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A B S T R A C T   

Human mitoNEET (mNT) and CISD2 are two NEET proteins characterized by an atypical [2Fe-2S] cluster co-
ordination involving three cysteines and one histidine. They act as redox switches with an active state linked to 
the oxidation of their cluster. In the present study, we show that reduced glutathione but also free thiol- 
containing molecules such as β-mercaptoethanol can induce a loss of the mNT cluster under aerobic condi-
tions, while CISD2 cluster appears more resistant. This disassembly occurs through a radical-based mechanism as 
previously observed with the bacterial SoxR. Interestingly, adding cysteine prevents glutathione-induced cluster 
loss. At low pH, glutathione can bind mNT in the vicinity of the cluster. These results suggest a potential new 
regulation mechanism of mNT activity by glutathione, an essential actor of the intracellular redox state.   

1. Introduction 

MitoNEET (mNT), also known as CISD1, is a small homodimeric 
protein (13 kDa for each monomer) anchored to the outer mitochondrial 
membrane by its 32 N-terminal residues, and with the major part of the 
protein, including the C-terminal Fe-S binding domain, located in the 
cytosol. Each monomer binds one [2Fe-2S] cluster coordinated by three 
cysteines (C72, C74 and C83) and one histidine (H87) in a CDGSH 
domain like other members of the NEET protein family (the name of 
NEET proteins comes from the presence of the amino acid sequence Asn- 
Glu-Glu-Thr in these proteins), which also includes CISD2 and CISD3 in 
mammals. Although the biological activity of mNT is still debated, 
studies have shown its role in the regulation of iron and reactive oxygen 
species (ROS) homeostasis [1–3], in the regulation of lipid and glucose 
metabolism [2,4], in a repair pathway for damaged Fe-S proteins [3] and 
in cell proliferation in various cancers including breast cancer [5]. 

In vitro studies revealed that holo-mNT (the cluster-containing form 

of the protein) can transfer its Fe-S cluster to the apoform of diverse Fe-S 
proteins (the cluster-devoided form of the protein) [3,6–9]. Therefore, 
we and others proposed that mNT could act as a redox switch protein. In 
resting cells, mNT cluster would be reduced and would remain the 
protein in a dormant state. Oxidative insults would oxidize the cluster 
and mNT would thus switch to an active state capable of transferring its 
Fe-S cluster [7,10,11]. Our in vitro studies also revealed a very high 
sensitivity of the mNT cluster stability to pH variations, which led us to 
propose that mNT could also act as a pH sensor [6]. Human CISD2, 
another member of the NEET family, was shown to be anchored to the 
endoplasmic reticulum (ER) membranes at mitochondrial contact sites 
with its Fe-S cluster in the cytosol like mNT. Nevertheless, despite the 
very high structural homology between the cytosolic domains of mNT 
and CISD2, we have previously shown that their Fe-S clusters exhibit 
very different biochemical properties. CISD2 cluster is more stable in the 
presence of oxygen than that of mNT and is also more difficult to 
transfer. Moreover, its stability and transferability are only slightly 
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affected by pH variations in contrast to that of mNT [12]. 
Glutathione, the γ-L-glutamyl-L-cysteinyl-glycine tripeptide, is the 

most abundant water-soluble non-protein thiol in the cell (1 to 10 mM in 
eukaryotic cells) and is present in all tissues. It has a large number of 
essential functions in metabolism, catalysis and transport. It also plays a 
major role in maintaining cellular redox balance and in detoxification 

[13]. The molecule exists in two redox states: the reduced form (GSH) 
and the oxidized form (GSSG). Glutathione is mostly present in its 
reduced form (>98%) in resting cells [14]. It regulates ROS at low levels, 
is essential for redox cell signaling involved in many life processes, and 
limits excessive oxidative stress (high concentration of ROS) that leads 
to cell damages. Dysregulation of GSH homeostasis is associated with 

Fig. 1. GSH induces a partial reduction of oxidized mNT’s cluster in the absence of oxygen. mNT cluster loss reactions (20 μM of protein) were performed at 
15 ◦C under anaerobic conditions in the presence of 10 mM GSH in 100 mM NaCl 100 mM Bis-Tris at pH 6.7, 6.2 and 5.8. (A) The reaction was followed by 
UV–visible absorption spectroscopy. Experiments were performed in triplicate. One representative serie is presented. (B) The EPR spectra were recorded on the 
samples after 2 h reaction (panel B, black curves). Controls for each corresponding pH values were performed by addition of 2 mM dithionite (red curves). The EPR 
spectrum of the oxidized mNT sample did not show any Fe-S cluster signal and was used as baseline and subtracted from all spectra. (C) UV–visible absorption 
spectrum of 20 μM mNT reduced by 2 mM DTT. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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many human diseases such as cardiovascular diseases [15], chronic 
obstructive pulmonary disease, but also in cancer and severe acute 
respiratory syndrome coronavirus 2 disease (COVID-19) [16]. Therapies 
increasing GSH levels are being considered to treat or prevent these 
diseases [17]. Glutathione is also intimately linked to iron metabolism, 
and to Fe-S cluster biogenesis [18], export and trafficking [19,20]. It has 
been shown that GSH could stabilize the Fe-S cluster of some proteins. 
For example, the mitochondrial glutaredoxins GLRX5, a key component 
of the mitochondrial Fe-S cluster (ISC) machinery, exhibits a GSH- 
dependent binding of its Fe-S cluster [21]. Moreover, the export of a 
sulfur-containing component out of the mitochondria, essential for the 
maturation of cytosolic Fe-S-containing proteins, is dependent on GSH 
[18,22,23]. GSH could also extrude the Fe-S cluster of some proteins and 
form a stable species composed of GSH, iron and sulfur ([2Fe-2S](GS)4) 
[24,25]). It may also improve cluster trafficking between proteins at 
least in vitro [26]. In Mycobacterium tuberculosis WhiB proteins, GSH 

