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Human mitoNEET (mNT) is the first identified Fe-S protein of
the mammalian outer mitochondrial membrane. Recently, mNT
has been implicated in cytosolic Fe-S repair of a key regulator of
cellular iron homeostasis. Here, we aimed to decipher the mecha-
nism by which mNT triggers its Fe-S repair capacity. By using
tightly controlled reactions combined with complementary spec-
troscopic approaches, we have determined the differential roles
played by both the redox state of the mNT cluster and dioxygen in
cluster transfer and protein stability. We unambiguously demon-
strated that only the oxidized state of the mNT cluster triggers clus-
ter transfer to a generic acceptor protein and that dioxygen is nei-
ther required for the cluster transfer reaction nor does it affect the
transfer rate. In the absence of apo-acceptors, a large fraction of the
oxidized holo-mNT form is converted back to reduced holo-mNT
under low oxygen tension. Reduced holo-mNT, which holds a
[2Fe-2S]� with a global protein fold similar to that of the oxidized
form is, by contrast, resistant in losing its cluster or in transferring
it. Our findings thus demonstrate that mNT uses an iron-based
redox switch mechanism to regulate the transfer of its cluster. The
oxidized state is the “active state,” which reacts promptly to initiate
Fe-S transfer independently of dioxygen, whereas the reduced state
is a “dormant form.” Finally, we propose that the redox-sensing
function of mNT is a key component of the cellular adaptive
response to help stress-sensitive Fe-S proteins recover from oxida-
tive injury.

MitoNEET (mNT)5 is an Fe-S protein of the mammalian
outer mitochondrial membrane previously identified as a target

of the type II diabetes drug pioglitazone (1). This 13-kDa pro-
tein is anchored to the outer mitochondrial membrane by its
32-amino acid N terminus with the major part of the protein,
including the C-terminal [2Fe-2S] binding domain, located in
the cytosol (2). In vivo, the biological activity of mNT has been
linked to the regulation of iron/reactive oxygen species home-
ostasis in vivo (3, 4) to cell proliferation in human breast cancer
(5) and to the regulation of lipid and glucose metabolism (4).

Crystallographic studies of the soluble form of mNT
(mNT33–108) revealed that the protein dimerizes and accom-
modates one [2Fe-2S] cluster per monomer coordinated by
three cysteines (Cys-72, Cys-74, and Cys-83) and one histidine
(His-87) in a CDGSH domain (6 –9). The cluster is redox-active
with a midpoint redox potential of roughly 0 mV at pH 7 (10),
and its lability depends on its redox state and on the pH (9, 11).
mNT is also able to transfer its cluster in vitro to a cyanobacte-
rial (12) and Escherichia coli apoferredoxin or to human iron-
regulatory protein-1 (IRP-1)/cytosolic aconitase (13). Recently,
it has been proposed that mNT plays a specific role in cytosolic
Fe-S cluster repair of IRP-1, a key regulator of cellular iron
homeostasis in mammalian cells (13).

It has been pointed out previously (12) that oxidation of the
mNT cluster is necessary to trigger Fe-S transfer to an apo-
recipient. However, it was not possible to identify which param-
eters, i.e. the redox state of the cluster or the presence of dioxy-
gen (O2), are important for cluster transfer and lability.
Furthermore, no biophysical data have been provided on the
reduced state of mNT or on protein behavior during the trans-
fer process. In the present study we decided to investigate in
depth the respective roles played by the mNT cluster redox
state and by dioxygen in these matters. Using a tightly con-
trolled reaction mixture, we unambiguously demonstrated that
only the oxidized state of the mNT cluster triggers its transfer to
a model receptor protein, without global conformational
change of the protein. The transfer process is totally indepen-
dent of dioxygen and exhibits a conformational switch from a
well folded holoprotein to an unfolded apo-form. In contrast,
the stability of oxidized holo-mNT is greatly modulated by
dioxygen. Finally, we propose that mNT acts as a redox switch
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to transfer its cluster, the reduced state being the dormant
physiological state, whereas the oxidized state is active after
oxidative insults and reacts promptly to initiate Fe-S transfer.

Experimental Procedures

Expression and Purification of mNT Proteins—Recombinant
human mNT33–108 and mNT44 –108 lacking the 32 and the 43
N-terminal amino acids, respectively, were expressed in E. coli
and purified as described previously (13). Degassed buffers
were used during all purification steps. Protein purity was
assessed to be �99% using SDS-PAGE and with an optical
A280 nm/A458 nm ratio near 2.3. The mNT44 –108 form contains
eight additional C-terminal residues derived from the His tag
(LEHHHHHH), whereas the mNT33–108 form contains, after
thrombin cleavage, three additional N-terminal residues
derived from the cleavage site (GSH). All the experiments were
performed with the mNT44 –108 form, with the sole exception of
the Mössbauer studies performed with the mNT33–108 form.
For NMR analyses, mNT44 –108 was expressed on a 1-liter scale
in M9 minimal medium (containing 0.001% thiamine-HCl and
10 �M FeCl3), supplemented with 1.0 g of 15NH4Cl and 4.0 g of
D-[13C]glucose as the sole nitrogen and carbon sources, respec-
tively. For Mössbauer analyses, mNT33–108 was expressed in
M9 minimal medium supplemented with 57Fe-enriched ferric
chloride.

The E. coli apoferredoxin (FDX, full-length construct in
pET21b, a gift from Dr. S. Ollagnier de Choudens, Grenoble,
France) was expressed and purified as previously described
(14).

Protein concentrations were measured using the Bradford
assay with bovine serum albumin as standard (15) or absor-
bance at 280 nm of guanidine-denatured protein using 7115
and 7365 M�1�cm�1 (ProtParam) as the extinction coefficient
for mNT44 –108 and FDX, respectively. All protein concentra-
tions were calculated based on monomer equivalents.

