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ABSTRACT: Human mitoNEET (mNT) is the first identified Fe—S Apo-mNT

protein of the mammalian outer mitochondrial membrane. Recently, we
demonstrated the involvement of mNT in a specific cytosolic pathway
dedicated to the reactivation of oxidatively damaged cytosolic aconitase  Holo-mNT
by cluster transfer. In vitro studies using apo-ferredoxin (FDX) reveal
that mNT uses an Fe-based redox switch mechanism to regulate the
transfer of its cluster. Using the “gold standard” cluster recipient protein,
FDX, we show that this transfer is direct and that only one of the two
mNT clusters is transferred when the second one is decomposed.
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Combining complementary biophysical and biochemical approaches, we H,0,

show that pH affects both the sensitivity of the cluster to O, and dimer

stability. Around physiological cytosolic pH, the ability of mNT to transfer its cluster is tightly regulated by the pH. Finally,
mNT is extremely resistant to H,O, compared to ISCU and SufB, two other Fe—S cluster transfer proteins, which is consistent
with its involvement in a repair pathway of stress-damaged Fe—S proteins. Taken together, our results suggest that the ability of
mNT to transfer its cluster to recipient proteins is not only controlled by the redox state of its cluster but also tightly modulated
by the pH of the cytosol. We propose that when pathophysiological conditions such as cancer and neurodegenerative diseases
dysregulate cellular pH homeostasis, this pH-dependent regulation of mNT is lost, as is the regulation of cellular pathways

under the control of mNT.

ron—sulfur (Fe—S) clusters are evolutionarily ancient and

highly conserved prosthetic cofactors. Composed of only
iron and sulfur, they are involved in many essential biological
processes.”> MitoNEET (mNT), also known as CISD1, is the
first identified Fe—S protein of the mammalian outer
mitochondrial membrane (OMM).”* This is a small
homodimeric protein (13 kDa for each monomer) anchored
to the OMM by its 32-amino acid N-terminus with the major
part of the protein, including the C-terminal Fe—S binding
domain, located in the cytosol." Each monomer accommodates
one [2Fe-2S] cluster coordinated by three cysteines (C72,
C74, and C83) and one histidine (H87) in a CDGSH
domain®~* as other members of the NEET protein family,”
which also includes Minerl (or CISD2) and Miner2 (or
CISD3) in mammals.'” Although the biological activity of
mNT is still debated,"" studies have shown that it is involved in
the regulation of iron/reactive oxygen species homeo-
stasis, " in the regulation of lipid and glucose metabo-
lism,">"* and in cell proliferation in breast cancer.'®

In vitro studies revealed that holo-mNT (the form of the
protein with the cluster) is able to transfer its Fe—S cluster to
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very diverse apoprotein (an Fe—S$ protein, which has lost its
cluster) recipients assembling either a [2Fe-2S] cluster as
ferredoxin from various orgamisms,1 ’
and CISD2,”° or a [4Fe-4S] cluster as mammalian iron
regulatory protein-1 (IRP-1)/cytosolic aconitase (c-aconi-
tase).'* On the basis of in cellulo experiments, we showed
that mNT is able to repair the oxidatively damaged Fe—S
cluster of human IRP-1/c-aconitase by transferring its cluster
to the damaged protein.'*

Recently, we started to investigate in depth the in vitro
cluster transfer reaction, focusing on the transfer from holo-
mNT to [2Fe-2S] recipient protein. We unambiguously
demonstrated that oxidized mNT ([2Fe-2S]*") triggers cluster
transfer, whereas reduction of its cluster abrogates this transfer.
Moreover, while O, significantly affects the lability of the
oxidized mNT cluster, it does not interfere with the cluster

.1
human anamorsin
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transfer reaction. Thus, in contrast to the strict anoxia required
for other Fe—S cluster transfer proteins such as ISCU, mNT is
able to transfer its cluster even under aerobic conditions. The
reduced form of mNT is extremely stable compared to the
oxidized form, even though no major change in overall protein
folding was found by NMR studies between these two redox
states of the protein.'” Thus, when reduced, mNT is in a
dormant physiological state, while oxidative insults oxidize its
cluster and switch it to an active state ready to initiate Fe—S
transfer. Then, we proposed that mNT belongs to the new
family of Fe—S proteins acting as a redox switch to control the
adaptive cellular response after oxidative stress insult.”'
Recently, it was proposed that anamorsin might act as a
regulator of mNT by transferring an electron to oxidized mNT
and switching it to the reduced dormant state when oxidant
stress is no longer present.22

In the study presented here, we pursue the in vitro
characterization of the mNT cluster transfer reaction to a
[2Fe-2S] recipient protein, apo-FDX, which is the “gold
standard” used in various laboratories to study [2Fe-2S] cluster
transfer processes.'”'¥>*™*° We show that this transfer is a
direct process and mNT transfers only one of its clusters to
apo-FDX when the second one is decomposed. Combining
different complementary biophysical and biochemical ap-
proaches, we show that pH affects both cluster coordination
and vicinity and dimer stability, and maybe more importantly,
it induces a tight regulation of the cluster transfer reaction
around physiological values. Finally, we show that mNT is
extremely resistant to H,0, compared to other Fe—S cluster
transfer proteins such as IscU and SufB, in agreement with our
proposed involvement of mNT in cluster repair after stress.