protects the Fe-S cluster from oxidative degradation [27]. However, a 
loss of the cluster induced by GSH was also observed in the case of SoxR 
[28], a bacterial transcription factor, which, like mNT, is regulated by 
the redox state of its Fe-S cluster [10]. In the case of mNT, GSH, like 
several other thiols (cysteine (Cys), N-acetyl-cysteine, or dithiothreitol), 
has previously been shown to reduce, at least partially, the Fe-S cluster 
of mNT under anaerobic conditions in vitro [29]. However, compared to 
the other tested reductants, GSH has the lowest capacity to reduce the 
cluster although its redox potential (− 0.240 V) is lower than that of L- 
Cys (− 0.220 V) at pH 7 [30]. 

Considering that mNT cluster transfer is regulated by the redox state 
of its cluster and that the protein seems to be involved in cellular re-
sponses to stress, we wondered about a possible regulation of mNT by 
glutathione beyond the simple cluster reduction already observed by 
others [29]. We therefore conducted a detailed study of the effect of 
GSH, but also of other molecules with a thiol function, on the Fe-S 

Fig. 2. GSH induces a loss of oxidized mNT Fe-S cluster in the presence of oxygen. mNT cluster loss reactions (20 μM of protein) were performed at 15 ◦C under 
aerobic conditions in the absence (A) or the presence (B) of 10 mM GSH in 100 mM Bis-Tris (pH 6.7/6.5/6.2/5.8) 100 mM NaCl. The percentage of remaining holo- 
mNT determined from the absorbance at 460 nm was then plotted over time (C). Curves from reactions performed in the absence of GSH are plotted with black 
diamonds and those performed in the presence of 10 mM GSH are represented with red squares. Experiments were performed in triplicate. The curves are the mean of 
the data and the error bars are the associated standard deviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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cluster of mNT. We found that GSH can induce Fe-S cluster loss through 
a radical mechanism and also bind to mNT in the vicinity of its cluster. In 
contrast, CISD2 Fe-S cluster appears to be only weakly sensitive to GSH 
compared to mNT Fe-S cluster. Glutathione, an essential molecule 
required for redox homeostasis in eukaryotes, may thus possibly regu-
late mNT activities in cells. In this manuscript, we will refer to as “cluster 
loss” the fact that a protein with an Fe-S cluster (holoform) loses its Fe-S 
cluster (conversion of the protein to an apoform) without presuming the 
exact fate of the ions originally forming this Fe-S cluster. 

2. Materials and methods 

2.1. Chemicals 

Reduced and oxidized glutathione, cysteine, cystine, β-mercaptoe-
thanol, 5,5-dimethyl-1-pyrroline N-oxide (DMPO), N-acetyl-L-cysteine, 
L-cysteine methyl ester, D,L-penicillamine were purchased from Merck. 
Because glutathione is highly acidic and mNT is sensitive to pH- 
variation, 250 mM solutions were prepared in 500 mM BisTris/Tris- 
HCl at the pH of the reaction (typically between pH 5.8 and 7.0). The 
pH was checked and adjusted when necessary by addition of 5 M NaOH 
solution. Solutions were aliquoted and kept at − 20 ◦C. We checked the 
reduced state of the reduced glutathione solution by colorimetric assay 
[31] and found that the solution oxidized at around 2% per hour under 
the reaction conditions. 

2.2. Purification of human mNT and CISD2 

Holo-forms of human mNT44–108 missing the 43 N-terminal amino 
acids (WT and H87C forms) were expressed in bacteria and purified as 
previously described [32] then stored at − 80 ◦C. For Mössbauer 

analysis, expression of mNT33–108 missing the 32 N-terminal amino acids 
was performed using the pET28a-mNT33–108 construct in M9 minimal 
medium supplemented with 57Fe-enriched ferric chloride. The N-ter-
minal His tag of purified mNT33–108 was removed efficiently using 
thrombin [3]. Holo-CISD2 was purified as previously described [12]. 
Protein purity was assessed to be >99% using SDS-PAGE. For both 
proteins, the optical A280nm/ A458nm ratio was around 2.4. Protein 
concentrations were measured using Bradford assay with bovine serum 
albumin (BSA) as standard. Using an extinction coefficient at 456 nm of 
5000 cm− 1 M− 1 [1], we checked that the purified protein was at least 
90% in the holo-form. 