Spectroscopic Methods—UV-visible absorption spectra were
recorded between 240 and 900 nm with Cary 100 (Agilent) or
Safas mc2 (Monaco) spectrophotometers equipped with a tem-
perature control apparatus set to the desired temperature. For
spectra recorded under anaerobic conditions, the cuvette was
prepared in a glove box and closed with a septum. Mössbauer
spectra of purified 57Fe-labeled mNT33–108 were recorded at
4.2 K both in a low field Mössbauer spectrometer equipped with
a Janis SVT-400 cryostat and low field permanent magnets and
a high field Mössbauer spectrometer equipped with an Oxford
Instruments Spectromag 4000 cryostat containing an 8-tesla
split-pair superconducting magnet (16). The spectrometer was
operated in constant acceleration mode in transmission geom-
etry. The isomer shifts are referenced against that of the room
temperature metallic iron foil. Data were analyzed with the pro-
gram WMOSS (WEB Research, Edina, MN).

For resonance Raman spectroscopy, 50-�l samples of native
mNT44 –108 (200 �M) were prepared in 50 mM phosphate buffer,
pH 7.4, and 50 mM NaCl. When required, buffer was made
anaerobic by a 2-h flushing with N2 gas. Anaerobic mNT sam-
ples were prepared by performing 20 vacuum/N2 refilling cycles
4 times every 5 min. The mNT cluster was reduced by adding
excess dithionite (5 mM final). Solutions were conditioned in

gas-tight quartz EPR tubes and disposed in a homemade spin-
ning cell at room temperature to avoid local heating and to
prevent photodissociation and degradation. Raman excitation
at 441.6 nm was obtained with a helium-cadmium laser (Kim-
mon, Tokyo, Japan). Laser power was set at 30 milliwatts. Res-
onance Raman spectra were recorded using a modified single-
stage spectrometer (Jobin-Yvon T64000, HORIBA Jobin Yvon
S.A.S., Chilly Mazarin, France) equipped with a liquid
N2-cooled back-thinned CCD detector. Stray scattered light
was rejected using a holographic notch filter (Kaiser Optical
Systems, Ann Arbor, MI). Slit width was set at 100 �m. Spectra
were recorded as the co-addition of 60 individual spectra with
CCD exposure times of 60 s each. Four successive sets of such
spectra, obtained with two distinct samples, were then aver-
aged. Spectral accuracy was estimated to be �1 cm�1. Spectral
resolution was about 3 cm�1. Baseline correction was per-
formed using GRAMS 32 software (Galactic Industries, Salem,
NH).

Nuclear magnetic resonance (NMR) experiments were car-
ried out using a Bruker Avance III 800 MHz spectrometer
equipped with a TCI cryoprobe. Two-dimensional 1H,15N
SOFAST-HMQC spectra (17) were recorded using a 250 �M

His-tagged 13C,15N-labeled holo-mNT44 –108 protein sample at
298 K in the specified buffers. When experiments were per-
formed under anaerobic conditions, an NMR tube equipped
with a valve to maintain anaerobic conditions was used. To
extend the backbone assignment from a previous study (18), a
set of additional BEST-type triple resonance experiments (19)
was carried out, including HNCO, HN(CO)CA, HNCA,
HN(CO)CACB, HNCACB, and HN(CA)CO.

In Vitro mNT44 –108 Cluster Loss and Transfer—Reaction
buffers comprised 100 mM NaCl and 50 mM Bis-Tris pH 6.2 and
were prepared under the conditions specified under “Results.”
Reactions were followed by UV-visible absorption or NMR
spectroscopies, or by migration of aliquots taken at specific
times on a 16% native PAGE gel run under aerobic conditions
and stained with colloidal Coomassie Blue.

For the cluster transfer reaction, apo-FDX was prepared by
heat cluster disassembly at 90 °C of purified holo-FDX in the
presence of 10 mM DTT and 10 mM EDTA followed by purifi-
cation on a NAP-5 column (GE Healthcare) equilibrated with
50 mM Tris-HCl, pH 7.0, and 100 mM NaCl. Apo-FDX was
preincubated with 5 mM DTT for 30 min at room temperature
under anaerobic conditions to ensure cysteine reduction.
When specified, DTT was removed, and buffer was exchanged
with 50 mM Bis-Tris, pH 6.2, 100 mM NaCl using a Micro Bio-
Spin Size Exclusion column (Bio-Rad).

UV-Visible Absorption Spectroscopy for Cluster Transfer/
Loss Kinetics—The 240 –900-nm absorption spectra of the
reaction were recorded over time and corrected for baseline
variations at 900 nm. We paid particular attention to changes in
absorbance at 458 nm and 415 nm, which are characteristic of
the [2Fe-2S] cluster bound to mNT and FDX, respectively. At
time t, the extent of the cluster transfer was determined using
the ratio R(t) � A415/A458, whereas the extent of loss of the
mNT cluster was determined using R(t) � A458. Reaction pro-
gress at time t was estimated as (R(t) � Rinitial)/(Rfinal � Rinitial),
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with Rinitial, the initial R value at time 0, and Rfinal, the R value at
the time necessary for reaction completion.

Iron Quantification—Free and total iron was quantified using
a bathophenanthroline colorimetric assay (20). For total iron
quantification of a 100-�l sample, 10 �l of perchloric acid 54%,
72 �l of bathophenanthroline 1.7 mg/ml, 18 �l of sodium ascor-
bate 76 mg/ml, 10 �l of saturated ammonium acetate solution,
and 140 �l of water were added. After 15 min at room temper-
ature, the absorbance at 535 nm was measured. Free iron quan-
tification was performed on a 250-�l sample using the same
protocol except that perchloric acid and water were not added.

