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ABSTRACT: While its biological function remains unclear, the
three-cysteine, one-histidine ligated human [2Fe-2S] cluster
containing protein mitoNEET is of interest because of its
interaction with the anti-diabetes drug pioglitazone. The
mitoNEET [2Fe-2S] cluster demonstrates proton-coupled elec-
tron transfer (PCET) and marked cluster instability, which have
both been linked to the single His ligand. Highly conserved
hydrogen bonding networks, which include the His-87 ligand, exist
around the [2Fe-2S] cluster. Through a series of site-directed
mutations, PCET of the cluster has been examined, demonstrating
that multiple sites of protonation exist in addition to the His
ligand, which can influence redox potential. The mutations also demonstrate that while replacement of the His ligand with
cysteine results in a stable cluster, the removal of Lys-55 also greatly stabilizes the cluster. We have also noted for the first time
that the oxidation state of the cluster controls stability: the reduced cluster is stable, while the oxidized one is much more labile.
Finally, it is shown that upon cluster loss the mitoNEET protein structure becomes less stable, while upon in vitro reconstitution,
both the cluster and the secondary structure are recovered. Recently, two other proteins have been identified with a three-
Cys(sulfur), one-His motif, IscR and Grx3/4-Fra2, both of which are sensors of iron and redox homeostatsis. These results lead
to a model in which mitoNEET could sense the cellular oxidation state and proton concentration and respond through cluster
loss and unfolding.

MitoNEET, a human [2Fe-2S] cluster binding protein,1

was identified in 2004 as a binding target of
pioglitazone,2 a thiazolidinedione (TZD) family drug currently
on the market to treat type II diabetes. MitoNEET is a small 12
kDa protein that exists as a dimer1,3,4 (Figure 1A), tethered to
the cytosolic face of the outer mitochondrial membrane
(OMM) by an N-terminal helix.1,5,6 Each protomer binds one
[2Fe-2S] cluster, the first known OMM protein to do so. There
is limited understanding of the role of this protein in vivo,
though roles in iron−sulfur biogenesis,7 iron trafficking,8 redox
signaling,9 bioenergetics,5,10 cell death and autophagy11−13 have
all been suggested.
The mitoNEET [2Fe-2S] cluster is uniquely ligated by three

cysteine residues and a single histidine residue.1 The
mitoNEET family of proteins was the first known to have
this type of cluster ligation, differing from the all-cysteine
ligation of classical ferredoxins and the 2-His, 2-Cys ligation of
Rieske clusters. It has been shown by our lab and others that
several of the unusual properties that mitoNEET displays are
the result of this unique histidine ligand.14−17 The ε-nitrogen of
the His ligand (His-87) may be protonated in the course of
proton-coupled electron transfer (PCET) chemistry of the
mitoNEET cluster. The same protonation also appears to
confer pH-dependent instability to the Fe-S cluster. Replace-
ment of His-87 with a cysteine ligand results in a bound cluster

ligated by four cysteine ligands, but with drastically different
PCET properties and greater stability.14,15

Interestingly, the His-87 ligand appears to be a part of a more
extensive series of hydrogen bonding interactions within the
mitoNEET dimer, illustrated by Figure 1. In particular, a lysine
residue of the opposite protomer (Figure 1B,C), Lys-55, is
conserved in higher eukaryotes, suggesting a conservation of
this hydrogen bonding network. Additional H-bond inter-
actions can be seen to exist between conserved residues Asp-84
and Ser-77, where Asp-84 appears to interact directly with one
of the μ-sulfido ligands of the cluster (Figure 1B). Once again,
these residues are absolutely conserved in mitoNEET
homologues. Little attention has been given to the role of
these conserved residues in PCET and cluster lability.
Here we have examined how His-87, Lys-55, Asp-84, and

Ser-77 all contribute to the overall pH dependence of the
midpoint potential and cluster loss. In both cases, it is clear that
while the His-87 ligand is important, Lys-55 and to a lesser
extent the Asp-84 and Ser-77 residues also play important roles
in PCET and pH- and redox-induced cluster loss. We also
report the first quantitative redox dependence of cluster loss, in
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which the oxidized cluster is significantly less stable than the
reduced cluster. Additionally, we see pH-dependent protein
structural instability as monitored by circular dichroism, which
is strongly affected by replacement of the His ligand. These
results help construct more detailed models of the interplay
among mitoNEET protonation, cluster loss, and structural
stability, which supports a protein function in either cluster
transfer or redox sensing.

■ EXPERIMENTAL PROCEDURES

MitoNEET Construct and Mutagenesis. A truncated
version of human mitoNEET, without the N-terminal 32-amino
acid transmembrane helix, was codon-optimized for expression
in Escherichia coli by Genscript (GenScript Corp., Piscatway,
NJ). The gene was supplied in pUC57 with BamHI and SalI
cloning sites. MitoNEET-pUC57 was digested with BamHI and
SalI, and the mitoNEET insert was subcloned into pGEX-4T-3
(GE Healthcare), containing an N-terminal GST tag followed
by a thrombin cleavage site (LVPRGS-). Correct ligation of the
mitoNEET insert into the pGEX-4T-3 vector was confirmed by
sequencing (GeneWiz).
The mitoNEET-pGEX-4T-3 plasmid was used as a template