2.3. In vitro mNT cluster loss reaction 

Reaction buffers were all composed of 100 mM NaCl and 100 mM 
Bis-Tris (pH from 5.8 to 7.0). UV–visible absorption spectra were 
recorded at 15 ◦C between either 240 to 900 nm or 350 to 900 nm with a 
Cary 100 (Agilent) spectrophotometer equipped with a temperature 
control apparatus. For spectra taken under anaerobic conditions, the 
cuvette was prepared in a glove box (Jacomex) and closed with a 
septum. The absorption spectra of the reaction mixture were recorded 
over time and corrected for baseline variations at 900 nm. The extent of 
the loss of oxidized mNT cluster was determined using the absorbance at 
460 nm (A460). As previously described [32], reaction progress at time t 
was estimated as (A460 (t)− A460,initial)/(A460,final − A460,initial). A460,final 
is the value of A460 at the time necessary for reaction completion. For 
reactions performed in presence of DMPO, the reaction mixtures were 
analyzed on a native gel, which allows the separation of the apo- and 
holo-forms of mNT [32]. After Blue Silver staining of the gel [33], the 
intensity of the holo-form band was quantified using Odyssey Infrared 
Imaging System (LI-COR). T1/2 is the time required for half of the cluster 

Fig. 3. CISD2 is less sensitive to GSH-induced Fe-S cluster loss than mNT. mNT (A and B) and CISD2 (C and D) cluster loss reactions (20 μM of protein) were 
performed at 15 ◦C under aerobic conditions in the absence (A and C) or the presence (B and D) of 10 mM GSH in 100 mM Bis-Tris/Tris 100 mM NaCl buffer at pH 7 
(black), 6.7 (violet), 6.5 (blue), 6.2 (green) and 5.8 (red). The percentage of remaining holo-mNT/CISD2 determined from the absorbance at 460 nm was then plotted 
over time. Experiments were performed in triplicate. The curves are the mean of the data and the error bars are the associated standard deviations. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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to be lost. 

2.4. Mass spectrometry analysis 

Ammonium acetate (AcONH4, catalog no. A1542) and high-grade 
acetonitrile (catalog no. 34851) were purchased from Sigma-Aldrich. 
Aqueous solutions were prepared using an ultrapure water system 
(Sartorius, Göttingen, Germany). Native mass spectrometry measure-
ments were performed in positive ion mode on an electrospray time-of- 
flight mass spectrometer (LCT, Waters, Manchester, U.K., upgraded by 
MS Vision) equipped with an automated chip-based nanoESI source 
(Triversa Nanomate, Advion). The instrument was calibrated using a 2 
μM horse heart myoglobin solution. Analyses under native conditions 
were performed after careful optimization of instrumental settings to 

avoid dissociation of noncovalent interactions and to obtain sensitive 
detection of protein/Fe-S clusters. Cone voltage (Vc) and backing pres-
sure (bP) were fixed to 20 V and 6 mbar, respectively. Native MS ex-
periments were performed in triplicate under identical conditions at 0, 
0.5, 1 h at room temperature. Acquisitions were performed in the mass 
range of m/z 20–5000 with a 4 s scan time. Both positively and nega-
tively charged species were searched. Data analysis was performed with 
MassLynx version 4.0 (Waters, Manchester, U.K.). 

2.5. Mössbauer spectroscopy 

Mössbauer spectra of purified 57Fe-labeled mNT33–108 were recorded 
at 4.8 K on a low-field Mössbauer spectrometer equipped with a Janis 
CCR 5 K cryostat. The spectrometer was operated in a constant 

Fig. 4. Effects on mNT Fe-S cluster is dependent on the redox state of glutathione. mNT cluster loss reactions (20 μM of protein) were performed at 15 ◦C under 
aerobic conditions. (A-D) Reactions were performed in the absence (black) or the presence of either 10 mM GSH (red) or GSSG (green) in 100 mM NaCl 100 mM Bis- 
Tris pH 6.7 (A), pH 6.5 (B), pH 6.2 (C) and pH 5.8 (D). The percentage of remaining holo-mNT determined from the absorbance at 460 nm was then plotted over 
time. Experiments were performed in triplicate. The curves are the mean of the data and the error bars are the associated standard deviations. (E) Reactions were 
performed in 100 mM Bis-Tris pH 6.2100 mM NaCl under aerobic conditions in the absence of glutathione (black) or in the presence of 10 mM glutathione in various 
GSH/GSSG ratio. The percentage of remaining holo-mNT determined from the absorbance at 460 nm was then plotted over time. Experiments were performed in 
triplicate. One representative series of experiments is represented for the clarity of the figure. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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acceleration mode in transmission geometry. The isomer shifts were 
referenced against a metallic iron foil at room temperature. Data were 
analyzed with the WMOSS program Mössbauer Spectral Analysis Soft-
ware (www.wmoss.org, 2012–2013, Web Research, Edina). 

