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Mechanisms of iron and copper–frataxin
interactions†

T. H. L. Han,a J. M. Camadro, b R. Santos, ‡b E. Lesuisse, b

J. M. El Hage Chahinea and N. T. Ha-Duong *a

Frataxin is a mitochondrial protein whose deficiency is the cause of Friedreich’s ataxia, a hereditary

neurodegenerative disease. This protein plays a role in iron–sulfur cluster biosynthesis, protection

against oxidative stress and iron metabolism. In an attempt to provide a better understanding of the role

played by metals in its metabolic functions, the mechanisms of mitochondrial metal binding to frataxin

in vitro have been investigated. A purified recombinant yeast frataxin homolog Yfh1 binds two Cu(II) ions

with a Kd1(CuII) of 1.3 � 10�7 M and a Kd2(CuII) of 3.1 � 10�4 M and a single Cu(I) ion with a higher

affinity than for Cu(II) (Kd(CuI) = 3.2 � 10�8 M). Mn(II) forms two complexes with Yfh1 (Kd1(MnII) = 4.0 �
10�8 M; Kd2(MnII) = 4.0 � 10�7 M). Cu and Mn bind Yfh1 with higher affinities than Fe(II). It is established

for the first time that the mechanisms of the interaction of iron and copper with frataxin are comparable

and involve three kinetic steps. The first step occurs in the 50–500 ms range and corresponds to a first

metal uptake. This is followed by two other kinetic processes that are related to a second metal uptake

and/or to a change in the conformation leading to thermodynamic equilibrium. Frataxin deficient Dyfh1

yeast cells exhibited a marked growth defect in the presence of exogenous Cu or Mn. Mitochondria

from Dyfh1 strains also accumulated higher amounts of copper, suggesting a functional role of frataxin

in vivo in copper homeostasis.

Introduction

Friedreich’s ataxia (FA) is the most common autosomal recessive
cerebrospinal ataxia in Caucasian populations. It is caused in the
majority of patients by the expansion of a homozygous GAA
triplet repeat in the first intron of the gene encoding frataxin.
This mutation leads to an alteration of gene transcription, which
results in a decrease in the expression of frataxin. The disease is
characterized by a combination of neuropathy, cardiomyopathy,
glucose metabolism disturbances and skeletal abnormalities.1

These are thought to be the consequences of mitochondrial
defects related to respiratory deficiency, oxidative stress condition,
and possibly to an alteration of iron metabolism. Although the
involvement of frataxin in FA is well documented, the specific

function of the protein remains a matter of debate. It has been
shown in human cells, Saccharomyces cerevisiae and other model
organisms that frataxin can either serve as a chaperone protein
that binds iron or play a role in regulating Fe–S cluster biosynthesis
as part of a protein complex with the cysteine desulfurase Nfs1, the
scaffold protein Isu1 and the accessory protein Isd11, or even
facilitate heme biosynthesis.2–5 It is interesting to note that one of
the common features of the frataxin-deficient eukaryotic models is
high sensitivity toward oxidative damage.6–8

Frataxin is a small mitochondrial protein, highly conserved,
and found ubiquitously in prokaryotes and eukaryotes.9,10 Its
3D structure has been solved for humans,11 yeast12 and bacterial
homologs.13 They show strong structural similarities, notably
because frataxin orthologs share amino acid sequences to a high
degree.14 These similarities consist of two terminal a-helices,
which form one plane over five antiparallel b-strands, which form
the second plane. Moreover, another b-strand intersects the two
planes to achieve an overall a–b sandwich structure.14 A large
number of the conserved acid residues (Asp, Glu) are located
between the first helix and the edge of the b1-sheet. This semi-
conserved acidic ridge generates a negatively charged surface,
which accounts for roughly one quarter of frataxin’s total
accessible surface.11 In yeast mutants, mutations of acidic
residues in this region show no defects in the biosynthesis of
Fe–S clusters.15,16 However, a change in the electrostatic
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properties of the acidic ridge impairs this Fe–S cluster assembly,
weakens the interaction between yeast frataxin (Yfh1) and the
scaffold protein (Isu1), and increases oxidative damage.17,18 In
addition, mutations of these residues in bacterial frataxin lead
to the loss of Fe2+ binding, indicating that this region can
complex this cation.13,19 Therefore, this region appears to be
important to its physiological role.20 Previous work has shown
that frataxins from humans, yeast and Escherichia coli bind Fe2+

and Fe3+ with comparable affinities.9,12,21 The dissociation
constants of these iron–frataxin complexes are in the micro-
molar range, which suggests that iron interacts with frataxin
with low selectivity and specificity. Moreover, mutations of the
acidic residues on the a1 helix and/or b1 sheets decrease the
affinity of yeast frataxin for iron without eliminating it completely.18

Several NMR and X-ray crystallography studies show that bacterial
frataxins may interact with metals other than iron, such as Co2+,
Eu3+, Mn2+ and Zn2+.13,19,22

Mitochondria require transition metals for several of their
physiological functions. Iron, copper, manganese and zinc play
multiple roles in protein structure and function (catalysis,
electron transfer, ligand binding).23,24 In cells, these metals
form complexes with low-molecular-weight ligands to constitute
labile-metal pools. More recently, liquid chromatography coupled
with inductively coupled plasma mass spectrometry has shown
that these complexes represent approximately 20–40% of the total
mitochondrial Mn, Fe, Zn and Cu ions.25 In this study, we
investigate the in vitro interaction of these metal ions with yeast
frataxin. We revisit the complexation of Fe2+ and Fe3+ by Yfh1
by means of emission spectroscopy, microcalorimetry and size-
exclusion chromatography. We show that frataxin interacts
with Cu+, Cu2+ and Mn2+ with higher affinities than with
iron, and establish for the first time, by the use of chemical
relaxation methods, the mechanisms of iron and copper inter-
action with frataxin.26,27