for generating four mitoNEET point mutants (H87C, K55I,
D84N, and S77A) and two double mutants (H87C/K55I and
H87C/D84N). Site-directed mutagenesis was performed using
the QuikChange Lightning site-directed mutagenesis kit
(Stratagene), with the following primers: replacement of His-
87 with cysteine (H87C), 5′-C C G T T T T G C G A T G G
C G C G T G T A C C A A A C A T A A C G A A G A A C-3′

and 5′-G T T T C T T C G T T A T G T T T G G T A C A C
G C G C C A T C G C A A A A C G G-3′; replacement of Lys-
55 with isoleucine (K55I), 5′-G C A T A T T C A G A A A G A
T A A C C C G A T A A T T G T G C A T G C G T T T G A
T A T G G-3′ and 5′-C C A T A T C A A A C G C A T G C A
C A A T T A T C G G G T T A T C T T T C T G A A T A T
G C-3′; replacement of Asp-84 with asparagine (D84N), 5′-C
A A A A A A T T T C C G T T T T G C A A T G G C G C G
C A T A C C A A A C-3′ and 5′-G T T T G G T A T G C G C
G C C A T T G C A A A A C G G A A A T T T T T T G-3′;
replacement of Ser-77 with alanine (S77A), 5′-G T A T T G C
C G T T G C T G G C G T G C C A A A A A A T T T C C G
T T T T G C G-3′ and 5′-C G C A A A A C G G A A A T T T
T T T G G C A C G C C A G C A A C G G C A A T A C-3′.
The double mutants were generated by a second round of site-
directed mutagenesis on the H87C mitoNEET-pGEX-4T-3
plasmid using either the K55I primers or the following new
H87C/D84N primers: 5′-C A A A A A A T T T C C G T T T
T G C A A T G G C G C G T G T A C C A A A C-3′ and 5′-G
T T T G G T A C A C G C G C C A T T G C A A A A C G G
A A A T T T T T T G-3′. All mutations were confirmed via
sequencing of the variant mitoNEET-pGEX-4T-3 construct
(GeneWiz).

MitoNEET Overexpression and Purification. Recombi-
nant wild-type mitoNEET and the mitoNEET variants were
expressed from the pGEX-4T-3 (AmpR) vector in BL21(DE3)
cells with the addition of 0.1 mM IPTG. Cells were grown
aerobically overnight at room temperature in 2× YT medium
with the addition of 1 g of ferrous ammonium sulfate/L of

Figure 1. Structure and sequence comparison of human mitoNEET. (A) Dimeric mitoNEET protein displayed with each monomer (colored blue or
green) containing one [2Fe-2S] cluster, ligated by three Cys ligands and a His ligand. (B) Cluster binding site, showing two hydrogen bonding
networks, the first among the His-87 ligand, a conserved molecule of water, and Lys-55 and the second among a μ-sulfido ligand, Asp-84, and Ser-77.
Proposed hydrogen bonds are represented by dashed lines. (C) Partial sequence alignment of various eukaryotic mitoNEET homologues. Conserved
cluster ligands are highlighted in purple, and conserved residues involved in hydrogen bonding networks around the cluster are highlighted in gold.
The cluster-binding loop is underlined.
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medium. Cells were harvested and purified in 1× PBS buffer
(pH 8). Both PMSF and DNase I were added to the cell
suspension. Lysis was accomplished with the addition of
lysozyme and sonication, and after centrifugation at 15000g, the
supernatant was retained. The lysate was loaded onto a
glutathione-sepharose affinity resin, washed thoroughly, and
incubated overnight in the presence of thrombin. The cleaved
protein was eluted and, as a further purification step, run over a
HiPrep 26/60 Sephacryl S-100 HR column attached to a
refrigerated ÄKTApurifier FPLC system. Purity was confirmed
by sodium dodecyl sulfate−polyacrylamide gel electrophoresis
and Coomassie staining.
Protein Film Voltammetry. Electrochemical experiments

were performed using a PGSTAT 12 AutoLab (Ecochemie)
potentiostat, equipped with FRA and ECD modules. A three-
electrode configuration was used, containing a platinum wire
counter electrode and a saturated calomel reference electrode.
Potentials were corrected by 242 mV to be reported versus the
standard hydrogen electrode (SHE). Room-temperature cell
solutions containing 0.1 M NaCl and 5 mM MES, MOPS,
TAPS, CHES, and CAPS were used, with 5 mM sodium acetate
added for the collection of H87C data. Pyrolytic graphite-edge
(PGE) electrodes with a surface area of 1.4 mm2 were used, and
protein films were grown on electrodes by directly depositing 5
μL of ∼250 μM protein sample in 50 mM Tris and 100 mM
NaCl (pH 8.5) (storage buffer) for approximately 5 min,
followed by a rinse with distilled water to remove excess
protein.
As previously reported with wild-type mitoNEET,14 non-

turnover electrochemical signals were generated on the
benchtop with argon bubbled through the cell solution to
remove excess oxygen. Data were collected at a scan rate of 100
mV/s between potentials of −0.9 and 0.1 V with a current
range of 10 μA using the GPES software package (Ecochemie).
Nonturnover signals were analyzed by subtraction of the
baseline electrochemical response of the electrode surface from
the raw data using the SOAS package.18