2.6. EPR spectroscopy 

EPR spectra were measured in continuous mode using a Bruker 
Elexsys E500 spectrometer equipped with a high-sensitivity cavity and a 
helium continuous flow cryostat (Oxford Instrument) connected to a 
temperature control system. The frequency of the spectrometer was 
9.37 GHz, the temperature 30 K and the microwave power 1 mW. The 
samples (180 μL) were prepared in a glove box and then frozen under 
anaerobic conditions. They all contained 20 μM of mNT to which 2 mM 
dithionite (30-min incubation), or 10 mM GSH (2-h incubation) were 
added and incubated before freezing. The solutions of dithionite and 
GSH were buffered due to the high sensitivity of mNT cluster to small pH 
changes [6]. 

3. Results 

3.1. GSH induces a partial reduction of mNT Fe-S cluster in the absence 
of oxygen 

We showed previously that oxidized mNT is highly stable in the 
absence of oxygen (anaerobic conditions) and very little cluster loss was 
observed after 10 h even at low pH (pH 5.8) [6]. In the present study, we 
first determined at the effect of GSH on oxidized mNT cluster under 
anaerobic conditions (Fig. 1). 

By UV–visible absorption, we observed a slight decrease of the 
absorbance in the visible part but also a deformation of the spectrum 
over time (Fig. 1 panel A). The spectral deformation increases as the pH 
was lowered, and is well distinguished at pH 5.8. EPR studies (Fig. 1 
panel B) revealed that addition of GSH at pH 6.7 only partially reduced 
the cluster as shown by others [29]. By comparison to reduction ob-
tained by addition of dithionite, the amount of reduced cluster following 
the addition of GSH was <25% after 2 h at pH 6.7 and was even more 
limited when the pH decreased with 15% at pH 6.2 and absent at pH 5.8 
(panel B). In addition, we observed that the line shape of the EPR signal 
for the partially GSH-reduced cluster differs from that of the fully 
dithionite-reduced cluster as previously observed [34]. The splitting 
around 334–336 mT observed for the fully reduced sample is due to the 
interaction between the two reduced clusters [34]. In the absence of 
oxygen, addition of GSH to oxidized mNT did not significantly desta-
bilize the cluster. However, it led to modification of the UV–visible 
absorption spectra that cannot be only explained by the cluster reduc-
tion (Fig. 1 panel C). 

3.2. GSH can induce a rapid loss of oxidized mNT cluster in the presence 
of oxygen 

Under aerobic conditions at 15 ◦C in the absence of GSH, mNT cluster 
was rather stable down to pH 6.2 and its lability increased as the buffer 
became more acidic (Fig. 2 panel A) as expected [6]. 

Then we examined at the effect of addition of GSH on mNT’s cluster 
under aerobic conditions. It can be noticed that a 2% oxidation per hour 
of the reduced glutathione was observed during the experiments. Thus 
all the specified concentrations of GSH but also of the other thiol- 
containing molecules used in this study referred to the initial concen-
trations of the molecules. GSH had no significant effect on the stability of 

Fig. 5. Thiol-containing molecules induces mNT Fe-S cluster loss. (A) 
Structures of the studied molecules. Thiol groups are highlighted by a blue 
dotted circle and disulfide bonds by a red dotted circle. (B) mNT cluster loss 
reactions (20 μM of protein) were performed at 15 ◦C in 100 mM Bis-Tris pH 
6.5100 mM under aerobic conditions in the absence of any additive (black) or 
in the presence of 1 mM of GSH (red), cystine (orange) or β-mercaptoethanol 
(green). The percentage of remaining holo-mNT determined from the absor-
bance at 460 nm was then plotted over time. Experiments were performed in 
triplicate. The curves are the mean of the data and the error bars are the 
associated standard deviations. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Effect of thiols on mNT Fe-S cluster.  

Thiol effects Thiols 

Disruptive glutathione 
N-acetyl-L-cysteine 
L-cysteine methyl ester 
β-mercaptoethanol 
D,L penicillamine 

Protective cysteine 
No effect cystine  
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oxidized mNT cluster at pH 6.7 (Fig. 2 top panel B). However, at lower 
pH levels, the addition of GSH induced a loss of the cluster, which 
increased as the buffer became more acidic (Fig. 2 panel B and C). While 
GSH had no effect at pH 6.7, the T1/2 was 300 min, 130 min and 110 min 
at pH 6.5, 6.2 and 5.8 respectively. We performed similar experiments 
with oxidized CISD2 (Fig. 3) without (panel C) and with GSH (panel D). 

GSH induced a more limited loss of CISD2 cluster compared to mNT’s 
one (Fig. 3 panels A and B). This was accompanied by a more limited pH 
dependency for CISD2 with a T1/2 at pH 5.8 of 420 min compared to 110 
min for mNT at the same pH. Thus, the Fe-S cluster of mNT under aer-
obic conditions is more sensitive to GSH than that of CISD2. For the rest 
of the study we decided to focus on mNT to better understand its 
sensitivity to GSH. 