Results

Role of Dioxygen in the Transfer of the mNT Fe-S to
Apoferredoxin—In previous studies, a role for mNT in Fe-S
transfer/repair to apo-acceptors has been proposed (12, 13).
However, a clear distinction could not be drawn between the
specific role of dioxygen in the cluster transfer reaction and the
role played by the redox state of the mNT Fe-S cluster, because
these studies were performed under aerobic conditions with
the oxidized form of mNT and under anaerobic conditions with
the reduced form. To address this issue, we first compared,
under aerobiosis and anaerobiosis, the ability of oxidized holo-
mNT to transfer its cluster to E. coli [2Fe-2S] FDX, a protein
widely used as a model recipient protein (21–23). To set up the
cluster transfer reaction, apo-FDX was reduced by DTT, and
the reductant was removed. Then, thiol-reduced apo-FDX was
mixed with oxidized holo-mNT under either aerobic or anaer-
obic conditions, and Fe-S transfer was followed using UV-visi-
ble absorption (Fig. 1A). As apo-FDX does not absorb in the
300 – 650-nm wavelength range, the initial spectra in Fig. 1A
(black curves) of both mixtures were characteristic of the oxi-
dized holo-mNT, with absorption peaks at 338, 458, and 542
nm (9). The characteristic 415-nm band of oxidized holo-FDX
(see UV-visible absorption spectrum of oxidized holo-FDX in
Fig. 1B) progressively increased over time in aerobiosis and
anaerobiosis and reached a plateau after �3 h. Analysis of the
reaction end products on a native gel confirmed the switch
from the holo- to apo-form of mNT and vice versa for FDX
regardless of the aerobic and anaerobic conditions (Fig. 1C).
This first set of experiments clearly demonstrates that dioxygen
is not necessary for the cluster transfer mechanism.

In a second step, the effect of dioxygen on the rate of cluster
transfer was carefully determined by examining the change
over time of the ratio of the absorbances at 415 and 458 nm,
which reflects the transfer reaction progress, under aerobiosis
and anaerobiosis. As shown in Fig. 1D, left panel, dioxygen per
se did not affect the rate of Fe-S transfer by mNT (t1⁄2 � 25 � 6
min for both conditions).

In parallel, the effect of dioxygen on the [2Fe-2S]2� cluster
lability of mNT was investigated. We prepared a solution of
holo-mNT and followed the change in absorbance at 458 nm
over time. Only roughly 10% of the proteins underwent cluster
loss after 900 min under anaerobic conditions (Fig. 1D, right
panel, squares). By contrast, the rate of cluster loss was
increased �20-fold in the presence of dioxygen (Fig. 1D, right
panel, circles), with a t1⁄2 of 360 � 50 min under aerobic condi-
tions. Altogether, these data unambiguously demonstrate that

although cluster instability of oxidized holo-mNT is strongly
increased by dioxygen, the latter did not bear on the initiation
and/or the rate of the mNT cluster transfer reaction.

Role of the Redox State of the mNT Cluster in the Fe-S Trans-
fer Reaction—Once the role of dioxygen in the Fe-S transfer
reaction was ruled out (Fig. 1), we decided to focus on how
mNT cluster redox state triggers Fe-S transfer using UV-visible
absorption spectroscopy. We first took advantage of the limited
reducing capacity of DTT at pH below 7 (24) and checked that
the addition of DTT at pH 6.2 to the oxidized holo-mNT did
not affect the spectrum (Fig. 2A, gray dotted curve versus gray
curve). In contrast, the addition of DTT at pH 8.0 profoundly
modified the spectrum (black dotted curve), which was charac-
teristic of the reduced holo-mNT form (Fig. 2A, black curve)
(9). In a second step we used this pH-dependent reducing prop-

FIGURE 1. Dioxygen does not affect cluster transfer, whereas it increases
cluster lability. Reactions were performed in 50 mM Bis-Tris, pH 6.2, 100 mM

NaCl at 25 °C using oxidized holo-mNT and apo-FDX (20 �M concentrations of
each protein) for cluster transfer reactions and 20 �M oxidized holo-mNT for
cluster disassembly reactions. Each experiment was performed at least three
times; one representative experiment is presented. Reactions were followed
by UV-visible absorption spectroscopy (A and D) or migration on a 16% non-
reducing native gel (C). For cluster transfer reactions, DTT used for apo-FDX
reduction was removed before transfer. Reactions were performed either
under aerobic conditions (A, left panel; C, �O2 lane; D, circles) or under anaer-
obic conditions (A, right panel; B, �O2 lane; D, squares). A, change in the UV-
visible absorption spectrum over time of the cluster transfer reactions per-
formed under aerobic (left) or anaerobic (right) conditions. B, UV-visible
absorption spectrum of oxidized E. coli holo-ferredoxin. C, after 16 h of reac-
tion, products were analyzed on a 16% non-reducing native gel with 30 �M

apo-FDX (lane 1), holo-FDX (lane 2), and holo-mNT (lane 3) as migration con-
trols. For the reaction presented, mNT was roughly 95% in the apo-form when
approximately 60% of the apo-FDX was converted in the holo-form. D,
change in reaction progress over time for the transfer reactions presented in
panel A (left panel) and for cluster disassembly reactions (right panel) under
anaerobic (filled squares) and aerobic (empty circles) conditions.
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erty of DTT to carefully examine the influence of mNT cluster
redox state on the cluster transfer reaction. Two Fe-S transfer
experiments were performed in parallel under anaerobiosis
(Fig. 2B). The reaction mixtures were identical in composition
(e.g. holo-mNT, apo-FDX, and DTT in buffer at pH 6.2) except
that they differed in the redox state of the holo-mNT. In mix-
ture 1, DTT was added to mNT diluted in the transfer buffer at
pH 6.2 (no reduction), whereas in mixture 2, DTT was added to
mNT at pH 8.0 before dilution in the transfer buffer at pH 6.2
(reduction). We showed that Fe-S transfer occurred only in
mixture 1 and that the progress of the reaction was identical to
that of the control reaction without DTT (Fig. 2B, compare
triangles and crosses). In mixture 2, in which holo-mNT was
reduced by DTT, the A415/A458 ratio decreased slightly under
anaerobiosis, reflecting a very limited reoxidation of the mNT
cluster. After exposure to air at 50 min, the A415/A458 ratio
rapidly dropped in response to Fe-S cluster reoxidation, and the
Fe-S transfer was then possible (Fig. 2B, circles). Altogether,
these data unambiguously demonstrate the key role of the [2Fe-
2S]2� state of the mNT cluster as a crucial signal in allowing
Fe-S transfer to be processed.