Experimental
Chemical

Ferrous ammonium sulfate hexahydrate, Fe(NH4)2SO4�6H2O
(Fluka), was dissolved at 10 mM in a deoxygenated 0.2 M KCl
solution. FeNTA (iron nitrilotriacetic acid complex) solutions
were prepared as described previously.28 CuSO4, ZnSO4 and
MnCl2 (Prolabo) were dissolved in a 50 mM bis-Tris (2,2-bis-
(hydroxymethyl)-2,20,200-nitrilotriethanol) and 150 mM KCl buffer.
Reduced glutathione (GSH, Sigma-Aldrich) was dissolved in the
same, deoxygenated, buffer. Cu(GSH)2 was prepared as previously
described29 in the same buffer. Its concentration was measured
before each experiment using (2,20)-biquinoline ((2,20)-BBQ, Fluka),
which forms selectively a complex with Cu+, e545 = 6370 M�1 cm�1.30

(2,20)-BBQ was dissolved in acetic acid at 0.5 mg mL�1.
The bis-Tris (Amresco) concentration in neutral buffers was

50 mM. The final pH values were continuously controlled and
adjusted to between 6.6 and 8.6 with micro-quantities of
concentrated HCl or NaOH. All final ionic strengths were
adjusted to 0.2 M with KCl (Sigma-Aldrich). Except with Zn(II),

Fe(III) and Cu(II), all the experiments were performed under
anaerobic conditions in a glove box under argon to avoid
any oxidation and reaction with oxygen to generate superoxide
anions.31

Yfh1 mutants, growth conditions and mitochondria
metal measurement

The Saccharomyces cerevisiae strains, and wild-type and Dyfh1
mutants used in this study were derived from YHP499 and
S150-2B as previously described.32 Liquid cultures were grown
at 30 1C in YPD media (1% yeast extract, 2% Bacto peptone, 2%
D-glucose) supplemented with 200 mg L�1 adenine when
needed. For Cu and Mn survival tests, the strains from the
S150-2B background were grown to the late exponential phase,
diluted in YPD, spotted onto YPD plates containing or not
containing 1 mM MnCl2 or 1.25 mM CuSO4 and incubated for
2 days at 30 1C. Metals were measured by inductively coupled
plasma atomic emission spectroscopy (Service Central d’Analyse,
ISA-CNRS, Villeurbanne, France) in the mitochondria prepared
from the YPH499 strains as described.33 Zinc suppresses the iron-
accumulation phenotype of S. cerevisiae lacking the yeast frataxin
homologue (Yfh1).

Expression and purification of Yfh1

The mature full-length Yfh1 (residues 52–174) coding sequence
was amplified from genomic DNA by PCR, then cloned into a
pUC19 vector, and the nucleotide sequence was verified by
Sanger sequencing. The Nde1-BamH1 fragment with the coding
sequence from the initiation methionine to a stop codon was
subcloned into a pSBET-b bacterial vector for expression.34

Yfh1 was then overexpressed in the E. coli BL21(DE3) strain
(Thermo Fisher) by incubation overnight (15 h) at 37 1C with
200 rpm agitation in LBE auto-induction medium.35 The cells
were harvested by centrifugation at 4000 rpm for 15 min, and
washed once with Milli-Q water. The cells were then lysed using
a French press operated at 2.5 kbar in the presence of benzonase.
A cell lysate of 1 : 1 (v/v) was mixed with 50 mM HEPES and 6 M
urea buffer at pH 7.0 (buffer A) and kept at room temperature for
15 min. This mixture was centrifuged at 4000 rpm for 15 min at
4 1C to eliminate the insoluble proteins. The supernatant was
loaded onto an anion-exchange column of DEAE-Sepharose Fast
Flow (Sigma Aldrich) previously equilibrated with buffer A. The
proteins were eluted by a linear gradient of NaCl from 0.1 M to
1 M. SDS-PAGE and western blot experiments using an anti-
frataxin polyclonal antibody were performed to locate the fractions
containing Yfh1 (Fig. S1, ESI†).36 These were loaded onto a
hydroxyapatite (BioGrad Labs) column previously equilibrated with
25 mM HEPES buffer at pH 7.0. Elution was performed with a
gradient of potassium phosphate from 50 mM to 750 mM. The
fractions containing Yfh1 were pooled and concentrated by Vivaspin
10000WCO (GE Healthcare Life Sciences), and then applied to a
Superdext 200 10/300 GL size-exclusion chromatography column
(Äkta purifier – GE Healthcare Life Sciences).

SDS-PAGE stained by Coomassie Brilliant Blue 1% was used
to identify the fractions containing Yfh1. The isolated protein
and products of in-gel digestion by trypsin were analyzed by
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mass spectrometry on electrospray ionization (ESI-MS) and
MALDI TOF-TOF instruments, respectively (ESI,† Fig. S2 and S3).

Protein concentrations were evaluated by the Bio Rad
(Bradford) protein assay and/or spectrophotometrically (e280 =
40 000 M�1 cm�1).37 The final solutions of frataxin were further
diluted to the required concentrations in the buffers.

pH Measurements

The pH values were measured with a Jenco pH meter equipped
with a Metrohm combined calomel/glass mini-electrode. The
pH meter was standardized at 25 1C by the standard pH buffer
values of 7.00 and 10.01 (Beckman). At the end of the measurements,
the pH values were double-checked in both the buffer and the
protein solutions.

Spectrofluorimetric measurements

Absorption measurements were performed at 25 1C on a Cary
4000 spectrophotometer equipped with a Peltier-thermostated
cell-carrier. Fluorimetric measurements were performed at
25 1C on an Aminco-Bowman series 2 luminescence spectro-
meter equipped with an external thermostated water-bath for
circulation. The excitation wavelength (lex) was set at 280 nm
and the emission spectra were measured between 300 and
400 nm. The spectra used for the determination of equilibrium
constants were recorded at the final equilibrated state. For the
anaerobic experiments, specially designed cuvettes were used
and manipulated in a glove box before being transferred to the
spectrometers.