Proton-Coupled Electron Transfer Theory. Via variation
of the pH of the buffer used in the electrochemical cell, the
proton dependence of an electrochemical signal can be
monitored. As the pH of the buffer solution is increased, the
midpoint of the redox couple will shift to more negative values
if the reduction potential is dependent on proton concentration
(pH). This shift in reduction potential as a function of pH can
be described by a variation of the Nernst equation19 (eq 1).
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where the term m/n describes the ratio of the number of
protons (m) and electrons (n) involved, Kred and Kox are the
equilibrium constants for the protonation of the reduced and
oxidized species, respectively, and Eacid describes the reduction
potential of the fully protonated species.
[2Fe-2S] Cluster Loss Assay. UV−visible absorption

spectra were recorded in a 1 cm path length quartz cuvette at
25 °C on a Cary 50 Bio UV−visible spectrophotometer
(Varian) equipped with a Cary single-cell Peltier accessory to
control temperature. Full UV−visible spectra (200−800 nm)
were recorded automatically at timed intervals. To initiate
cluster loss, mitoNEET protein samples were diluted ∼10-fold
into a 50 mM acetate, 100 mM NaCl buffer with low pH values
(4−6) and quickly mixed. For the reduced protein, absolute

anaerobic conditions were necessary to prevent reoxidation of
the [2Fe-2S] cluster; therefore, the assay was performed in a
sealed anaerobic quartz cuvette containing argon-sparged buffer
supplemented with 5 mM ascorbate. The protein sample was
prereduced with DTT (dithiothreitol) in an anaerobic glovebox
and introduced into the assay using an airtight syringe. To
account for the higher initial pH of the protein storage buffer, a
final pH value was recorded for each reaction.
The half-life of cluster loss was determined at 336 nm by eq 2

= − −⎡⎣ ⎤⎦A A A A /21/2(336) i(336) i(336) f(336) (2)

where Ai(336) and Af(336) are the absorbance of the initial time
point and the final time point, respectively, after the reaction
had gone to completion. t1/2 is the time point associated with
A1/2(336). Data are reported as the average of three experiments,
with the error reported in both the pH-based and time-based
dimensions.

Generation of Apo-MitoNEET and Reconstituted
MitoNEET. Generation of the apo form of mitoNEET by the
removal of the [2Fe-2S] cluster could be accomplished by
dilution of the protein sample into 50 mM sodium acetate and
100 mM NaCl (pH 4). The pH of the apoprotein sample was
increased back to pH 8 for further characterization.
Reconstitution of a [2Fe-2S] cluster into mitoNEET was
accomplished through a modified in vitro assay20 using the apo
form of the protein as a target. DTT was added to a final
concentration of 1 mM, followed by an addition of 100 μM
ferrous ammonium sulfate and 100 μM sodium sulfide. The
reaction was allowed to stand for 10 min, and then additional
iron and sulfide (100 μM each) were added. This process was
repeated once more so that the final concentration of iron and
sulfide was 300 μM. The reaction mixture was allowed to sit for
an additional 30 min before being loaded onto a PD10
desalting column, and the protein fractions were collected. The
success of each individual reaction varied but would often
return at minimum a 50% yield of reconstituted protein. This
reconstituted mitoNEET was then used for further character-
ization.

Size-Exclusion Chromatography. Protein samples were
run through a HiPrep 26/60 Sephacryl S-100 HR column,
attached to a refrigerated ÄKTApurifier FPLC system. Samples
were automatically injected onto the column after equilibration
with phosphate buffer (pH 8). Samples were passed through
the column in phosphate buffer (pH 8) at a flow rate of 1 mL/
min. Protein elution was monitored by the ÄKTApurifier
system at 280 nm.

Electron Paramagnetic Resonance. Low temperature
(10 K) EPR measurements were made using a Bruker X-band
EleXsys E-500 spectrometer equipped with an ESR900
continuous flow liquid helium cryostat. Reduced mitoNEET
samples were generated by prior treatment with dithionite. EPR
spectra were collected at 9.37 GHz, 2 mW microwave power,
and with a 15 G modulation amplitude.

Circular Dichroism. Far-UV CD spectra (190−250 nm)
were recorded at 20 °C on an Applied Photophysics CS/2
Chirascan circular dichroism spectrometer, equipped with a
Peltier temperature controller unit. Using a 0.1 mm path length
quartz cuvette, data were collected at 1 nm steps with an
averaging time of 5 s/step. Protein concentrations of 250 μM in
25 mM sodium acetate, 25 mM sodium phosphate, and 50 mM
sodium sulfate (pH adjusted with acetic acid) were used for
data collection. Temperature melting curves were obtained with
the same protein samples used for the far-UV CD measure-

Biochemistry Article

dx.doi.org/10.1021/bi400540m | Biochemistry 2013, 52, 4687−46964689



ments. The temperature was increased from 20 to 90 °C at a
rate of 1 °C/min. Data were recorded at 200 and 470 nm every
1 °C with an averaging time of 5 s/step.