Spectroscopic Characterization of Reduced Holo-mNT—The
oxidized form of holo-mNT, which mediates Fe-S transfer, has
been well characterized in vitro (13, 18, 25). However, reduced
holo-mNT, which is inactive as an Fe-S transfer protein, is
poorly characterized. We, therefore, combined resonance
Raman, Mössbauer, and NMR spectroscopies in an attempt to
distinguish the [2Fe-2S] cluster structure/environment and
backbone conformational changes of holo-mNT upon reversi-
ble redox switch. Fig. 3A shows the Fe-S stretching region of the
resonance Raman spectra of both oxidized (black curve) and
dithionite-reduced holo-mNT (red curve). In aerobic condi-
tions, major vibrational bands of the mNT spectrum were
observed at 269, 284, 330, 350, 393, and 412 cm�1, which is
characteristic of the oxidized [2Fe-2S]2� cluster containing
mNT (25). Upon the addition of excess dithionite under
anaerobic conditions, these markers nearly completely dis-
appeared, whereas a strong band at 321 cm�1 appeared with

additional bands at 281, 303, 372, and 397 cm�1. The intense
band at 321 cm�1 might correspond to the FeIII-St stretching
mode that has been reported at 319, 325, or 328 cm�1 for the
reduced [2Fe-2S]� clusters in putidaredoxin and ferredoxins
from Spinacia oleracea and Clostridium pasteurianum,
respectively (26, 27).

FIGURE 2. Oxidation of the mNT cluster triggers cluster transfer. A, char-
acterization by UV-visible absorption spectroscopy of holo-mNT treated with
reductant in different conditions. Spectra of 20 �M mNT were recorded after
10 min under anaerobic conditions in 50 mM Bis-Tris, pH 6.2, 100 mM NaCl in
the absence of reductant (gray line) with 2 mM dithionite (black line) or with 5
mM DTT at pH 6.2 (dotted gray line) or in 50 mM Tris-HCl, pH 8.0, 100 mM NaCl at
pH 8.0 (dotted black line). B, holo-mNT was used without pretreatment
(crosses) or pretreated with 5 mM DTT at pH 6.2 (triangles) or at pH 8.0 (circles).
Then transfer reactions were performed at pH 6.2 under anaerobic conditions
(crosses and triangles) or under anaerobic conditions up to 50 min and then
under aerobic conditions (circles). Transfer reactions were followed by plot-
ting the ratio of the absorbances at 415- and 458 nm over time. Results for one
representative experiment are presented.

FIGURE 3. Characterization of Homo sapiens oxidized and reduced holo-
forms of mNT. A, resonance Raman characterization of oxidized (black) and
reduced (red) mNT. The 250 –550 cm�1 spectral region of the low frequency
resonance Raman spectra was analyzed with a laser excitation at 441.6 nm.
Dashed lines highlight the vibrational band contributions of the reduced clus-
ter. B, characterization by Mössbauer spectroscopy of dithionite (10 mM)-re-
duced mNT (1 mM) in 200 mM sodium phosphate, pH 8.0, 50 mM NaCl,
recorded at 4.2 K in a magnetic field of 600 G applied parallel to the direction
of the �-rays (bottom, left) and spectra recorded at 4.2 K in magnetic fields of
600 G applied parallel and perpendicular, and 4 and 7 tesla (T) applied parallel
to the direction of the �-rays (right). The solid and dashed blue lines represent
the contributions of [2Fe-2S]2� clusters, and the solid and dashed red lines
represent the contributions of [2Fe-2S]� clusters. The solid black lines are the-
oretical simulations with parameters mentioned in Table 1. The spectrum of
oxidized mNT at 4.2 K in a magnetic field of 600 G applied parallel to the
direction of the �-rays is given (top left) for comparison. C, characterization by
NMR. 15N SOFAST-HMQC spectra were collected for a 250 �M

15N-labeled
mNT sample in 50 mM Tris-HCl, pH 8.0, 100 mM NaCl under anaerobic condi-
tions with (red) or without (black) 10 mM DTT at 800 MHz and 298 K. The 1H,15N
cross-peaks are labeled according to their amino acid number. Cross-peaks
indicated by a star are not assigned. The largest chemical shift perturbations
upon addition of DTT are indicated by arrows.
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In parallel, dithionite reduction of oxidized holo-mNT also
causes drastic changes in the Mössbauer spectra. Fig. 3B pres-
ents the low-field Mössbauer spectrum of reduced 57Fe-labeled
mNT (left bottom) that now extends from �3.7 to �4 mm/s
and, for comparison, that of the oxidized [2Fe-2S]2� form (left
top) (13). The spectrum of the reduced holo-mNT is similar to
those of the [2Fe-2S]� forms of Pseudomonas putida putidare-
doxin (28), Aquifex aeolicus ferredoxin I (29) (both protein
clusters are coordinated by four cysteines), E. coli IscR (30)
(three cysteines and one histidine), and P. putida Rieske protein
(31) (two histidines and two cysteines). Because the [2Fe-2S]�
center of these reduced proteins has an S � 1/2 ground state
resulting from the antiferromagnetic coupling of high spin Fe3�

(S � 5/2) and Fe2� (S � 2) cations, field-dependent experi-
ments were performed up to 7 tesla (Fig. 3B, right) and con-
firmed this ground state. Then, a set of four spectra was ana-
lyzed with the spin Hamiltonian of an S � 1/2 ground state. The
inclusion of a small amount (6%) of unreduced mNT [2Fe-
2S]2� cluster (blue trace in Fig. 3B, left bottom) was necessary to
fit the spectrum correctly. The Mössbauer parameters of the
[2Fe-2S]� mNT cluster are listed in Table 1 together with those
of [2Fe-2S]� proteins. Their comparison highlights the close
similarity of mNT with IscR, an iron and oxidative stress [2Fe-
2S] sensor (32, 33), in agreement with their common Cys3-His
environment.