The dissociation constants of the metal–frataxin complexes
were determined from the spectrofluorimetric data sets collected
at multiple wavelengths using the multivariate data analysis
program, SPECFIT 32.38

Isothermal titration calorimetry

ITC measurements were performed to determine the binding
affinity of (Yfh1)2 for metals and the stoichiometries involved
in the processes. The experiments were carried out on a TA
Instruments low-volume Nano ITC with gold cells and an active
cell volume of 166 mL. All the ITC titrations were performed at
25 1C with a stirring rate of 250 rpm, using a 50 mL titration
syringe. Typically, an initial injection of 1 mL into the sample
cell containing (Yfh1)2 was followed by an automated sequence
of 24 injections, each of 2 mL of the metal titrant, spaced at
5 min intervals. Control experiments, to account for the heat of
dilution, were performed using a metal ion solution in the
syringe and a buffer solution in the ITC cell. The data were
collected automatically and were analyzed using the NanoAnalyze
software (TA Instruments) and a mathematical model involving
one class of independent multiple binding sites.

HPLC-size-exclusion chromatography

An HPLC system (1260 Infinity, Agilent) with a quaternary pump
and absorption and emission detectors were used to identify the
oligomeric species of frataxin in the presence or absence of metals.
HPLC was also utilized to analyze the interaction of Cu(GSH)2 with
frataxin. Protein samples were prepared in 50 mM bis-Tris and

20 mM KCl, at a pH of 7.0, and loaded (20 mL) onto a size-exclusion
column (Bio SEC-5, 5 mm particles, 150 Å, 7.8 mm� 300 mm) from
Agilent, previously calibrated with dimeric bovine albumin
(132 kDa), monomeric bovine albumin (66 kDa), ovalbumin
(45 kDa), carbonic anhydrase (29 kDa), and lactalbumin
(14.2 kDa). The mobile phase consisted of 50 mM KH2PO4

buffer at a pH of 7.0. The flow rate of the HPLC system was set
at 1.0 mL min�1. Elution was monitored by absorption at
280 nm and emission at 340 nm (lex = 280 nm).

Kinetics

Stopped-flow experiments were performed on a Hi-Tech Scientific
SF61DX2 stopped-flow spectrofluorimeter equipped with a Xe/Hg
light source and a thermostated bath at 25 1C. Buffered aqueous
solutions (50 mM bis-Tris and 150 mM KCl, m = 0.2) of frataxin and
metals were mixed using the stopped-flow device (mixing time
o3 ms). The stopped-flow apparatus and mixing syringes were
kept under pure argon in a specially designed glove box. Fluorimetric
detection was used (lex = 295 nm; lem Z 300 nm). All stopped-flow
kinetic curves were recorded 10 times and signal-averaged.

Results

Preliminary attempts to produce recombinant Yfh1 using a
classical pET21b expression vector failed, mainly because the
IPTG-mediated induction of protein production was poorly
efficient. The protein was purified jointly with major chaperones
from E. coli (DnaJ, IbpA) identified by peptide mass fingerprints
from SDS-PAGE-separated proteins (data not shown). We therefore
cloned the open reading frame of the mature Yfh1 into the pSBET-b
expression vector that carries the ArgU gene, allowing the efficient
production of eukaryotic proteins in E. coli. The auto-induction
medium described by Studier,35 together with the two-step
purification strategy, taking advantage of the low pI (4.13) of
the protein, allowed us to produce up to 10 mg of purified
proteins per gram of cell paste. As shown in Fig. S4 (ESI†), the
protein migrated at an apparent molecular mass of B28 kDa,
while its mass measured by MALDI TOF-TOF was 13742.89 Da
(corresponding to the exact computed mass of the non-modified
mature protein, with a minor fraction of the protein containing the
uncleaved initiation methionine residue (13873.93 Da)). In addition,
Yfh1 was analyzed by high-resolution ESI mass spectrometry
(Orbitrap Exactive EMR) at a low voltage39 (Fig. S3, ESI†) and
showed a molecular mass of 27499.842 Da. The size-exclusion
chromatography and mass spectrometry experiments consistently
indicated that the protein in the solution was recovered as a dimer.

The frataxin we obtained is the association of two identical
frataxin subunits, each of which may bind metals. Therefore,
our kinetic and thermodynamic analyses are based on the
assumption that the two subunits have very similar behavior
towards metal binding.

Thermodynamics of metal binding

The thermodynamics related to the Fe3+ interaction by (Yfh1)2

are described in the ESI† (Fig. S5–S8).
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Spectrophotometric titration of Fe(II), Cu(II), Mn(II) and
Zn(II) binding to (Yfh1)2. The Fe2+ donor to (Yfh1)2 used in
our experiments is ferrous ammonium sulfate in the absence or
presence of reduced glutathione (Fig. 1A and Fig. S9, S10, ESI†).

The addition of Fe2+, Cu2+, Mn2+ or Zn2+ to a solution of
(Yfh1)2 leads to a decrease in fluorescence emission accompanied
by a red-shift of 2–3 nm (from 334 to 336–337 nm) (Fig. 1). Since
frataxin can form complexes with one or two cations,40 we
assumed that each subunit interacts in the same way. SPECFIT
analysis shows that two M2+ complexes are produced successively
with Yfh1 (eqn (1) and (2), with M = Fe, Cu, Mn or Zn):

Yfh1 + M2+ " (Yfh1)MII (1)

(Yfh1)MII + M2+ " (Yfh1)MII
2 (2)

with

Kd1(MII) = [M2+][Yfh1]/[(Yfh1)MII]

Kd2(MII) = [M2+][(Yfh1)MII]/[(Yfh1)MII
2 ]

where Kd1(FeII) and Kd2(FeII) are measured at different pHs in
the pH range of 6.5–8.5 in the presence or absence of GSH.
Kd1(FeII) and Kd2(FeII) are independent of pH and GSH concentration
(Table 1), with average values of �log Kd1(FeII) = 6.3 � 0.4 and
�log Kd2(FeII) = 4.7 � 0.3.

This pH independence also occurs with Cu2+, Mn2+ and Zn2+

with:

�log Kd1(CuII) = 6.9 � 0.5 and �log Kd2(CuII) = 5.5 � 0.6.

�log Kd1(MnII) = 7.4 � 0.1 and �log Kd2(MnII) = 6.4 � 0.2.

�log Kd1(ZnII) = 5.8 � 0.2 and �log Kd2(ZnII) = 6.1 � 0.1.