3.3. The redox state of glutathione affects the cluster loss 

We then questioned the effect of the oxidation state of glutathione on 
the stability of mNT cluster (Fig. 4). 

At pH 6.7, addition of GSSG, the oxidized form of glutathione, did 
not significantly destabilize the cluster (Fig. 4 panel A) as with GSH. At 
lower pH, it induced a more limited cluster loss than GSH (Fig. 4 panels 
B-D). Then, we added a fixed concentration of glutathione (GSH + GSSG, 
10 mM) with a variable ratio GSH/GSSG (Fig. 4 panel E). The 

experiment was performed at pH 6.2, a condition in which the addition 
of GSH led to a significant but not too fast cluster loss. Even with only 
25% GSH, the loss of cluster was similar to that obtained with 100% 
GSH. The addition of only 1% GSH significantly accelerated the loss of 
the cluster compared to GSSG alone. Therefore, even at low GSH/GSSG 
ratios, the effect of GSH predominated over that of GSSG. From this 
experiment, we can estimate that the 100 μM GSH induced a loss of the 
Fe-S cluster whose rate is 50% of the maximum rate of loss of Fe-S cluster 
obtained with higher GSH concentrations. Experiments performed with 
variable concentrations of GSH (in the absence of GSSG) led to the same 
result (data not shown). 

3.4. Thiol-containing molecules destabilize oxidized mNT cluster 

In order to determine whether this effect is specific to glutathione or 
not, we tested the impact of different sulfur-containing molecules. As 
GSH, cysteine (Cys) and β-mercaptoethanol have a thiol function while 
cystine does not (Fig. 5 panel A). 

Typically, the molecules containing a free thiol function were able to 
destabilize mNT cluster at 1 mM (Fig. 5 panel B and Table 1). 

As GSH, Cys has a free thiol function but its effect on the cluster loss 
was different. At a concentration of 0.5 mM, Cys destabilized the cluster 
(Fig. 6 panel A) as expected. A cysteine concentration as low as 50 μM 

Fig. 6. Cysteine can protect mNT cluster from GSH. mNT cluster loss reactions (20 μM of protein) were performed at 15 ◦C in 100 mM Bis-Tris pH 6.5100 mM 
NaCl under aerobic conditions. (A) Reactions were performed without any additive (black) or in the presence of 0.5 mM (red), 1 mM (green) or 5 mM (purple) 
cysteine. The percentage of remaining holo-mNT determined from the absorbance at 460 nm was then plotted over time. Experiments were performed in triplicate. 
One representative series of experiments is shown. (B) Reactions were performed without any additive (black), or in the presence of 1 mM GSH (yellow and blue). We 
added 1 mM L-cysteine 30 min after GSH addition (yellow). The percentage of remaining holo-mNT determined from the absorbance at 460 nm was then plotted over 
time. Experiments were performed in triplicate. The curves are the mean of the data and the error bars are the associated standard deviations. (C) Reactions were 
performed either without addition of any molecule (“mNT” lane) or in the presence of 1 mM GSH. L-cysteine was added in various concentrations (0, 0.5, 1 or 5 mM) 
30 min after GSH addition. Cluster loss reactions were followed by UV–visible absorption spectroscopy. The absorbance at 460 nm is plotted over time. The slope of 
the curve (“slope”) at 35 min is plotted as a function of the reaction conditions. Experiments were performed in triplicate. The histogram is the mean of the data and 
the error bars are the associated standard deviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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led to cluster loss similarly to what was observed with 500 μM cysteine 
(data not shown). However, higher concentrations of Cys (1 to 5 mM) 
had no effect on the cluster. We next questioned if Cys at high concen-
tration could protect mNT from GSH-induced cluster loss. After incu-
bating oxidized mNT with 1 mM GSH for 30 min, 1 mM Cys was added 
(Fig. 6 panel B), the rate of Fe-S cluster loss was slowed down (yellow 
curve) compared to the experiment performed in the presence of GSH 
only (blue curve). Note that if 1 mM GSH was added instead of 1 mM 
Cys, no such protective effect was observed. 

Other Cys concentrations were also tested (Fig. 6 panel C) in the 
presence of 1 mM GSH. For concentrations higher than 0.5 mM, Cys 
slowed down the cluster loss induced by GSH and the protective effect 
increased with the concentration of Cys (Fig. 6 panel C). 

3.5. Radical species derived from GSH are responsible for cluster loss 

For the rest of the study, we focused on glutathione. Glutathione, in 
its oxidized and reduced forms, is known to be a source of radicals 
including thiyl radicals formed by the reaction of the thiol group with 
ROS [35,36]. As described above, we observed the importance of oxygen 
in the cluster loss of mNT by GSH (compare results under anaerobic 
conditions in Fig. 1 and aerobic conditions in Fig. 2) which leads to 
question the role of radicals derived from GSH in the loss of the Fe-S 
cluster. First, we sought to increase the production of radicals by reac-
tion of GSH with ROS. For this purpose, we simultaneously added GSH 
or GSSG with H2O2. The experiment was performed under specific 
conditions (time, pH, glutathione and H2O2 concentrations) so that the 
addition of glutathione (1 mM) (Fig. 7 panel A, red and green curves) or 
H2O2 (1 mM) (blue curve) alone induced only a very limited loss of the 
cluster. 