Finally, 15N-labeled mNT was analyzed by NMR spectros-
copy after reduction with DTT. As shown in Fig. 3C, the folded
15N-labeled [2Fe-2S]2� mNT (black spectrum) exhibits a well
dispersed 15N SOFAST-HMQC spectrum (17) at pH 8, and
�90% of the peaks were assigned based on a previous study (18)
and additional triple resonance experiments. Seven unassigned
cross-peaks that are visible in the two-dimensional spectrum
(labeled with a star in Fig. 3C) could be tentatively assigned to
residues in the Val-70 –Gly-85 fragment that lie in the vicinity
of the Fe-S cluster. The peak broadening in triple resonance
experiments, which hampered assignment of these residues,
most likely results from the paramagnetic enhanced relaxation
induced by the Fe-S cluster. Upon the addition of DTT, the
two-dimensional spectrum showed small but significant mod-
ifications (Fig. 3C, red spectrum). The largest effects were
observed for the unassigned cross-peaks, which could not be
followed upon the addition of DTT without additional experi-
ments because they underwent either large shifts or severe line
broadening. For assigned cross-peaks, peak shifts were moder-
ate, thus facilitating their assignment. The largest shifts for

assigned residues were observed for residues located in the sec-
ond shell centered on the cluster, including Ile-45, Leu-47, Ile-
49, Asn-53, Lys-55, and Val-57 in the N-terminal loop L1,
His-58 and Ile-102 in the �-sheet, and Thr-88 in the helix �1. In
contrast, no significant shift was observed for residues away
from the cluster. We then removed DTT from the solution and
observed that the two-dimensional NMR spectrum recorded
under anaerobic conditions remained identical to the red spec-
trum (Fig. 3C) for at least 24 h (data not shown). Finally, expos-
ing the solution to air resulted in rapid recovery in the original
spectrum, which corresponds to the [2Fe-2S]2�-mNT (black
spectrum). On the basis of these experiments, we concluded
that the peak shifts observed upon DTT addition are related to
the Fe-S redox state and not to DTT binding and that the
reduced mNT state is relatively stable. The significant peak
shifts in the vicinity of the Fe-S cluster upon reduction may
reveal a change in Fe-S cluster paramagnetic properties or a
local conformational change in this region. The amino acid res-
idues that do not experience chemical shift variations upon
protein reduction are localized away from the Fe-S cluster, and
many belong to the �-sheet that stabilizes the dimeric mNT
structure. This NMR study, therefore, demonstrates that the
tertiary and quaternary structure of mNT is globally conserved
upon reduction.

Transfer of the mNT Cluster Induces the Unfolding of the
Protein—As depicted in Fig. 4A, we next investigated the NMR
spectroscopic behavior of a mixture containing both reduced
holo-mNT and apo-FDX by switching from aerobic conditions
and pH 8.0 (Step 1) to anaerobic acidic conditions (Step 2) and
then to oxidized cluster by exposure to air (Step 3). When 15N-
labeled holo-mNT was incubated under aerobic conditions
with apo-FDX in a 1:1 ratio in the presence of DTT at pH 8.0, no
chemical shift variations were observed in the 15N SOFAST-
HMQC spectra (data not shown) as compared with that
recorded in the absence of apo-FDX (Fig. 3C, red spectrum). In
both experiments mNT was reduced. This suggests that inter-
molecular interactions between reduced holo-mNT and apo-
FDX, if there are any, are very weak (Kd larger than �1 mM). In
a second step (Step 2), we switched the mixture to an acidic
environment (pH 6.0) under anaerobic conditions, and DTT
was removed. The HMQC spectrum of the solution revealed
that after buffer exchange, mNT was essentially in its reduced
holo-form (Fig. 4B, Spectrum 1, circles) with a minor amount
(�10%) of the apo-form (Fig. 4B, Spectrum 1, triangles). Twen-
ty-six hours later, the spectrum (Spectrum 2) had not changed,
indicating great stability of the reduced holo-mNT without
cluster loss or transfer to apo-FDX despite the slightly acidic
environment and the presence of the apo-acceptor (Spectrum 2,
Fig. 4B). The reaction mixture was then exposed to air by open-
ing the NMR tube, and a series of HMQC spectra were collected
over 20 h. We observed that the peaks characteristic of the
reduced holo-form at time 0 (Fig. 4B, spectrum 3, circles) com-
pletely disappeared at the end of the reaction (Spectrum 4),
whereas the intensity of the peaks corresponding to the apo-
form (triangles) (13, 18) strongly increased. Peaks originating
from the oxidized holo-mNT are visible in the spectra at the
end of the reaction (squares), albeit at very low intensity. The
final state of mNT is largely unfolded as judged from the narrow

TABLE 1
Mössbauer parameters of selected [2Fe-2S]� proteins
Pp, P. putida; Ae, A. aeolicus; Ec, E. coli; Hs, Homo sapiens.

Parameters
Ae FdIa Hs mNTb Ec IscRc Pp Riesked

FeIII FeII FeIII FeII FeIII FeII FeIII FeII

� (mm/s) 0.30 0.62 0.32 0.68 0.33 0.70 0.30 0.75
	EQ (mm/s) 1.0 3.0 1.07 3.15 1.09 3.4 0.65 �3.2
� 0 0.0 0 0.4 0.5 0.48 0 �2
Ax (MHz) �56 11 �55.7 29.5 �34.9 20.9 �55 13
Ay (MHz) �49 27 �46.7 28.5 �38.8 21.9 �48 14
Az (MHz) �42 33 �41.6 9.1 �32.3 6.5 �44 30

a From Ref. 29.
b This work.
c From Ref. 30.
d From Ref. 31.
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1H NMR spectral dispersion for the dominant species in
solution.

Additional one-dimensional 15N-decoupled 1H spectra were
also collected during this experiment to follow apo-FDX during

the cluster transfer reaction. Panel C of Fig. 4 represents a
close-up view centered at 10.08 ppm on the signal assigned to
the NH side chain proton of the single tryptophan 77 in apo-
FDX. This 1H spectrum remained unchanged throughout the

FIGURE 4. Spectroscopic behavior of both reduced and oxidized mNT in Fe-S transfer. A, schematic representation of the protocol for the Fe-S cluster
transfer reaction followed by NMR. Step 1, a mixture of 250 �M