■ RESULTS

Production of MitoNEET Point Mutants. To interrogate
the proton-dependent events of cluster reduction and cluster
loss, four protonatable residues around the [2Fe-2S] cluster
were targeted for site-directed mutations: His-87, Lys-55, Asp-
84, and Ser-77. These positions contribute to two putative
hydrogen bonding networks leading away from the [2Fe-2S]
cluster (Figure 1B). A His−H2O−Lys hydrogen bonding
network is formed by the ε-nitrogen of the His ligand (His-87),
a conserved water molecule, and the amine group of Lys-55,
while a second S2−−Asp−Ser network is formed by the more
solvent-exposed cluster μ-sulfido ligand, the Asp-84 carboxylate,
and the Ser-77 hydroxyl group. All site-directed mutations were
introduced with the goal of eliminating the protonation site of
the amino acid side chain, while otherwise being as conservative
as possible [histidine to cysteine (H87C), lysine to isoleucine
(K55I), aspartate to asparagine (D84N), and serine to alanine
(S77A)].
For the sake of convenience, mitoNEET’s N-terminal 32

amino acids were excluded from the recombinant construct
generated for this work. As described for previous mitoNEET
constructs, including the crystallographically characterized
human1,3,4 and Arabidopsis21 proteins, omission of the N-
terminal transmembrane helix resulted in no obvious
deleterious effects on the soluble [2Fe-2S] cluster binding
domain.1,3,4 All four point mutants and the H87C/K55I and
H87C/D84N double mutants could be readily expressed and
easily solubilized. Reconstitution of the [2Fe-2S] cluster for
further characterization was unnecessary as all mitoNEET
variants fully incorporated their cluster when overexpressed in
E. coli.
Proton-Coupled Electron Transfer at the MitoNEET

[2Fe-2S] Cluster. Wild-type mitoNEET and site-directed
variants were examined using direct electrochemistry with
polished pyrolytic graphite edge (PGE) electrodes. For all
variants, the voltammetric features were highly reversible: peak
separations and widths at half-height are close to those
predicted for a simple reversible one-electron process marked
by facile interfacial electron transfer and a homogeneous
protein monolayer (Figure 1 of Supporting Information).22−24

A Pourbaix plot of reduction potential versus pH provides
insight into the proton-dependent nature of the midpoint
potential, reported here for mitoNEET and its variants (Figure
2).
We previously reported proton-dependent midpoint poten-

tials for the wild-type protein,14 which displayed an
unexpectedly shallow gradient of only −40 mV per decade
[Figure 2 (gray squares)]. This prevented the use of the Nernst
equation for a single one-proton, one-electron couple, where
the slope of the pH-dependent region is a −60 mV gradient.
Instead, eq 3 was used to model a one-electron process coupled
to two distinct protonation events.
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As in eq 1, the term m/n describes the ratio of the number of
protons (m) and electrons (n) involved and Ealk describes the
reduction potential of the fully deprotonated species. Kred1 and
Kox1 are the equilibrium constants of the reduced and oxidized
species for the first protonation event, respectively, while Kred2
and Kox2 are the equilibrium constants for the second
protonation event. Unlike Rieske proteins, whose pKox1,2 and
pKred1,2 values are well separated, resulting in a −120 mV per
decade region of two-proton one-electron coupling,25,26 here
the relative order of pKa values differs (pKox1 < pKred1 < pKox2 <
pKred2), resulting in a shallower and more featured potential
gradient for the mitoNEET [2Fe-2S] cluster. These two regions
of pH dependence, between pKox1 and pKred1 and between
pKox2 and pKred2, will be termed neutral (6.5−9.5) and alkaline
(10.0−12.5) regions of pH dependence, respectively. The
strength of coupling can be established by ΔpK, the difference
between pKred and pKox. For reference, the His ligands in
Reiske proteins display ΔpK values ranging from approximately
2 to 5.26 Here we continue this analysis using a variety of site-
directed mutants aimed at identifying the sites of protonation
coupled to electron transfer. Table 1 lists and compares pKa,
ΔpK, and Eacid (the comparative midpoint potential of the fully
protonated species) values for all mitoNEET mutants.
Mutation of the His-87 ligand or the Lys-55 residue

significantly changes the pH dependence profiles in terms of
the pKa values and shifts in the midpoint potential of the
mitoNEET cluster [Figure 2 (empty black squares and filled
red diamonds)]. The pH dependence curves for both mutants

Figure 2. Comparison of the pH-dependent reduction potential for
wild-type and site-directed variants of mitoNEET: wild type (solid
squares), H87C (empty black squares), K55I (filled red diamonds),
D84N (filled blue circles), S77A (filled green triangles), H87C/K55I
(empty red diamonds), and H87C/D84N (empty blue circles). The
wild-type, H87C, K55I, D84N, S77A, and H87C/D84N data were fit
to a Nernst equation for four pKa values (eq 3), while the H87C/K55I
data were fit to a Nernst equation for two pKa values (eq 1).
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share a weakly coupled neutral region of pH dependence with
an approximate ΔpK of 1. Additionally, both mutants contain a
more alkaline region of pH dependence, which is lost in the
H87C/K55I double mutant [Figure 2 (empty red diamonds)].
This indicates that the weakly coupled alkaline pH dependence
of the H87C mutant is likely due to the protonation of Lys-55,
while the strongly coupled region of pH dependence in the
K55I mutant is the result of His-87 protonation. This alkaline
region of pH dependence in the K55I mutant with a pKox of
8.71 and a ΔpK of 4.3 is similar to the pH dependence profile
of His ligands in Rieske proteins.26