Microcalorimetric titration of copper(II) binding. The affinity
constants of (Yfh1)2 for Cu2+ were also evaluated by micro-
calorimetry. ITC experiments showed that the binding of Cu2+

to (Yfh1)2 is exothermic: DH1 = �(28.2 � 0.5) kJ mol�1 and
DH2 = �(30 � 4) kJ mol�1 (Fig. 2). The data were curve-fitted by
a model of multiple independent binding sites, which gave
2.2 � 0.5 and 2.4 � 0.3 equivalents of Cu2+ bound to (Yfh1)2:
K1 = (2.0 � 0.5) � 107 and K2 = (3.4 � 0.8) � 104. These are,
within the limits of uncertainty, identical to those determined
spectrophotometrically.

Copper(I) binding. The Cu+ donor to (Yfh1)2 used here is
Cu(I)GSH2. Its synthesis and the estimation of its Cu(I) content
were performed as described elsewhere.30,41 As shown in Fig. 3,
GSH is partly oxidized during the experiment. The elution
volumes are 9.5 and 10 mL for GSSG and GSH, respectively.

The HPLC chromatogram of a mixture of 1/1 equivalents of
Cu(GSH)2 and (Yfh1)2 (Fig. 3) does not show peaks corresponding
to either Cu(GSH)2 (Ve = 8.8 mL) or GSH (10 mL), which excludes

Fig. 1 Emission spectra (lex = 280 nm) of (Yfh1)2 (0.9 mM) in 50 mM bis-Tris and 150 mM KCl, pH 7.0, at different concentrations of (A) Fe2+ (0 mM to
51 mM), (B) Cu2+ (0 mM to 5.8 mM), (C) Mn2+ (0 mM to 3.3 mM) and (D) Zn2+ (0 mM to 6.1 mM) at pH 6.5.

Table 1 Dissociation constants of (Yfh1)FeII and (Yfh1)FeII complexes
determined by spectrophotometric titration at pH 7.0 and at 25 1C in the
absence or presence of GSH

[GSH] (mM) �log Kd1(FeII) �log Kd2(FeII)

0 6.6 � 0.2 4.8 � 0.3
2.5 5.8 � 0.1 4.5 � 0.2
5 6.9 � 0.6 4.7 � 0.6
10 6.0 � 0.2 4.8 � 0.2
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Cu(I) exchange between (Yfh1)2 and Cu(GSH)2. Indeed, such an
exchange should lead to the release of GSH into the medium.
Moreover, no interaction was observed between (Yfh1)2 and GSH
alone (Fig. S11, ESI†). We therefore assume that we are dealing
with an interaction between Cu(GSH)2 and the protein.

Furthermore, under anaerobic conditions, at a pH of 7.0, the
addition of Cu(GSH)2 to a solution of (Yfh1)2 leads to a decrease
in fluorescence emission accompanied by a red-shift of 2 nm
(from 334 to 336 nm) (Fig. 4A). When the fluorescence intensity
is plotted against the [Cu(GSH)2]/[(Yfh1)2] ratio, two linear
sections are observed (Fig. 4B). The first line occurs for 0 r
[Cu(GSH)2]/[(Yfh1)2] r 2, whereas the second occurs above the
ratio of 2 metal ions per (Yfh1)2 with, however, a smaller slope.
This implies the formation of only one complex with a stoi-
chiometry of 2 Cu(GSH)2 per (Yfh1)2 (eqn (3)). Using SPECFIT

analysis, the dissociation constant of the Cu+–Yfh1 subunit
complex (eqn (4)) is�log Kd(CuI) = 7.5� 0.5. The same experiments
were repeated in the presence of 1.5 mM GSH at different pH values
(6.5 o pH o 7.8). The dissociation constants were identical to those
measured at pH 7.0.

Yfh1 + Cu(GSH)2 " (Yfh1)Cu(GSH)2 (3)

with

Kd(CuI) = [Yfh1][Cu(GSH)2]/[(Yfh1)Cu(GSH)2] (4)

Kinetics of metal binding

The kinetic processes related to Fe2+ and Fe3+ uptake by (Yfh1)2

are described in the ESI† (Fig. S12–S16).
Copper(II). When a solution of (Yfh1)2 is mixed with a

solution of Cu2+ in bis-Tris buffer, three kinetic processes are
observed (Fig. 5). The first process is fast and occurs in the
50 ms range as an exponential decrease in the fluorescence to
yield a first kinetic product (Fig. 5A). The second process yields
a second kinetic product, which appears as a monoexponential
increase in the emission, occurring in the 200 s range (Fig. 5B).
These two processes are followed by a slow kinetic phenomenon,
which lasts about 2000 s (Fig. 5C). This third process seems to be
independent of our experimental conditions:

tCu
II

3

� ��1
¼ ð1:2� 0:3Þ � 10�3 s�1:

The reciprocal relaxation times associated with the first
phenomenon of Fig. 5 depend on Cu2+ concentrations and pH,
but are independent of Yfh1 concentrations.

Under our experimental conditions ([Yfh1] { [Cu2+]) and at
a given pH, there is a linear relationship between the experimental
relaxation time t�1 and the Cu2+ concentration (Fig. 6A). This can
be expressed by eqn (5):

tCu
II

1

� ��1
¼ kobs Cu2þ

� �
þ k�obs (5)

We ascribe this first process to the uptake of one Cu2+ by the Yfh1
subunit (eqn (1)).

From the slopes and intercepts of the best linear regression
of t�1 against [Cu2+] performed at seven pH values (6.0, 6.2, 6.5,
7.0, 7.3, 7.5 and 7.8), the kobs and k�obs values were determined
(Table 2). The k�obs values appear to be independent of pH,
whereas kobs increases with pH (Table 2). A plot of 1/kobs against
[H+]n shows a linear relationship for n = 1 (Fig. 6B). This leads
us to assume that the Cu2+ uptake by Yfh1 involves the transfer
of a single proton. Furthermore, the Yfh1 emission spectra
depend on the pH, as shown in Fig. 7. SPECFIT analysis of these
spectra allows the determination of the protodissociation con-
stant, pKa = 6.7� 0.1, which we ascribe to a proton loss from Yfh1
(eqn (6)). We shall therefore assume that the uptake of a first Cu2+

occurs by this deprotonated form of Yfh1 (eqn (6) and (7)).