15N-labeled mNT and 250 �M unlabeled FDX was prepared in 50 mM Tris-HCl, pH 8.0, 100 mM NaCl,
10 mM DTT under aerobic conditions. Step 2, the reaction mixture was then exchanged for reaction buffer at pH 6.0 (50 mM Bis-Tris, pH 6.0, 100 mM NaCl) in a
glove box and finally stored in an NMR tube under anaerobic conditions. 15N SOFAST-HMQC spectra were collected at 298 K and 800 MHz 15 min (Spectrum 1)
and 26 h (Spectrum 2) after sample preparation. Step 3, at time 26 h the NMR tube valve was opened (aerobic conditions), and two additional NMR 15N
SOFAST-HMQC were collected immediately (Spectrum 3) and 20 h (Spectrum 4) after the opening of the NMR tube. B, 15N SOFAST-HMQC spectra were collected
at 298 K and 800 MHz as described in panel A. Peaks characteristic of the reduced and oxidized holo-mNT are indicated by circles and squares, respectively,
whereas peaks characteristic of the apo-mNT are indicated by triangles, C, close-up view in the 9.9 –10.3 ppm region of one-dimensional 15N-decoupled 1H
spectra collected during the course of the experiment at times t � 0 (black) and 26 h (gray) under anaerobic conditions and just after tube opening (black)
followed by spectra collected 6 h (dark gray) and 20 h (gray) after tube opening. The peaks characteristic of the backbone amide proton of holo-mNT Glu-63 and
Trp-77 side chain HN in apo- and holo-FDX are labeled. Under aerobic conditions, changes in their amplitude over time are highlighted by arrows. D, 20 h after
NMR tube opening, reaction products were analyzed on a 16% reducing native gel.
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time course under anaerobic conditions, which confirmed that
the system reached a stable situation with reduced holo-mNT
and apo-FDX intact. However, after opening the NMR tube, the
peak associated with the apo-FDX tryptophan group decreased
in intensity, and concomitantly, a new peak appeared in its
vicinity that was assigned to the same proton in holo-FDX (Fig.
4C, lower panel). The final products were also run on a 16%
native gel, and the results show that the band corresponding to
holo-FDX was present (Fig. 4D). Our findings clearly demon-
strate the unfolding of the mNT protein backbone concomi-
tantly with the transfer of its cluster to apo-FDX. These data
also confirm the great structural stability of the reduced holo-
mNT even in a slightly acidic environment and the initiation of
cluster transfer by oxidation of the mNT cluster.

Denaturation Process of Oxidized Holo-mNT—To gain fur-
ther insight into the strong differential stability of the oxidized

holo-mNT in the presence or absence of dioxygen as observed
in Fig. 1D, we performed an in-depth NMR spectroscopy inves-
tigation of the mechanism of denaturation of oxidized holo-
mNT under aerobic and anaerobic conditions at pH 6.2. Under
aerobic conditions (Fig. 5, A and B), the well dispersed two-
dimensional SOFAST-HMQC spectrum of oxidized holo-
mNT was replaced over time by a much less dispersed spectrum
characteristic of apo-mNT (Fig. 5A), in agreement with the loss
of cluster and of protein fold (13, 18). We integrated signal
intensities to calculate the normalized amplitudes for the holo-
and apo-forms (Fig. 5B), which demonstrated that all oxidized
holo-mNT was converted into apo-mNT after �15 h. We fur-
ther analyzed the apo-mNT form and assigned the observable
resonances to their corresponding amino acids (Fig. 5A, right
panel). We could unambiguously assign the Met-44 –Asn-53
and Asn-91–Glu-107 fragments, but the Pro-54 –His-90 frag-

FIGURE 5. Denaturation of oxidized holo-mNT under anaerobic conditions results in reduction of the remaining holo-mNT. Studies were performed
with 250 �M

15N-labeled mNT in 50 mM Bis-Tris, pH 6.2, 100 mM NaCl at 298 K. A, mNT denaturation under aerobic conditions followed by NMR spectroscopy.
15N SOFAST-HMQC spectra were collected at 298 K and 800 MHz just after buffer exchange to pH 6.2 (left) and 22 h later (right). B, the averages of the normalized
amplitude of peaks characteristic of oxidized holo-mNT (square) and apo-mNT (triangle) were plotted over time. C, mNT denaturation under anaerobic
conditions followed by NMR spectroscopy. 15N SOFAST-HMQC spectra were collected at 298 K and 800 MHz at the beginning of the reaction (C, top left), after
72 h (C, top right), just after NMR tube opening (C, bottom left), and 10 h after tube opening (C, bottom right). Peaks characteristic of the reduced and oxidized
holo-mNT are indicated by circles and squares, respectively, whereas peaks characteristic of the apo-mNT are indicated by triangles. D, the averaged normalized
peak amplitude of oxidized (square) and reduced (circle) holo-mNT and apo-mNT (triangle) was plotted for the anaerobic (upper panel) and aerobic (lower panel)
periods. E, mNT denaturation followed by UV-visible absorption spectroscopy under anaerobic conditions. Left panel, spectra were recorded at the beginning
of the reaction (black curve, left panel), after 24 h under anaerobic conditions (dark gray curve) and just after cuvette opening (gray curve). The experiment was
performed at least three times; one representative experiment is presented (right panel). For the experiment presented in the left panel, free iron concentration
was measured at different times as described under “Experimental Procedures” and expressed as a percentage of total iron (right panel). F, the same experiment
as in E was performed in the presence of 200 �M potassium cyanide.
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ment remained unassigned because signal intensity was too low
in the two-dimensional and three-dimensional spectra. The
chemical shift values of assigned fragments were then analyzed
using the �2D algorithm (34), which provides the propensity for
each amino acid to adopt secondary structures (�-helix,
�-strand, random coil, or polyproline II). In the apo-form, the
�2D analysis (data not shown) revealed that assigned amino
acids essentially populated the random coil structures (propen-
sity �80%), whereas the �, �, and polyproline II secondary
structure elements were not significantly populated (propen-
sity �10 –15%). This suggests the absence of significant resid-
ual secondary structure elements in the assigned region and
demonstrates the high flexibility of apo-mNT at the N-terminal
(Met-44 –Asn-53) and C-terminal (Asn-91–Glu-107) extremi-
ties. In contrast, the core of the protein sequence correspond-
ing to the Pro-54 –His-90 fragment gave rise to weak intensi-
ties, which may reveal for this region a more complex behavior,
such as aggregation or conformational transitions occurring at
the chemical shift (millisecond) timescale, in agreement with
previous observations (11).