B MATERIALS AND METHODS

Purifications of Holo-mNT,,_ ;3 and Apo-FDX. As
described previously,'* a construct missing the 43 N-terminal
amino acids (mNT,,_;55) was expressed in fusion with a His
tag at the C-terminal end of pET22b. Consequently, the
purified mNT,,_,os form contains eight additional C-terminal
residues derived from the His tag (LEHHHHHH) and will be
named mNT herein. Holo-FDX was expressed from the
pET21b plasmid (gift from S. Ollagnier de Choudens,
Grenoble, France). Holo-mNT,,_,0s and holo-FDX were
expressed and purified as described previously.”® The protein
purity was assessed to be >99% using sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE). For the WT
form of holo-mNT, the optical A,g)/A4ss ratio was near 2.3.
Apo-FDX was prepared by heat cluster disassembly of purified
holo-FDX in the presence of 10 mM dithiothreitol (DTT) and
10 mM ethylenediaminetetraacetic acid (EDTA) followed by
purification on a NAP-S column (GE Healthcare) equilibrated
with 50 mM Tris-HCl (pH 7.0) and 100 mM NaClL**

For NMR analyses, expression of N- and '*C-labeled
mNT,,_,os was performed on a 1 L scale in M9 minimal
medium (containing 0.001% thiamine-HCl and 10 4M FeCl,),
supplemented with 1.0 g of "NH,CI and 4.0 g of ["*C]-p-
glucose as the sole nitrogen and carbon sources, respectively.

Protein concentrations were measured using Bradford’s
assay with bovine serum albumin (BSA) as the standard®' or
the absorbance at 280 nm of guanidine-denatured protein
using values of 7115 and 7365 M™' cm™' (ProtParam) as
extinction coefficients for mNT,,_;o3 and FDX, respectively.
All protein concentrations were calculated on the basis of
monomer equivalents.

In Vitro mNT Cluster Loss and Transfer Reactions.
Except for native mass spectrometry, reaction buffers were all
composed of 100 mM NaCl and S0 mM MES (pH 4.6 and
5.4), Bis-Tris (pH $.8, 6.2, and 6.7), or Tris-HCl (pH >7.0).
Native mass spectrometry studies were performed in 50 mM
AcONH, (pH 5.8 or 6.7).

For cluster transfer reactions, 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 to
cluster transfer reaction buffer using a Micro Bio-Spin Size
Exclusion column (Bio-Rad). Disassembled mNT (apo-mNT)
was prepared by incubation of the protein in pH 6.2 reaction
buffer at 65 °C for 10 min. Chemical Fe—S cluster
reconstitution in FDX was performed in 50 mM Bis-Tris
(pH 6.2), 100 mM NaCl, with 100 uM Na,S and ammonium
iron(II) sulfate (Mohr’s salt) or iron chloride (FeCl;) for 2 h
at 25 °C under aerobic conditions. Reactions were followed by
native mass spectrometry, ultraviolet—visible (UV—vis)
absorption and NMR spectroscopies, or migration of aliquots
taken at specific times (1 mM DTT was added to the samples
before migration) on a 16% native PAGE gel colored with
colloidal Coomassie staining as described in ref 23. T, is
defined as the time required for half of the reaction to proceed.
When necessary, protein gels were quantified using an Odyssey
Imaging System (LI-COR Biosciences) and the percentage of
holo-FDX was calculated as the ratio of the intensity of the
holo-FDX band to the sum of the intensities of apo- and holo-
FDX bands.

UV-Vis Absorption and NMR Spectroscopy Studies.
UV—vis absorption spectra were recorded between 240 and
900 nm with a Cary 100 (Agilent) or Safas mc* (Monaco)
spectrophotometer equipped with a temperature control
apparatus set to the desired temperature. For spectra taken
under anaerobic conditions, the cuvette was prepared in a
glovebox and closed with a septum.

NMR experiments were performed using a Bruker Avance
III 800 MHz spectrometer equipped with a TCI cryoprobe.
Two-dimensional (2D) 'H—"°N band-selective optimized flip
angle short transient heteronuclear multiple-quantum correla-
tion (SOFAST-HMQC) spectra®” were recorded using a 100
UM His-tagged '*N- and "*C-labeled holo-mNT,,_os protein
sample at 298 K in the specified buffers. UV—vis absorption
and NMR spectroscopies were used as described in ref 23 to
follow cluster loss and cluster transfer reactions.