The H87C/D84N double mutant was used [Figure 2 (empty
blue circles)] to test whether the Asp-84 residue could be
responsible for the neutral region of pH dependence seen for
the previous mutants. Its pH dependence profile was similar to
the profile of the H87C mutant, indicating that the Asp-84
residue likely is not responsible for the neutral region of pH
dependence. The D84N and S77A mutants show minimal
deviations from the wild-type pH dependence data [Figure 2
(filled blue circles and filled green triangles)], though small
changes can be seen for both of these mutations. Specifically,
the S77A mutation seems to affect the neutral region of pH
dependence more strongly than the alkaline one.
These results confirm our earlier model in which the pH

dependence of mitoNEET is not a simple one-proton, one-
electron couple as suggested by others, where an empirical
factor was used to fit the pH dependence.27 As shown here, the
interdependence of the hydrogen bond networks makes it
difficult to assign the two regions of pH dependence in the
wild-type protein, as any change made to the protein by the
mutation of residues leads to a shift in the pKa of the remaining
residues.
Proton- and Redox-Dependent Loss of the MitoNEET

[2Fe-2S] Cluster. The [2Fe-2S] cluster of wild-type
mitoNEET has previously been shown to be unstable below
neutral pH, while the H87C mutant has been shown to be
resistant to pH-dependent cluster loss.15 Because the His-87
ligand is not the sole determinant of the pH dependence of the
midpoint potential, the additional point mutants (K55I, D84N,
and S77A) were examined to identify their effect on the pH
dependence of mitoNEET cluster loss. The dependence of
cluster loss on redox state has also been examined here.
Monitoring the presence of the MitoNEET [2Fe-2S] cluster by
optical spectroscopy, we have confirmed reports of the
instability of the oxidized wild-type protein at pH 5.20 (Figure
3A). The visible signal intensity (associated with the Fe−
cysteinate ligand charge transfer28) had decayed to ∼50% after
20 min, and almost fully within 1 h. In contrast, the reduced
state of mitoNEET at pH 5.20 is almost completely stable

(Figure 3B), with an only slight loss in the magnitude of the
absorption signal after 1 h.
The cluster loss at pH 5.20−5.30 is shown for the wild-type

protein and all four point mutants (Figure 4), with the
exception of the H87C mutant, which is presented at pH 4.55.
The H87C mutant is completely stable over the range of pH
values assayed, demonstrating that His-87 is necessary for [2Fe-
2S] cluster instability. Using the half-life of the optical signals as

Table 1. Reduction Potentials (Eacid) and pKa Values for Wild-Type (WT) MitoNEET and Its Site-Directed Variantsa

Eacid (mV) pKox1 pKred1 ΔpK1 pKox2 pKred2 ΔpK2

WT 14 ± 5 6.5 ± 0.1 9.5 ± 0.1 3.0 10.1 ± 0.1 12.6 ± 0.3b 2.5
H87C −267 ± 1 6.3 ± 0.1 7.1 ± 0.1 0.8 9.64 ± 0.1 10.9 ± 0.1 1.2
K55I 37 ± 1 6.7 ± 0.1 7.5 ± 0.1 0.7 8.7 ± 0.1 13 ± 3b 4.3
S77A −11 ± 4 6.4 ± 0.3b 7.4 ± 0.4c 1.0 8.1 ± 0.2c 10.3 ± 0.1 2.2
D84N 86 ± 5 5.7 ± 0.1 7.6 ± 0.3c 1.9 7.9 ± 0.3c 11.0 ± 0.1 3.1
H87C/D84N −232 ± 2 6.3 ± 0.1 7.1 ± 0.1 0.8 9.1 ± 0.1 10.4 ± 0.1 1.4
H87C/K55Id −331 ± 2 6.9 ± 0.1 7.9 ± 0.1 1.0

aUnless otherwise indicated, the parameters are defined by eq 3. ΔpK is the difference between pKred and pKox. Errors are calculated errors of the
fitting process. bThe lack of sufficient data at higher or lower ends of the pH range studied leads to larger uncertainties in pKa.

cLarger errors caused
by an inability to properly define turning points when pKred1 and pKox2 are similar. dParameters are defined for this variant by eq 1.

Figure 3. Time-dependent loss of visible absorption signals for
mitoNEET at pH 5.20: (A) oxidized mitoNEET and (B) reduced
mitoNEET. Time points of 15 s (solid), 20 min (dashed), and 90 min
(dotted) are shown in bold, while intermediate time points are shown
as thin gray traces.
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a metric for the stability of the [2Fe-2S] cluster illustrates the
variation of cluster stability as a function of pH (Figure 5). For
example, the K55I mutant has a stabilizing effect on the [2Fe-
2S] cluster at pH 5.25 (Figure 4), and it is also clear that
removal of the amine group stabilizes the cluster significantly
over a range of pH values, as evidenced by a shift of the cluster
half-life curve [Figure 5 (black diamonds)]. Alternatively, both

the D84N and S77A mutants at pH 5.30 (Figure 4) and over a
range of pH values [Figure 5 (black circles and black upside
down triangles)] are less stable than the wild-type protein. This
would suggest that the hydrogen bonding network created by
these two residues and the μ-sulfido ligand has a stabilizing role
to play with respect to the cluster.