Under anaerobic conditions, the denaturation process con-
trasts with that in aerobiosis (Fig. 5, C and D). At the beginning
of the reaction, the spectrum was characteristic of the oxidized
holo-form of mNT (Fig. 5C, t � 0 h, squares). After 72 h, the
peaks of the oxidized holo-form completely disappeared and
were replaced by those of the reduced holo-form (circles) and of
the apo-form (triangles). At intermediate times (5–20 h, see Fig.
5D), the signals corresponding to the three species coexisted in
the spectra, which revealed in particular the slow electron
exchange between the [2Fe-2S]2� and [2Fe-2S]� clusters. To
facilitate the analysis, amplitudes of the peaks characteristic of
the three species were quantified, normalized, and averaged
(Fig. 5D) and were used as reporters of the time-dependent
population for the three species. This quantification indicated
that, under anaerobic conditions, a stable state was reached
after 50 h with 40% of apo-mNT and 60% of reduced holo-
mNT. In contrast to the cluster loss under aerobic conditions
that appears to be non-exponential (Fig. 5B), the disappearance
of oxidized holo-mNT and the formation of reduced holo-
mNT and of apo-mNT follow exponential curves under anaer-
obiosis (Fig. 5D). Then, upon NMR tube opening, the ampli-
tude of the peaks for the reduced state dropped rapidly (within
30 min), whereas those for the oxidized holo-form concomi-
tantly reached �50% that of their initial amplitude (Fig. 5, panel
C, 15 min after tube opening, and D), in agreement with the
rapid reoxidation of the protein in the presence of dioxygen.
Ten hours after tube opening, the spectrum (Fig. 5C, 10 h after
tube opening) was virtually identical to that obtained in panel
t � 22h of Fig. 5A and characteristic of the apo-form of mNT, in
agreement with the cluster loss of oxidized holo-mNT at this
pH under aerobic conditions.

In parallel, a similar experiment was performed using UV-
visible absorption (Fig. 5E, left panel). After 24 h under anaer-
obic conditions, the remaining proportion of mNT clusters was
reduced (dark gray curve). After cuvette opening (gray curve),
re-oxidation of the cluster occurred rapidly, and the amplitude
of the visible part of the spectrum was �40% lower than in the
initial spectrum. This result was confirmed by free iron quan-

tification, which showed that just after cuvette opening roughly
40% of the iron was free (Fig. 5E, right panel, 24 h bar). This set
of experiments thus firmly demonstrated that cluster loss of the
oxidized holo-mNT under anaerobic conditions results in the
formation of �40% apo-mNT and 60% reduced holo-mNT. It
also confirmed the results obtained by NMR experiments (Fig.
5C) regarding the very high stability of the reduced cluster at
slightly acidic pH (pH 6.2). Finally, we checked whether the
inorganic sulfur released by cluster disassembly explains the
reduction of the remaining protein-bound cluster. The same
UV-visible experiment was thus performed in the presence of
potassium cyanide, which has the ability to trap free sulfur by
formation of a thiocyanate (35) (Fig. 5F). After 24 h under
anaerobic conditions, the amplitude of the UV-visible absorp-
tion spectrum, still characteristic of the oxidized form, was as
high as 70% of the initial spectrum. Therefore, we concluded
that the inorganic sulfur released by cluster disassembly is capa-
ble of reducing in vitro the remaining protein-bound cluster as
illustrated in Fig. 6.

Discussion

The main purpose of the present study was to uncover the
mechanism by which mNT repairs damaged Fe-S proteins. To
this end, NMR and UV-visible absorption spectroscopies were
predominantly used to follow the cluster transfer process. Our
findings demonstrate that the redox state of the mNT cluster,
and not dioxygen, is a critical signal that triggers mNT cluster
transfer to an apo-recipient. Initiation of the transfer operates
once the inactive reduced holo-mNT is converted to the active
oxidized holo-mNT form, intriguingly without global confor-
mational change.

FIGURE 6. Scheme summarizing the data obtained on both Fe-S transfer
and disassembly of mNT. Upper panel, at a slightly acidic pH reduced holo-
mNT is a very stable well folded [2Fe-2S]� protein unable to transfer its Fe-S to
an apo-acceptor. Under oxidizing conditions, the [2Fe-2S]� is converted to
[2Fe-2S]2� without major global conformational change of the protein. This
regulatory redox switch is sufficient to trigger Fe-S transfer from mNT to apo-
FDX. This cluster transfer occurs without protein-protein interaction visible
by NMR and is independent of the presence of dioxygen. Lower panel, in
contrast, in the absence of an apo-acceptor, dioxygen increases cluster insta-
bility and speeds up cluster disassembly of the oxidized holo-mNT. Finally,
incubation of oxidized holo-mNT under anaerobic conditions leads to the
formation of unfolded apo-mNT and reduced holo-mNT due to reduction of
the remaining holo-protein by the released inorganic sulfur.
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Recently, it has been proposed that the reduced holo-form of
mNT is present in quiescent mammalian cells (36). Here, we
provide evidence that the reduced form of holo-mNT is an
extremely stable [2Fe-2S]� form with a global fold similar to
that of the oxidized [2Fe-2S]2� form. This form, hereafter
referred to as dormant form, is strongly resistant to cluster loss
by disassembly or by transfer to a recipient protein, even at a
slightly acidic pH, which enables the oxidized holo-mNT to
release its cluster (9). Remarkably, acidic pH has been measured
in the inner membrane space of mitochondria, in the vicinity of
the endogenous mNT environment (37). Therefore, the high
stability of reduced holo-mNT deserves to be highlighted. It has
been reported that reduction of the mNT cluster is coupled
with two protonations referred to as proton-coupled electron
transfer (10) as in the case of the Rieske protein, another [2Fe-
2S] protein involving histidine coordination of its cluster (two
cysteines and two histidines). As with mNT, no major confor-
mational change was induced by reduction of the Rieske cluster
(38), and only the residues in the vicinity of the cluster might be
affected (39). In the case of mNT, the reduction of the cluster is
coupled to two protonations of the �-nitrogen of the histidine
ligand and of another unknown residue (11). Noticeably, the
cluster binding module of mNT is more compact than usual in
Fe-S proteins (7). Both ligand and non-ligand residues (Tyr-71,
Ser-77, Pro-81, Phe-82, Asp-84) are involved in a complex
hydrogen bond network (6, 8), which critically stabilizes the
cluster (7). It is, therefore, tempting to suggest that the high
stability of holo-mNT upon reduction is a direct consequence
of the modification of the hydrogen bond network.