On the contrary, we found that the simultaneous addition of gluta-
thione (either GSH or GSSG) and H2O2 (orange and grey curves) 

significantly increased the rate of the cluster loss. Then, the concentra-
tion of potential radical species using DMPO was decreased, which re-
acts with radicals and form a stable adduct. Because DMPO strongly 
absorbs at visible wavelengths, we followed the reactions on native gels 
[32]. The loss of the Fe-S cluster in NEET proteins leads to changes of 
protein structure as demonstrated previously for mitoNEET [3] and 
CISD2 [12]. The apo and holo forms indeed displayed different migra-
tions pattern on native PAGE gels [32]. In the presence of DMPO, the 
loss of Fe-S cluster induced by GSH was slowed down (Fig. 7 panel B). 
This protective effect increased with the concentration of DMPO. 

3.6. Glutathione binds to mNT close to the cluster 

The fine analysis of the UV–visible absorption spectra showed that 
the addition of GSH at pH 5.8 induced a significant distortion of the 
UV–visible absorption spectrum of oxidized mNT in both anaerobic 
(Fig. 1 panel A) and aerobic conditions (Fig. 2 panel B). Two hypotheses 
can be formulated to explain this result. First, GSH could extract the Fe-S 
cluster from mNT and form a stable species composed of GSH, iron and 
sulfur, namely ([2Fe-2S](GS)4) [24,37], as previously proposed for 
human ISCU, S. cerevisiae GRX3 or S. pombe Isa1 [38]. The UV–visible 
absorption spectrum would then be a combination of holo-mNT and 
([2Fe-2S](GS)4) absorptions [24,39,40]. The second hypothesis is that 
GSH binds to or is close to the Fe-S cluster of mNT and affects the Fe-S 
charge transfer. Indeed, the visible part of the UV–visible absorption 
spectrum of an Fe-S protein is related not only to the nature but also to 
the environment of the cluster. Analysis of the UV–visible absorption 
spectra showed that the addition of GSH induced the appearance of a 
new absorption band at higher energy, which led to an asymmetry of the 
absorption peak around 460 nm, characteristic of the oxidized mNT’s 
[2Fe-2S] cluster (Fig. 8 panel A, compare black and red curves). 

Moreover, this spectral deformation is observable (Fig. 8 panel C) 

Fig. 7. Formation of thiyl radicals induces mNT cluster loss. mNT cluster loss reactions (20 μM of protein) were performed at 15 ◦C in 100 mM Bis-Tris pH 
6.2100 mM NaCl under aerobic conditions. (A) Reactions were performed in the absence of any additive (black) or in the presence of 1 mM of GSH (red), GSSG 
(green), H2O2 (blue), GSH and H2O2 (orange) or GSSG and H2O2 (grey). The percentage of remaining holo-mNT determined from the absorbance at 460 nm was then 
plotted over time. Experiments were performed in triplicate. The curves are the mean of the data and the error bars are the associated standard deviations. (B) 
Reactions were performed in the absence of GSH (black), or in the presence of either 10 mM GSH (red) or 10 mM GSH with 50 mM (green) or 100 mM DMPO (blue). 
Reactions were analyzed on native gels and the amount of remaining holo-mNT was quantified. The percentage of remaining holo-mNT was then plotted over time. 
Experiments were performed in triplicate. The curves are the mean of the data and the error bars are the associated standard deviations. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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under both anaerobic (black curve) and aerobic (red curve) conditions 
thus, not associated with the presence of oxygen. We analyzed the 
spectrum of the H87C mutated form, with the histidine 87 ligand of the 
cluster replaced by a cysteine. In this mutated form the cluster was no 
coordinated by 3 cysteines and 1 histidine anymore but by 4 cysteines 
[41]. Very interestingly, the spectrum of the H87C was similar to that of 
the wild-type (WT) form in presence of GSH (Fig. 8 panel A). Below 550 
nm, both spectra were very similar (Fig. 8 panel B). 

We then analyzed the GSH reaction product by native mass spec-
trometry on WT mNT. As native MS (nMS) is not compatible with the 
presence of non-volatile NaCl salts in the samples, the study was per-
formed in an aqueous buffer composed of 50 mM ammonium acetate at 
pH 5.8. In these conditions, the spectral distortion of the UV–visible 
absorption spectrum was observed in a similar manner as in the BisTris 
buffer (data not shown). In the absence of GSH, the main species 
detected in nMS corresponded to monomeric and dimeric holo-mNT, 
while a minor apo-mNT monomeric form was also observed (Fig. 9 
upper parts of panels A and B, supplementary Fig. 1) in agreement with 
our previously reported data [6]. 

