrations lower than those needed to
activate assembly of the wild type monomer (this study).? Sim-
ilarly, the T118A/V120A mutations may stabilize interactions
of the B-sheet of one subunit with the tip of the N-terminal
region of another subunit, which may in turn lead to the
unwinding of helix a2.

3 0. Gakh, D. Y. Smith IV, and G. Isaya, unpublished data.
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The importance of the rate-limiting « — a* — a; transition
was underscored by the dramatic loss of mitochondrial DNA
integrity exhibited by Y73A* during heat shock coupled with
high mitochondrial iron uptake, which appeared to result from
Yth1 hyperpolymerization leading to aconitase sequestration
(56). In addition, mutations that expedite trimer assembly
interfered with Yfh1 precursor processing (supplemental Fig.
S1), probably by inducing a protein fold incompatible with effi-
cient cleavage by mitochondrial processing peptidase, whose
activity depends on substrate conformation (64). Therefore, the
rate-limiting step in Yfh1 assembly responds both to structural
requirements for efficient maturation of the protein precursor
as well as the need to prevent Ythl aggregation during mito-
chondrial iron overload. The data suggest that careful pharma-
cological modulation of this step may be useful to enhance
frataxin function in Friedreich ataxia or other conditions with
altered mitochondrial iron balance or oxidative stress
tolerance.
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