In two recent studies it has been proposed that mNT is an
Fe-S transfer/repair enzyme, playing a role under conditions of
oxidative stress (12, 13). Here, we showed that the process
of cluster transfer is initiated only by changing the redox state of
the mNT cluster from the reduced [2Fe-2S]� to the oxidized
[2Fe-2S]2� form. In addition, triggering this process intrigu-
ingly occurs without major change on the global tertiary or
quaternary conformation of mNT. It is worth recalling that (i)
the cluster of the oxidized form of holo-mNT is less stable when
the pH becomes more acidic under aerobic conditions (11), and
(ii) changes in intracellular pH regulate a number of normal and
pathological processes, and dramatic differences in cell behav-
ior can be triggered by small modifications of local pH (40).
Such subtle changes in acidic pH can occur in living cells after
oxidative insults (41, 42). Therefore, we may envision that low-
ering the intracellular pH during oxidative stress is a regulatory
process that cooperates with that of the redox switch of the
mNT cluster to facilitate Fe-S transfer initiation by mNT. Dur-
ing the transfer reaction, we further show that oxidized holo-
mNT is almost fully converted into an unfolded apo-form in
vitro. Importantly, this latter form can be refolded back into the
oxidized holo-form through re-insertion of its Fe-S cluster (11,
13). Taking these findings into consideration, it is tempting to
suggest that mNT may pursue several rounds of Fe-S transfer in
vitro once its cluster has been re-inserted. Moving forward, the
mitochondrial ISC assembly and export machineries, which
continuously supply unfolded apo-mNT with its clusters in liv-
ing cells (13), may contribute to several cycles of Fe-S transfer

through every molecule of mNT to repair damaged Fe-S
proteins.

Whereas the mechanism of the mNT transfer reaction is
starting to be investigated, no data are available on the termi-
nation of the transfer reaction. This final step might be driven
by the glutathione reductase, which is able to reduce oxidized
holo-mNT in vitro (43). Nevertheless, by investigating oxidized
holo-mNT stability under anaerobic conditions, we observed
that disassembly of its cluster drives the reduction of the
remaining holo-protein, making the reduced holo-mNT the
major form. The inorganic sulfur released during disassembly
may explain the reduction as observed for spinach ferredoxin
(35) and the fumarate nitrate reductase (44). From these obser-
vations, we propose that the released inorganic sulfur may
undergo oxidation to S0, leading to reduction of the remaining
holo-mNT. Furthermore, reduction of the oxidized holo-mNT
in the absence of apo-acceptors, under the physiological low
dioxygen tension found in numerous human tissues, may have
important physiological meanings, especially regarding termi-
nation of the mNT transfer reaction. In living cells, once Fe-S
proteins have been repaired by mNT and oxidative stress is
controlled, we consider that oxidized holo-mNT may exert
auto-feedback control by stopping the repair of Fe-S-client pro-
teins through its own conversion back into its dormant reduced
holo-form.

The present study clearly shows that mNT acts as a redox
sensor to perform its transfer function. Interestingly, as regard
other known cluster transfer proteins, including A-type pro-
teins, SufB, IscU, and GRX, the transfer reactions were typically
performed under anaerobic conditions (45). To our knowledge
the respective roles of dioxygen and of the redox state of the
cluster in the reaction have never been studied. Looking ahead,
a challenging issue would be to search for some other cluster
transfer proteins functioning as a redox switch. Interestingly,
more and more Fe-S proteins are being found to use the redox
state of their cluster to regulate their activity. AirSR (anaerobic
iron-sulfur cluster-containing redox sensor regulator or
YhcSR) is a two-component signal transduction system that
regulates Staphylococcus aureus virulence (46). AirS is a [2Fe-
2S] kinase that modulates the AirR transcription regulator and
is active only when its cluster is oxidized (47). Under conditions
of oxidative stress, SoxR triggers the activation of the transcrip-
tion of the soxS genes by oxidation of its cluster (48), without
major structural changes (49). The bacterial DinG helicase is
active only when its H2O2-resistant cluster is oxidized (50). In
the case of the base excision repair enzymes, it was shown that
oxidized MutY has a greater affinity for DNA and that DNA-
bound MutY can be reduced by another distally bound MutY
through DNA-mediated charge transfer (51). Thus, all known
Fe-S proteins that control their activity through the redox state
of the Fe-S cluster are involved in the cellular response after an
oxidative stress. Moreover, all of them function in the same
way: the inactive form is the reduced state, whereas they all
become active by oxidation of their cluster. In this regard, the
mitochondrial respiratory chain is a major source of superoxide
and the resulting product from its dismutation, H2O2 (52).
Another source of mitochondrial H2O2 is the p66shc adaptor
protein that oxidizes cytochrome c and is involved in aging
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dysfunction (53). Mitochondrial production of reactive oxygen
species, notably H2O2, is involved in redox signaling (54),
whereas excess production of mitochondrial oxidants has been
associated with a variety of diseases (55). We, therefore, pro-
pose that when there are abnormalities in mitochondrial respi-
ration, which occur in metabolic and stress diseases, activation
of mNT by increased reactive oxygen species production (36)
constitutes a compensatory mechanism by which cells repair
damaged cytosolic client Fe-S proteins like the iron master reg-
ulator IRP-1 (13). This regulation may constitute an adaptive
mechanism that avoids imbalance of cellular iron metabolism,
which is prone to generate an iron-dependent Fenton reaction
in mitochondria. By limiting the action of IRP-1 in fueling iron
to mitochondria (56, 57), mNT would protect the cell against
ferroptosis, a unique iron- and ROS-dependent form of non-
apoptotic cell death (58).
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