In the presence of GSH (30 min incubation), the nMS spectra were 

much more complex and several monomeric and dimeric species were 
detected (Fig. 9 middle panels) but the [2Fe-2S](GS)4

2− was never 
observed even if negatively charged species were also searched. As for 
the monomers (Fig. 9 panel A), three main species were observed: apo- 
mNT, apo-mNT bound to one GSH and holo-mNT (Fig. 9 panel A, middle 
panel). Only very minor monomeric signals corresponding to the bind-
ing of 2 GSH on apo-mNT and 1 GSH on holo-mNT were observed. These 
observations suggest that after 30 min of GSH incubation (Fig. 9,lower 
panel A), GSH binding led to a rapid ejection of two iron atoms and one 
sulfur atom, the second sulfur atom from the Fe-S cluster being partially 
retained (roughly 50% of the apo-protein is bound to GSH that retained 
one sulfur atom). This sulfur was not lost even after 60 min incubation 
while GSH remained attached to apo-mNT. On the dimeric side (Fig. 9 
panel B), the cluster loss was less obvious and main species correspond 
to (holo-mNT)2. Only very minor nMS signals corresponding to (holo- 
mNT)2 bearing one or two GSH molecules were detected, their in-
tensities did not increase after 60 min incubation. Altogether nMS re-
sults clearly demonstrate a loss of the Fe-S cluster of the holo-mNT 
monomeric form in presence of GSH, leading to ejection of two iron 
atoms and one sulfur atom, along with partial retention of the second 
sulfur atom from the Fe-S cluster. This retention of a sulfur atom is a 
hallmark of GSH binding to mNT in agreement with our previously 
published results highlighting that in the absence of GSH, all the atoms 
of the Fe-S cluster of mNT are lost simultaneously [6]. 

We then characterized the reaction products by Mössbauer spec-
troscopy. First, the spectrum of mNT alone was measured (Fig. 10 panel 
A). 

The parameters (isomeric shift δ and quadrupolar coupling ΔEQ) 
were similar to those we obtained at pH 8 [3]. The spectrum measured in 
presence of GSH (Fig. 10 panel B), in addition to the starting oxidized 
mNT, revealed the presence of additional species. The absorption 
observed at 3 mm s− 1 may originate from a small amount of reduced 
mNT [3]. To satisfyingly reproduce the central part of the spectrum, a 
new diamagnetic species accounting for 22% of the total iron content 
must be introduced. The nuclear parameters were consistent with ferric 
ions in a tetrahedral sulfur coordination [42]. However, the isomer shift 
value (δ = 0.30 mm s− 1) was at the upper limit. The dinuclear complex 
[Fe2S2(GS)4]2− has been previously proposed to form in solution and 
nuclear parameters were published at 212 K (δ = 0.39 mm s− 1, ΔEQ =

0.68 mm s− 1, [24]) and 80 K (δ = 0.27 mm s− 1, ΔEQ = 0.52 mm s− 1, 
[40]). From these values, the formation of [Fe2S2(GS)4]2− cannot be 
established for certain. The histidine coordinated iron site is undoubt-
edly affected by the addition of GSH. Along with nMS results, GSH 
binding occurs in a spatially close environment of the Fe-S cluster 
inducing an ejection of the latter. 

4. Discussion 

We explored the effect of glutathione on mNT in vitro. As observed 
previously by others [29], in the absence of oxygen the reduced form of 
glutathione GSH was able to partially reduce mNT cluster but this 
reduction decreased as the pH became lower. In the presence of oxygen, 
GSH induced a loss of the oxidized cluster at pH below 6.7, which 
became faster with decreasing pH. In our previous study the stability of 
the Fe-S cluster of mNT was very strongly dependent on pH between pH 
6.2 and 6.7. In this study, we found a significant change in the behavior 
of mNT towards GSH around pH 6.5. Interestingly, one of the pKa of 
mNT is precisely 6.5 [43,44]. We therefore suggest that this major 
change in mNT behavior around pH 6.5 could be due to the protonation 
of a residue, eventhough no study to date has identified this protonable 
species. The effect of GSH was more limited on the cluster of CISD2. This 
oxygen-dependent cluster loss was using a radical-based mechanism and 
could be observed with thiol-containing molecules except cysteine that 
even provided a protective effect against GSH-induced cluster loss. 
Lastly, at pH 5.8 the spectral modifications of the UV–visible absorption 
and of the Mössbauer spectra were compatible with the fixation of the 

Fig. 8. Reduced glutathione induces a modification of the UV–visible 
absorption of oxidized mNT. All the experiments were performed in 100 mM 
Bis-Tris pH 5.8100 mM NaCl with 20 μM mNT. (A) UV–visible absorption 
spectra of oxidized mNT without (black) or with 10 mM GSH (red) and of 
oxidized H87C mutated form of mNT (green). The baseline of the H87C 
mutated form was incremented by 0.015 and that of WT mNT in the presence of 
GSH by 0.030 for a better readability of the figure. (B) Difference spectra from 
panel A. “mNT-H87C” is the difference between the spectrum of mNT-H87C 
and mNT. “mNT + GSH” is the difference spectrum between the spectrum of 
mNT + GSH and mNT. (C) Comparison of the UV–visible absorption spectra of 
oxidized mNT in presence of 10 mM GSH under aerobic (red) and anaerobic 
(black) conditions at 15 ◦C. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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GSH molecule in the cluster vicinity in holo-mNT. 
GSH is the most abundant intracellular low molecular mass thiol- 