In Vitro Reconstitution of Apo-MitoNEET. To deter-
mine, at least in vitro, whether cluster loss is a reversible
phenomenon, a reconstitution of apo-mitoNEET was per-
formed under anaerobic conditions in an anaerobic glovebox. It
was found that using DTT as an electron donor instead of
dithionite and gradually adding small aliquots of Fe2+ and S2−

resulted in better yields of the reconstituted protein, as reported
previously for human ferredoxin.20 Reconstitution of the native
[2Fe-2S] cluster was confirmed spectroscopically. The visible
absorption bands associated with both the oxidized (Figure 6A)

and reduced (Figure 6A, inset) states of the reconstituted
protein match up well with those of the native form of the
protein. Small deviations from the native absorption spectrum
are most likely the result of some nonspecific Fe-S binding, but
these appear to represent only a minor fraction of the overall
sample. Reconstitution of the native cluster was also confirmed
with electron paramagnetic resonance (EPR) (Figure 6B). EPR
spectra for the reconstituted protein in the reduced state
overlays nicely with that of the reduced native protein, both
having g values of 1.94. Oxidized, reconstituted mitoNEET is
EPR silent [like native protein (data not shown)]. It is clear
that upon in vitro reconstitution, mitoNEET is capable of
binding a [2Fe-2S] cluster with the same three-Cys, one-His

Figure 4. Time-dependent loss of visible absorption signals for wild-
type mitoNEET and its site-directed variants: wild type at pH 5.20,
H87C at pH 4.55, K55I at pH 5.25, D84N at pH 5.30, and S77A at pH
5.30. Time-points of 15 s (solid), 20 min (dashed), and 90 min
(dotted) are shown in bold, with intermediate time points shown as
thin gray traces.

Figure 5. Comparison of the stability of the [2Fe-2S] cluster optical
signals as a function of pH for wild-type mitoNEET and its site-
directed variants: wild-type mitoNEET oxidized (black squares) and
reduced (gray squares), K55I oxidized (black diemonds), D84N
oxidized (black circles), and S77A oxidized (black upside down
triangles). Oxidized H87C is not shown because of its complete
stability in this pH range. Plotted is the half-life of the optical signal at
336 nm vs pH. Data points and error bars represent the average of
three experiments.

Figure 6. Spectroscopic characterization of reconstituted mitoNEET.
(A) Optical spectra of oxidized reconstituted mitoNEET (dotted line)
and as-isolated mitoNEET (solid line). The inset shows optical spectra
of dithionite-reduced reconstituted mitoNEET (dotted line) and as-
isolated mitoNEET (solid line). (B) Low-temperature (10 K) EPR
spectra of dithionite-reduced reconstituted mitoNEET (dotted line)
and as-isolated mitoNEET (solid line) measured at 9.24 GHz.
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ligand set as the native protein, suggesting that cluster loss is in
theory a reversible event.
Structural Instability of Apo-MitoNEET. A significant

decrease in the absorbance at 280 nm can be seen upon cluster
loss for wild-type mitoNEET and its site-directed variants
(Figure 4). The magnitude of the 280 nm signal is reduced by
approximately one-third in the apo form of the protein as
compared to that of the holo form. Each mitoNEET monomer
contains one tryptophan residue (Trp-75), which is responsible
for the majority of the protein-based UV absorbance around
280 nm. This tryptophan sits at the dimer interface and is
buried from solvent exposure. As the optical absorbance of
tryptophan can be affected by the local environment, upon loss
of cluster, mitoNEET likely undergoes a conformational change
that alters the local environment of the tryptophan residue.29

Here, we have examined the impact of cluster loss upon the
solution structure of mitoNEET in terms of both the
quaternary structure of the mitoNEET dimer and the
secondary structure of the protein.
To test whether mitoNEET was undergoing an oligomeric

change upon cluster loss, both apo- and holo-mitoNEET were
run on an S-100 size-exclusion column. Holo-mitoNEET eluted
as only one major species around 20 kDa [Figure 7 (solid

line)], representative of the dimeric protein. The apoprotein,
after being generated at low pH, eluted as a mixture of higher-
molecular mass species [Figure 7 (dotted line)]. Virtually no
dimeric mitoNEET remained, and there was no indication of
the monomeric species, suggesting multimerization and/or
nonspecific aggregation occurs upon cluster loss.
The far-UV CD spectra of oxidized mitoNEET display a

negative feature centered at 220 nm (Figure 2 of the
Supporting Information) and are suggestive of both α-helical
and β-sheet content,30 as would be anticipated for mitoNEET,
which contains one three-strand β-sheet and two short α-
helices per monomer. When mitoNEET is denatured by being
heated to 90 °C, the magnitude of the negative feature at 220
nm diminishes and overall the negative features between 200
and 230 nm are broadened (Figure 2 of the Supporting
Information). This spectrum is suggestive of a molten globule
state that has been seen previously for unloaded iron−sulfur
proteins.31 Interestingly, this state can also be achieved by
generating the apo form of the protein at low pH and 20 °C
(Figure 2 of the Supporting Information), suggesting that the
pH-dependent loss of cluster is concomitant with protein

structure destabilization. Here pH appears to be a switch for
protein unfolding that is as strong as heat denaturation is.
To improve our understanding of the effect of pH on protein