Yfh1 " (Yfh1)0 + H+ (6)

Fig. 2 Raw ITC (top) and isotherm data (bottom) for the binding of Cu2+

to (Yfh1)2. The black lines in the bottom graph show the simulated fit to the
binding isotherm data. Data were collected at 25 1C, pH 7.0, ionic strength
m = 0.2 (50 mM bis-Tris and 150 mM KCl).

Fig. 3 Chromatograms of Cu(GSH)2 of 75 mM in the absence (red) or
presence of (Yfh1)2 of 75 mM (blue), and of GSH of 150 mM (black). Inset:
Zoom-in elution volume corresponding to GSSG/GSH at pH 7.0. Mobile
phase: 50 mM KH2PO4 buffer, pH 7.0, elution rate 1 mL min�1. Detection
by UV-visible absorbance at l = 270 nm.
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ðYfh1Þ0 þ Cu2þ Ð
kCu

II

1

kCu
II

�1

ðYfh1ÞCuII (7)

with

Ka = [(Yfh1)0][H+]/[(Yfh1)]

and

KCuII

1 ¼ kCu
II

1

.
kCu

II

�1 ¼ ðYfh1ÞCuII
� ��

ðYfh1Þ0
� �

Cu2þ
� �

:

The reciprocal relaxation time associated with eqn (7) can be
expressed as eqn (8) (ESI†):

tCu
II

1

� ��1
¼ kCu

II

1 1þ Hþ½ �
Ka

� ��1
� Cu2þ
� �

þ kCu
II

�1 (8)

Fig. 4 (A) Emission spectra (lex = 280 nm) of (Yfh1)2 (0.24 mM) at different concentrations of Cu(GSH)2 (0 mM to 4.8 mM), at pH 7.0, and ionic strength
m = 0.2 (50 mM bis-Tris and 150 mM KCl). (B) Plot of the fluorescence intensity against the [Cu(GSH)2]/[(Yfh1)2] ratio.

Fig. 5 Fluorescence intensity variation with time after fast mixing of a (Yfh1)2 solution (0.5 mM) (A and B) with a solution of 25 mM CuSO4 at pH 7.3,
(C) 200 mM CuSO4 at pH 7.0, 25 1C and ionic strength m = 0.2 (50 mM bis-Tris and 150 mM KCl).

Fig. 6 (A) Plot of tCu
II

1

� ��1
against [Cu2+] at seven fixed pH values with

[(Yfh1)2] = 0.5 mM; 25 mM r [Cu2+] r 125 mM. (B) Plot of 1/kobs against [H+];
intercept, (3.95 � 0.4) � 10�7 M s; slope, 2.17 � 0.1 s; r = 0.9947.

Table 2 Apparent rate constants kobs and k�obs after fast mixing of CuII

and (Yfh1)2 by stopped-flow

pH k�obs (s�1) kobs (M�1 s�1)

6.0 25.8 � 3.1 (4.5 � 0.4) � 105

6.2 27.1 � 1.1 (5.6 � 0.1) � 106

6.5 26.2 � 3.0 (1.1 � 0.05) � 106

7.0 28.7 � 2.8 (1.7 � 0.04) � 106

7.3 34.4 � 3.9 (1.8 � 0.07) � 106

7.5 47.6 � 3.6 (2.2 � 0.05) � 106

7.8 52.7 � 4.3 (1.9 � 0.07) � 106
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with

kobs ¼ kCu
II

1 1þ Hþ½ �
Ka

� ��1
:

From the slope and intercept of the best lines of Fig. 6B,

kCu
II

1 ¼ ð2:5� 0:2Þ � 106 M�1 s�1 and Ka = (1.8 � 0.3) � 10�7 M.
Ka is, within the limits of uncertainty, identical to that determined
by spectrophotofluorimetry (Fig. 7).

Upon knowing Ka, a good linear regression of all the experimental
data at different pH values and [Cu2+] against eqn (8) is obtained

(Fig. 8). kCu
II

1 ¼ ð2:7� 0:1Þ � 106 M�1 s�1 is confirmed within the

experimental uncertainty, and kCu
II

�1 ¼ 30:4� 2:1 s�1 is determined
from the intercept of the best regression line of Fig. 8. This allows

the measurement of KCuII

1 ¼ kCu
II

1

.
kCu

II

�1 ¼ 8:9� 104 M�1.

The experimental reciprocal relaxation times related to the
second phenomenon of Fig. 5 depend on the Cu2+ concentration
and [H+]. This process cannot describe a pure acid–base reaction.
Indeed, proton transfers are diffusion-controlled and therefore occur
in the micro-second to tens of micro-seconds range.42,43 The only
model that concurs with our experimental observations implies that
the uptake of the second Cu2+ is rate-limited by a conformational
change that controls a proton-transfer reaction (eqn (9) and (10)):44,45

(Yfh1)CuII + Cu2+ " ((Yfh1)CuII
2 )0 (9)

ðYfh1ÞCuII2
	 
 0

Ð
kCu

II

2

kCu
II

�2

ðYfh1ÞCuII2 þHþ (10)

The reciprocal relaxation time associated with rate-limiting
eqn (10) is expressed as eqn (11) (ESI†):

tCu
II

2

� ��1
Hþ½ � ¼ kCu

II

2

Cu2þ
� �

Hþ½ � Kd1Kd2 þ Kd2 Cu2þ½ � þ Cu2þ½ �2
� �þ kCu

II

�2

(11)

with Kd1 (=1/K1) and Kd2 (=1/K2) as determined by the ITC.
The plot of the data related to eqn (11) is linear (Fig. 9). From the

slope of the best line, kCu
II

�2 ¼ 0:141� 0:003 M�1 s�1 is determined.
This third process of Fig. 5 is independent of our experi-

mental parameters. It is, therefore, assumed to be a first-order
rate process that can be ascribed to a monomolecular reaction,
such as a change in conformation:44

tCu
II

3

� ��1
¼ ð1:4� 0:5Þ � 10�3 s�1

Copper(I). When a solution of (Yfh1)2 is mixed with a
solution of Cu(GSH)2 in bis-Tris buffer, three kinetic processes
are observed (Fig. 10). The first appears as a monoexponential
increase in the fluorescence intensity occurring in the 500 ms
range (Fig. 10A). The second process takes place in the
20 s range as a monoexponential increase in the emission
(Fig. 10B). Finally, the last process is slow, lasting about 3000 s
(Fig. 10C).