containing molecule with concentrations in the millimolar range and a 
major component of the cell antioxidant defense. However, its one 
electron oxidation product, glutathione thiyl radical is prominent during 
oxidative stress or pathological conditions [45]. Glutathion thiyl radi-
cals can mediate S-glutathionylation of proteins by conjugation of 
glutathione to a protein cysteine thiol that can alter protein structure, 
activity, subcellular localization, and interactions with molecules and 
partners. This redox-sensitive post-translational modification primarily 
protects proteins from irreversible oxidation. It also plays a key role in 
the regulation of a large number of cellular redox signaling platforms, 
particularly in mitochondria and in various physiological activities and 
pathological events [46–48]. 

E. coli SoxR is a transcription factor that governs a global defense 
against oxidative stress. As for NEET proteins, its [2Fe-2S] clusters act as 
redox switch and control its activity in response to stresses [3,7,11]. In 
vitro studies showed that GSH and other monothiol molecules disrupt its 
clusters using a free-radical-dependent mechanism even if the precise 

mechanism has yet to be demonstrated. These authors suggested that 
GSH could also play an inactivating role in vivo. The GSH-dependent 
disassembly of SoxR cluster is blocked by addition of sub-
stoichiometric concentrations of cysteine, which could quench reactive 
intermediate of the cluster disruption [49] consistent with our obser-
vations with mNT. SoxR and mNT, both function as redox switches in 
response to stresses, react in a very similar way to thiol-containing 
molecules such as GSH. It has to be noticed that these two proteins 
have distinct coordination of their Fe-S cluster namely 4-Cys for SoxR 
and 3-Cys and 1-His for mNT. Based on our results and on SoxR regu-
lation [50] we propose that GSH might be a major regulatory element of 
mNT activities in the cellular stress response. GSH-induced loss of the 
Fe-S cluster of mNT clearly involves radical species. However, similar to 
the SoxR situation [50], we are currently unable to identify the exact 
nature of the radical intermediates. As observed previously with SoxR; 
we have observed that the addition of cysteine at high concentration 
after addition of GSH blocked the GSH-induced loss of mNT Fe-S cluster 
(this study). We believe that cysteine may scavenge the radicals involved 
in the GSH-induced loss of the Fe-S cluster. 

A

B

Fig. 9. GSH binds to mNT at low pH. 20 μM mNT in 50 mM ammonium acetate buffer at pH 5.8 were incubated for 30 min with 200 μM GSH under aerobic 
conditions and analyzed by mass spectrometry under native conditions after 30 min or 1 h. (A) Deconvoluted native mass spectra of monomeric species. (B) 
Deconvoluted native mass spectra of dimeric species. The spectra were annotated for the different mNT species (see insets). mNT without GSH (upper panels), mNT+
GSH (30 min) (middle panels), mNT+ GSH (60 min) (lower panels). 
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Finally, we found that one molecule of GSH could bind mNT in the 
vicinity of its Fe-S cluster at low pH. Single-molecule force spectroscopy 
analysis revealed that the Fe to His87 bond in mNT is the weakest point 
of the cluster coordination and can be broken without affecting the 
integrity of the cluster [51]. Here, despite no hard data demonstrating a 
direct binding of the cluster by the molecule of GSH, we propose that 
GSH may compete with His87 for the binding of mNT cluster at low pH. 
Our results do not allow us to distinguish whether GSH may bind both 
monomers equally or one monomer preferentially. 

In the present study, CISD2 appeared to be less reactive towards GSH 
compared to mNT. This is consistent with our previous study, which 
showed that mNT and CISD2 have distinct biochemical behaviors 
despite their very high similarities in protein sequence and structure. 
Glutathione may be a major regulator of the human redox switch protein 
mNT as previously shown for SoxR, a bacterial redox switch protein. 
However, this property seems to be more specific to mNT rather than a 
common trait to all human NEET. 
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Fig. 10. GSH binding modifies the mNT cluster environment. Mössbauer spectra were recorded at 4.8 K with a 60 mT magnetic field applied parallel to the γ-ray 
with 1 mM of 57Fe mNT33–108 in 100 mM Bis-Tris pH 5.6100 mM NaCl in the absence (A) or the presence of 20 mM GSH (B). The experimental spectrum corresponds 
to the black hatched lines, the simulation to the smooth black line. (A) The deconvolutions of the spectrum are represented by blue lines. (B) The spectrum was 
recorded after 2 h of incubation with GSH at 15 ◦C under aerobic conditions. The overlaid solid black lines represent the best simulations. The contributions are 
displayed above with the two ferric sites of mNT in a 1:1 ratio as blue solid and blue dotted lines, and the new ferric site for spectrum B as red solid line, respectively. 
Nuclear parameters and relative contributions are listed in the two tables with uncertainties of ±0.01 for the isomer shift δ, ±0.03 for the quadrupole splitting ΔEQ 
and ± 3% for the contribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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