stability, a series of temperature melts were performed with the
wild-type, oxidized protein. Additionally, the CD characteristics
in the visible region that are due to the presence of the oxidized
cluster can similarly monitored at 470 nm (Figure 3 of the
Supporting Information). In Figure 8, the depletion of

secondary structure (monitored at 220 nm) and the presence
of the Fe-S cluster (monitored at 470 nm) are shown as a
function of temperature. At pH 8 [Figure 8 (bottom, filled
black squares)], mitoNEET has an apparent melting temper-
ature (Tm,app) of 75 °C (as this protein unfolding event is not
reversible, true thermodynamic parameters cannot be deter-
mined). When unfolding measurements were repeated for
mitoNEET at pH 7 and 6 [Figure 8 (bottom, half-filled and
empty squares, respectively)], a significant shift was seen in the
values of Tm,app, lowered to 65 °C for pH 7 and 50 °C for pH 6.
The H87C mutant had a Tm,app of 70 °C at pH 6 [Figure 8
(bottom panel, empty red diamonds)], indicating a significant
increase in protein stability for this mutant. At higher pH
values, the unfolding of the H87C mutant had not gone to
completion by 90 °C, suggesting a Tm,app of >90 °C.
Interestingly, for the wild-type protein, loss of the 470 nm

signal (Figure 8, top) occurs at approximately the same
temperature as Tm,app at all pH values. This suggests a strong

Figure 7. Size-exclusion chromatograms for wild-type mitoNEET:
holo-mitoNEET (solid line) and apo-mitoNEET (dotted line). A set
of four protein standards is reported for comparison (gray peaks):
ribonuclease A (13.7 kDa), carbonic anhydrase (29 kDa), ovalbumin
(43 kDa), and conalbumin (75 kDa). All chromatograms are
calculated from the absorbance at 280 nm.

Figure 8. CD melting curves of wild-type mitoNEET and its H87C
variant. The fraction of bound cluster as monitored by the 470 nm CD
band (top) and the fraction of unfolded protein (bottom) for WT
mitoNEET at pH 6 (empty black squares), pH 7 (half-filled black
squares), and pH 8 (filled black squares) and for the H87C mutant at
pH 6 (empty red diamonds).
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coupling between the loss of cluster and protein unfolding in
mitoNEET. Alternatively, the loss of cluster in the H87C
variant occurs at temperatures significantly higher than its
Tm,app, suggesting that even in the unfolded state the four
cysteine ligands of the H87C mutant are still ligating the Fe-S
cluster, and at higher pH values, cluster loss in H87C had not
fully occurred by 90 °C.

■ DISCUSSION
A clear picture of the role of mitoNEET has failed to emerge
since the identification of this unique [2Fe-2S] cluster binding
protein almost 10 years ago. It is presumed that at the heart of
whatever biological function mitoNEET may have, the
conservation of the cluster’s lone ligating histidine (His-87)
indicates a crucial role for this residue. Postulated roles in
cluster transfer, bioenergetics, and redox sensing have all been
put forth as possible functions for mitoNEET, where His-87
may be involved in tuning reduction potential,27 controlling
cluster stability,15 and mitigating PCET.14,27

Little attention has been given to the fact that other highly
conserved non-ligating residues exist around the cluster and
participate in conserved hydrogen bonding networks. Lys-55
forms a hydrogen bonding network with His-87 through a
conserved water molecule (present in all eukaryotic mito-
NEET-like protein crystal structures1,3,4,21,32). This residue,
donated from the opposite monomer, crosses the dimer
interface, though in some bacterial/archaeal mitoNEET
homologues this residue is at position n + 1 with respect to
the His ligand, but still within hydrogen bonding distance of the
histidine ε-nitrogen.33 A second conserved hydrogen bond
network (among Ser-77, Asp-84, and the more solvent-exposed
cluster μ-sulfido ligand) is also conserved in all mitoNEET-like
structures, with these residues also conserved in all mitoNEET-
like sequences. Here, we have elucidated the role of these
conserved residues and the effect of their hydrogen bonding
networks on PCET and the stability of the mitoNEET [2Fe-
2S] cluster.
The pH dependence curves for the multiple mitoNEET

variants clearly show the importance of the PCET event
associated with His-87, but unlike Rieske proteins where the ε-
nitrogens of both His ligands are solvent-exposed,34 here the
His−H2O−Lys network appears to act as a means of proton
coupling to extend from the ligating residue to additional
elements of protein structure. It is difficult to assign specific
sites of protonation to each region of pH dependence because,
for example, mutation of Lys-55 results in a shift in the pKa
values associated with the His-87 ligand. Most likely, the more
alkaline pH dependence represents a protonation of the His−
H2O−Lys network, while the more neutral region of pH
dependence might come from an alternative site. Additional
hydrogen bonding networks in the interior of the protein and at
the dimer interface, including Arg-73 and His-58, may also be
involved in long-range PCET. In the case of some clusters,
direct protonation at a μ-sulfido ligand is possible, as described
for the [3Fe-4S] cluster of Azotobacter vinelandii ferredoxin I
(AvFdI).35