The experimental reciprocal relaxation times related to this
first process (Fig. 10A) depend on the Cu(GSH)2 concentrations.
They increase linearly with [Cu(GSH)2] to reach a plateau
above 75 mM (Fig. 11). We assume that this phenomenon
is the uptake of a first Cu+ followed by a monomolecular
reaction, such as a conformational change (eqn (12) and (13))
(ESI†).

(Yfh1) + Cu+ " {(Yfh1)CuI} (12)

ðYfh1ÞCuI
� �

Ð
kCu

I

1

kCu
I

�1

ðYfh1ÞCuI (13)

with overall dissociation constants

KCuI

1 ¼
ðYfh1ÞCuI
� �
Yfh1�½CuI½ �

Fig. 7 Emission spectra (lex = 280 nm) of (Yfh1)2 (0.12 mM) at different pH
values, at ionic strength m = 0.2, 25 1C (50 mM bis-Tris and 150 mM KCl).

Fig. 8 Plot of tCu
II

1

� ��1
against [Cu2+] � Ka/(Ka + [H+]); intercept of 30.4 �

2.1 s�1; slope (2.7 � 0.05) � 106 M�1 s�1; r = 0.98934.

Fig. 9 Plot of tCu
II

2

� ��1
Hþ½ � against [Cu2+]2/{[H+] � (Kd1 � Kd2 + Kd2 �

[Cu2+] + [Cu2+]2)}; the best regression line gave an intercept of (�8.2� 0.6)�
105 s�1, slope 0.141 � 0.003 M�1 s�1, r = 0.97763.
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and

KCuI

1

� � 0
¼
ðYfh1ÞCuI
� �
ðYfh1ÞCuIf g½ � ¼

kCu
I

1

kCu
I

�1

The reciprocal relaxation time equation associated with eqn (13)
can be expressed as eqn (14):

tCu
I

1

� ��1
¼ kCu

I

1 Cuþ½ �
Cuþ½ � þ KCuI

1

þ kCu
I

�1 (14)

Varying KCuI

1 from 1 to 100 mM with a DKCuI

1 step of 5 mM

shows that the best linear regression of tCu
I

1

� ��1
against

Cuþ½ �
.

KCuI

1 þ Cuþ½ �
� �

is obtained for KCuI

1 ¼ 35� 5 mM

(Fig. 11B). From the slope and intercept of the best

line, kCu
I

1 ¼ 10:8� 0:8 s�1, kCu
I

�1 ¼ 5:8� 0:5 s�1 and

KCuI

1

� � 0
¼ 1:9� 0:3.

The second and third processes (Fig. 10B and C) are independent
of Cu(GSH)2 concentrations. They are therefore assumed to be
monomolecular reactions, which may imply conformational
changes:46

tCu
I

2

� ��1
¼ ð2:8� 0:3Þ � 10�1 s�1

and

tCu
I

3

� ��1
¼ ð1:6� 0:7Þ � 10�3 s�1

We evaluated the effect of frataxin deficiency in vivo in yeast, in
relation to copper homeostasis. As shown in Fig. 12, there was
marked growth inhibition of a frataxin deficient strain (Dyfh1)
assayed on a rich solid medium supplemented with 1.25 mM
copper. A similar inhibition of growth was observed when the
Dyfh1 cells were plated on manganese (1 mM) containing
medium. The metal content varied significantly in purified
mitochondria from wild-type (WT) or Dyfh1 cells grown under
standard conditions (YPD liquid medium). As previously
shown, iron accumulated in frataxin-deficient mitochondria
(272 � 10.97 vs. 110 � 6.93 mg g�1 mitochondria). We also
found an increased amount of copper in the frataxin-deficient
mitochondria compared to the WT condition (13.6 � 0.87 vs.
9.4 � 0.46 mg g�1 mitochondria).

Discussion
Oligomeric form of yeast frataxin

In this work, we expressed, extracted and purified yeast frataxin
as a dimer, as established by mass spectrometry and size-
exclusion chromatography. Although the frataxin obtained
from a psychrophilic bacterium is mainly monomeric, a dimeric
fraction exists at high concentrations.22 In addition, in vitro in the
absence of iron, Yfh1 was found to be homo-oligomerized 2 weeks
after its isolation.40 To the best of our knowledge, in the absence of
a metal, oligomerization does not occur in vivo.

Metal–Yfh1 interaction

Frataxin has an acidic ridge that accounts for almost a quarter
of its surface. This area seems to be essential for its physiological
function. The exposed acidic residues of Yfh1 are located on the

Fig. 10 Fluorescence intensity variation with time after fast mixing of a (Yfh1)2 solution (1 mM) with a solution of 20 mM Cu(GSH)2 at pH 7.0, 25 1C, and
ionic strength m = 0.2 (50 mM bis-Tris and 150 mM KCl). (A) Recorded over 500 ms, (B) recorded over 20 s, and (C) recorded over 2500 s.

Fig. 11 (A) Plot of tCu
I

1

� ��1
against [Cu(GSH)2] at pH 7.0 and 25 1C. (B) Plot of

tCu
I

1

� ��1
against CuðGSHÞ2

� �.
CuðGSHÞ2
� �

þ KCuI

1

� �
with KCuI

1 ¼ 35 mM;

slope, 10.8 � 0.8 s�1; intercept, 5.8 � 0.5 s�1; r = 0.98418.
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a1 helix and the b1 strand, and are semi-conserved between the
different species (D78, D86, E89, E90, and D101). The aim of this
work was to further investigate the specificity of iron binding to
frataxin. We report here the thermodynamic parameters for the
formation of a mitochondrial metal complex with yeast frataxin
as determined by microcalorimetry, emission spectrophotometry
and size-exclusion chromatography, along with the kinetics of
the interactions of Yfh1 with Fe(II), Fe(III), Cu(I) and Cu(II). The
bioavailable metal pools in mitochondria contain mainly iron,
zinc, copper and manganese.23,25 These metals are weakly com-
plexed by low-molecular-weight ligands. In yeast mitochondria,
the major Fe complex and the dominant copper species are at
concentrations of B90 mM and B16 mM, respectively.25 On the
other hand, the concentration of yeast frataxin in the mito-
chondria was estimated to be in the mM range (0.4 to 60 mM).47

We confirmed by fluorescence that yeast frataxin can bind
Fe(II), with dissociation constants of 5.0� 10�7 M for the (Yfh1)FeII

complex and 2.0 � 10�5 M for the second (Yfh1)FeII
2 complex. The

average dissociation constant for the 1/1 iron/frataxin complex is

10 mM, which is close to the Kd values previously determined for
Yfh1 by Cook et al. (3 and 2 mM) and for CyaY by Bou-Abdallah
et al. (B4 mM).21,40 This is in line with our hypothesis about the
similar behavior in the dimer of each of the frataxin subunits
towards complex formation. This, however, does not imply that the
folding of each subunit is identical to that of the free monomer.
We also determined the affinity constants of yeast frataxin for
Mn2+ and Zn2+ (Table 3). Manganese binds Yfh1 tighter than iron,
whereas the first Yfh1–Zn complex is weaker. Previous studies have
shown that manganese can perturb the NMR spectra of bacterial
frataxin (CyaY), and manganese supplementation in a culture of
Yfh1-deficient cells (Dyfh1) restores the enzymatic activities of
some iron–sulfur proteins.19,48 We therefore assumed that frataxin
may be involved in manganese homeostasis and, for the first time,
determined in vitro the affinity constants of manganese for Yfh1.

We showed that frataxin also binds copper. Indeed, Seguin
et al. reported that copper added to the growth medium is more
toxic for Dyfh1 cells than for wild-type cells,49 as confirmed in the
present study. Previous studies reported a lack of manganese in
Dyfh1 cells.48 However, we found some toxicity of manganese
in vivo in the Dyfh1 context. The mitochondrial metal context
was affected in the Dyfh1 cells, where both iron and copper
concentrations were increased compared to the WT cells. In
addition, copper disregulation is observed in the dentate
nucleus of FA patients, where iron overload does not occur. In
this organelle, the net amounts of Fe, Cu and Zn are constant,
whereas their distribution is altered. The Cu- and Zn-rich
regions broaden and overlap extensively with the Fe-rich region.
The atrophy of the dentate nucleus of FA correlates with Cu and
Zn redistribution rather than with Fe overload.50 A recent study
showed that in a Drosophila model of FA disease, the amounts of
metals other than iron are increased. It was therefore suggested
that copper and zinc chelation and alteration of the expression
of genes involved in the transport of these metals can restore
several phenotypes of the FA fly model.51 We showed here that
(Yfh1)2 interacts not only with Cu(II) but also with Cu(I), with
higher affinities than Fe(II) (Table 3). The formation of complexes
between Cu(II) and (Yfh1)2 is enthalpy-favored (DH o 0, Fig. 2).
This indicates coordination and/or electrostatic interactions
between Cu(II) and protein residues. As in the case of Fe(II),
Yfh1 presents two independent binding sites for Cu(II). The
affinity constants involved in the first complex, (Yfh1)M, and in
the second one, (Yfh1)M2, are higher for Cu(II) than for Fe(II),
but the highest affinity is that for the complex formed between
the Yfh1 subunit and one Cu(GSH)2 (B107.5 M�1). Copper is
essential for the activity of respiratory, metabolic and stress-
response enzymes. Redox cycling between Cu(II) and Cu(I) oxidation
states is a fundamental requirement for single-electron transfer
reactions in copper-containing proteins. In mitochondria, copper is

Fig. 12 Frataxin yeast mutant sensitivity to Mn and Cu and the mitochondrial
metal measurement. (A) Sensitivity of the wild-type and Dyfh1 mutant strains
to 1 mM Mn and 1.25 mM Cu. (B) Fe and Cu contents measured by ICP-AES.
Data represent means � SEM (n = 3). Statistical analysis: unpaired T-test,
***, p = 0.0002; *, p = 0.0129.

Table 3 Comparison of dissociation constants of metal–Yfh1 complexes determined by spectrophotometric titration at pH 7.0 and at 25 1C

FeII CuII Cu(GSH)2 MnII ZnII

�log Kd1 �log Kd2 �log Kd1 �log Kd2 �log Kd �log Kd1 �log Kd2 �log Kd1 �log Kd2

6.6 � 0.2 4.8 � 0.3 6.9 � 0.3 5.5 � 0.3 7.5 � 0.3 7.4 � 0.1 6.4 � 0.2 5.8 � 0.2 6.1 � 0.1
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required for the function of two copper enzymes, cytochrome c
oxidase, the last electron acceptor in the respiratory chain, and
superoxide dismutase 1, a copper–zinc enzyme involved in
oxidative stress.36 This protein is mainly cytosolic; nevertheless,
about 5% is localized in the mitochondrial intermembane
space.52 In a Fenton-like reaction, Cu(I) generates reactive oxygen
species, which can damage cell components. To avoid radical
formation, copper transfer occurs via a direct protein–protein
interaction between copper enzymes and copper chaperones.53,54

These proteins present an a–b sandwich structure similar to that
found in frataxin. On the other hand, frataxin does not possess
the conserved CXXC motif involved in Cu(I) binding to copper
chaperones. Nevertheless, in addition to the negatively charged
residues at the surface of Yfh1, there are three histidines (H74,
H83 and H95) and a cysteine (C98), which are well known to be
Cu(II) and Cu(I) ligands, and which may thus improve complex
formation between these metals and frataxin.