Despite our inability to definitively assign the neutral PCET
event, it is possible that it may be responsible for cluster lability,
as the cluster becomes highly unstable below neutral pH.
Cluster loss is additionally dependent on redox state, indicating
a possible role in redox sensing. At physiological pH, the
cytosolic resting potentials are approximately −290 mV,36

suggesting that mitoNEET (Em,7 = 0 mV) would primarily exist

in a reduced state, which would be stable to cluster loss. Under
oxidative stress conditions or certain physiological conditions
such as apoptosis and differentiation,37 where the cytosolic
potential could rise as high as 200 mV, the cluster would
become oxidized and susceptible to cluster loss.
As indicated by the more stable cluster half-lives of the H87C

and K55I mutants, the His−H2O−Lys hydrogen bonding
network plays a significant role in cluster lability. While an
argument could be made that cluster instability is tolerated
because of the significant increase in midpoint potential
afforded by the presence of His-87, the same argument does
not hold for the Lys-55 residue. At neutral pH, loss of Lys-55
results in almost no change in redox potential. Thus, the highly
conserved nature of this residue suggests that the mitoNEET
protein may have evolved this hydrogen bonding network, not
to tune reduction potential but to tune cluster stability. Indeed,
protonation of His-87 is likely not a sole determinant of
stability: Rieske centers, with two His ligands, but lacking the
unique His−H2O−Lys network, have never been shown to
contain unstable clusters upon protonation of their ligands.38

Together, these observations support the hypothesis that
cluster transfer (or loss) due to redox sensing is of potential
biological significance, as suggested previously.7

Here we have demonstrated that the quaternary and
secondary structure of MitoNEET itself is intimately tied to
whether the Fe-S cluster is bound. It has been noted previously
that apo-ferredoxins adopt a molten globule-like state in the
absence of their Fe-S clusters. For example, the [3Fe-4S][4Fe-
4S] ferredoxin from Acidianus ambivalens (AaFd)31 retains
elements of secondary structure, and its compactness is like that
of the holo-protein. Additionally, the IscU Fe-S scaffold
proteins from E. coli39−41 and Thermotoga maritima,42−44

which only transiently host an Fe-S cluster, exist in equilibria
between a more structured state and a disordered state in the
absence of a cluster, yet the apparent lability of the MitoNEET
Fe-S cluster may not entirely indicate a role in cluster transfer.
The CD spectra of both the thermally unfolded and pH-
unfolded state of mitoNEET are not suggestive of proteins with
a random coil structure, suggesting that a degree of secondary
structure remains. Additionally, the Tm,app of both unfolding
and cluster loss in the mitoNEET protein at neutral pH is much
more comparable to those calculated for ferredoxin proteins
(between 60 and 80 °C). For IscU-like proteins, the
temperature associated with cluster loss is approximately 40
°C.43 Interestingly, at lower pH values, the unfolding and
cluster loss of mitoNEET more closely matches what is seen in
IscU-like proteins. This could suggest that while the mitoNEET
[2Fe-2S] cluster is not as transient as those seen in IscU-type
proteins, under certain conditions the structural flexibility of the
protein could enhance cluster transfer.
The mitoNEET homologue miner1 has been shown to

interact with Beclin1/Bcl-2 at the ER−cytosol interface to
inhibit signaling for autophagy but is incapable of protein
interactions in the absence of the cluster.11,13 This observation
is easily explained if apo-miner1 is as structurally flexible as
mitoNEET. This would be an intriguing and unique
mechanism for signaling within cells; disruption of Fe-S cluster
binding leading to a less structurally stable protein results in a
loss of protein−protein interactions leading to downstream
signaling effects. While the native protein partners of
mitoNEET are unknown, it will be interesting to determine
the conditions under which mitoNEET may be able to interact
with them.
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Recently, two other proteins have been identified with
putative three-sulfur (Cys, glutathione), one-His ligand sets,
where cluster lability is potentially significant to function: the
bacterial transcription factor IscR45 and the iron regulatory
proteins Grx3/4 and Fra2 in yeast46 and Glrx3 and BolA2 in
humans.47 E. coli IscR plays a role in Fe-S biogenesis as a sensor
of the need for Fe-S cluster production.48 In yeast, cytosolic
monothiol glutaredoxins (Grx3 and Grx4) interact with Fra2 to
form a [2Fe-2S] cluster at the dimer interface, which prevents
activation of the Atf1/2 transcription factor and transcription of
the iron regulon.49 This interaction appears to be conserved in
mammals, with Glrx3 and BolA2 interacting in a similar
manner. Interestingly, IscR and Grx3/4-Fra2 both play a role in
sensing the need for iron within the cell, and cluster loss likely
prevents interactions with either DNA or proteins. The fact
that these proteins, along with mitoNEET, possibly each ligate
a [2Fe-2S] cluster with a single His ligand suggests that perhaps
this ligation motif represents a functional strategy for sensing
iron and redox homeostasis within a cell; however, the redox-
dependent properties of these novel Cys/His ligated Fe-S
clusters have been largely unexplored.

■ CONCLUSION
This study demonstrates that mitoNEET responds to both a
decreased pH and an increased level of oxidative stress with the
loss of its [2Fe-2S] cluster. This cluster loss is concomitant with
loss of structural stability, but cluster assembly and protein
refolding are facile. We believe this work will potentially direct
future biological studies of the functional role of mitoNEET,
whether that be redox sensing, cluster transfer, or some
unknown role.
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