Role of glutathione

The Cu(I) used in our experiment is in the form of the
CuI(GSH)2 complex. Reduced glutathione is the most abundant
non-protein thiol molecule in cells. It contributes to thiol redox
control and plays a role in iron metabolism in the cytoplasm
and mitochondria.55–57 The mitochondrial concentration of
GSH varies from 10 to 14 mM.58 Thus, it may form a stable complex
with labile Cu(I).59 We showed by size-exclusion chromatography
that (Yfh1)2 interacts with the entire Cu(GSH)2 complex, but not
with GSH (Fig. S12, ESI†). Furthermore, the presence of GSH in the
medium has no effect on the dissociation constants of the
Cu(I)- and Fe(II)–frataxin complexes (Table 1). In the cytoplasm,
Fe(II)–GSH is the dominant constituent of the labile-iron pool and
provides iron to the mitochondria for heme and iron–sulfur
cluster maturation.60 In addition, in Yfh1-depleted cells, iron
accumulates in the mitochondria, leading to an increase in GSH
import or a decrease in its export.61 Glutathione can coordinate
and stabilize [Fe2S2] iron–sulfur centers.62 However, in glutaredoxin,
GSH ligands are unstable and can be exchanged with free GSH,

which inhibits Fe–S cluster transfer to ferredoxin.63 Frataxin is
involved in Fe–S cluster (ISC) biosynthesis. It interacts with the Fe–S
cluster machinery composed of the cysteine desulfurase NfS1, its
activator Isd11 and the scaffold protein Isu1. Nevertheless, the
role of Yfh1 in Fe–S cluster biosynthesis is still unclear. As
frataxin is presumably an iron-binding protein and as it inter-
acts with Isu1, it was first thought to provide iron to the Fe–S
cluster.64 Yoon et al. showed that a single mutation (M107I) in
Isu1 improves the Fe–S cluster enzymatic activity in Yfh1-depleted
cells, implying that frataxin plays a minor role as an iron
donor.65,66 Recently, frataxin was suggested to be an allosteric
effector of the ISC complex: the bacterial ortholog of frataxin,
CyaY, strengthens the interaction between desulfurase and
scaffold proteins in bacteria.67 Furthermore, Yfh1 stimulates
the binding of cysteine to Nfs1 by inducing the exposure of
the substrate-binding site, which enhances its activity.68,69

Moreover, human frataxin increases the rate of persulfide
formation on human scaffold protein (IscU) and of sulfur
transfer from Nfs1 persulfide to IscU or to small thiols, such
as cysteine or glutathione.70 We have shown here that yeast
frataxin has a higher affinity for Cu(GSH)2 than for the other
mitochondrial metals, whereas it cannot bind GSH (ESI†). The role
of this Yfh1–(Cu(GSH)2) complex is still not fully understood.

Kinetics of metal-uptake by yeast frataxin

We report here the mechanisms of metal-uptake by yeast
frataxin (Table 4). For all the metals studied, we observed at
least three kinetic steps. The first step always corresponds to the
uptake of a first cation. It is fast and occurs in the 50 to 500 ms
range. With Fe(II) and Cu(I), the reciprocal relaxation times
related to these first kinetic steps increase with the concentration
of metal to attain a plateau (Fig. 11A and Fig. S14, ESI†). As already
described, this implies a fast cation uptake followed by a mono-
molecular reaction, such as a conformational change (Table 4).44,71,72

The equilibrium constants related to these conformational changes
are identical for the two metals. These first processes are
followed by two other kinetic steps. In the case of Fe(II), the

Table 4 Metal uptake by Yfh1

Reaction Direct rate constant Reverse rate constant Equilibrium constant

FeII uptake
Yfh1 + Fe2+ " {(Yfh1)FeII} (S1) (5.0 � 0.1) � 103 M�1

{(Yfh1)FeII} " (Yfh1)FeII (S2) 23 � 1 s�1 11.5 � 0.7 s�1 2.0 � 0.1
(Yfh1)FeII + Fe2+ " (Yfh1)FeII

2 (S9) (1.15 � 0.04) � 103 M�1 s�1 (9.9 � 1.3) � 10�2 s�1 (1.2 � 0.2) � 104 M�1

FeIII uptake
Yfh1 + Fe3+ " (Yfh1)FeIII (S31) (11.5 � 0.5) � 104 M�1 s�1 3.4 � 0.7 s�1 (3.4 � 0.8) � 104 M�1

CuII uptake
Yfh1 " (Yfh1)0 + H+ (6) (1.8 � 0.3) � 10�7 M
(Yfh1)0 + Cu2+ " (Yfh1)CuII (7) (2.7 � 0.1) � 106 M�1 s�1 30.4 � 2.1 s�1 (8.9 � 0.9) � 104 M�1

(Yfh1)CuII + Cu2+ " ((Yfh1)CuII
2 )0 (8)

((Yfh1)CuII
2 )0 " (Yfh1)CuII

2 + H+ (9) 0.141 � 0.003 M�1 s�1

Cu(GSH)2 uptake
Yfh1 + Cu+ " {(Yfh1)CuI} (12) (2.9 � 0.4) � 104 M�1

{(Yfh1)CuI} " (Yfh1)CuI (13) 10.8 � 0.8 s�1 5.8 � 0.5 s�1 1.9 � 0.3
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second step is the uptake of a second iron and the third step is
a conformational change which can stabilize the iron–Yfh1
complex. As Yfh1 can complex only one Cu(GSH)2, the second
and third kinetic phenomena are monomolecular reactions.

On the other hand, the first Cu(II) is acquired from the
deprotonated form of Yfh1 in the 20 ms range. The pKa value of
this proton-transfer reaction is 6.7 � 0.1 (Table 4), which may
imply deprotonation of a histidine residue. Indeed, on the acidic
surface of the protein, H74, H83 and H95 may be involved in
interactions with Cu(II). This phenomenon is followed by a second
kinetic process, which corresponds to the uptake of a second
Cu(II). A third slow kinetic phenomenon lasts about 3000 s leading
to thermodynamic equilibrium.

For Fe(III), the first phenomenon is the uptake of a first
cation (see ESI†). Although an oligomer of frataxin is formed in
the presence of 9 atoms of Fe(III), the second and third kinetic
processes are independent of our experimental parameters.
These are assumed to be changes in the conformation allowing
the uptake of another Fe(III) or oligomerization.

Conclusions

This work revisited the formation of complexes between iron
and frataxin, and the proposed mechanisms for these interactions.
In addition, we investigated the mitochondrial metal–frataxin inter-
action and confirmed that the affinity of frataxin for Fe2+ is lower
than for the metals studied. The best affinity constant was found to
be for Mn2+ and Cu(GSH)2. The role of the (Yfh1)–Cu(GSH)2

complex is unknown, and further experiments are required to
determine its possible involvement in Fe–S cluster biosynthesis or
in protection against oxidative stress.
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