Iron Quantification. Free and total irons were quantified
using a bathophenanthroline colorimetric assay adapted from
refs 33 and 34. For total iron quantification of a 100 uL protein
sample, 10 uL of 54% perchloric acid was added. After 30 min
at room temperature, 72 4L of 1.7 mg/mL bathophenanthro-
line sulfonate, 18 pL of 76 mg/mL sodium ascorbate, and 10
UL of a saturated ammonium acetate solution were added, and
the reaction mixture was supplemented with water until the
volume reached 350 pL. After 30 min at room temperature, the
absorbance at 535 nm was measured. Free iron quantification
was performed using the same protocol except that perchloric
acid was not added and 250 pL of protein sample was used.

Raman Spectroscopy. Raman spectra were recorded on a
Renishaw in Via Raman Microscope equipped with a charge-
coupled device detector at 15 °C. Samples were excited with
the 457 nm line of an argon laser where the output power was
set to 16.5 mW. The output power was varied depending on
the signal intensity. Small protein droplets of 1 uL were
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Figure 1. mNT cluster transfer is a direct process. Cluster transfer reactions were performed with S0 yM oxidized holo-mNT and apo-FDX in 50
mM Bis-Tris (pH 6.2) and 100 mM NaCl at 25 °C under aerobic conditions for 2 h. Reaction products were separated on a 16% reducing native
gel (A and C). The histograms are the average of at least two independent experiments (B and D). (A and B) Holo-mNT was incubated at 25 °C
for 2 h with 250 uM EDTA and 100 4M BPS or without an additive (@). Reaction products were analyzed on a 16% reducing native gel (A), and
the percentage of holo-mNT was calculated from the intensities of bands corresponding to holo- and apo-mNT (B). (C and D) Cluster transfer
reactions were performed with 250 yM EDTA and 100 uM BPS or without an additive (). Lane den mNT represents a reaction mixture
containing apo-FDX and disassembled mNT (den mNT) prepared as described in Materials and Methods. Chemical reconstitution of the FDX
cluster in the presence of 100 M Na,S and either 100 uM Mohr’s salt [lane Fe(II)+S] or 100 uM iron chloride [lane Fe(III)+S] was also tried
under the same conditions (pH 6.2 under aerobic conditions). Apo-mNT (lane 1), holo-mNT (lane 2), holo-FDX (lane 3), and apo-FDX (lane 4)
were loaded as migration controls. Reaction products were analyzed on a 16% reducing native gel (C), and the percentage of holo-FDX was
calculated from the intensities of the bands corresponding to holo-FDX and apo-FDX (D).

deposited on a polyethylene window and dried with a stream and high-performance liquid chromatography-grade acetoni-
of argon. Approximately 400 accumulations were averaged trile (catalog no. 34851). Aqueous solutions were prepared
with an exposure time of 10 s, for each sample. using an ultrapure water system (Sartorius, Gottingen,
Electrochemically Induced FTIR Difference Spectros- Germany). Before native mass spectrometry experiments,
copy. The ultra-thin layer spectroelectrochemical cell was mNT,, s storage buffer was exchanged with a 50 mM
used as described previously.”> To avoid irreversible protein AcONH, solution at pH 5.8 or pH 6.7 using Zeba Spin
adhesion, the gold grid working electrode was modified Desalting Columns with a 7 kDa molecular weight cutoff
overnight with hexanethiol and 6-mercapto-1-hexanol and (Thermo Fisher Scientific). The protein concentration was
rinsed with ethanol and then with water. To accelerate the determined by the UV absorbance using a NanoDrop
redox reactions, a mixture of 19 mediators’® was added in a spectrophotometer (Thermo Fisher Scientific).
substoichiometric concentration of 40 uM each to the protein Denaturing and Native Mass Spectrometry Analysis.
solution; 7—8 uL of the protein solution was used to fill the Native mass spectrometry measurements were performed in
electrochemical cell. The cell path length was <10 um, as positive ion mode on an electrospray time-of-flight mass
determined at the beginning of each experiment. All experi- spectrometer (LCT, Waters, Manchester, U.K,, upgraded by
ments were performed at 278 K. MS Vision) equipped with an automated chip-based nanoESI
FTIR spectra were recorded as a function of the applied source (Triversa Nanomate, Advion). The instrument was
potential using a setup combining an IR beam from the calibrated using multiply charged ions of a 2 uM horse heart
interferometer (Vertex 70, Bruker) for the 4000—1000 cm™ myoglobin solution. For analysis under denaturing conditions,
range. First, the protein was equilibrated at an initial electrode samples were diluted to 20 M for infusion in a 1/1 (v/v)
potential, and a single-beam spectrum was recorded. Then, the water/acetonitrile mixture acidified with 0.5—1% formic acid
final potential was applied, and a single-beam spectrum was and interface parameters were fixed to 45 V for accelerating
again recorded after equilibration. Equilibration generally took voltage (Vc) and 2 mbar for backing pressure (bP) to obtain
<4 min for the full potential step from —0.6 to 0 V (Ag/AgCl). the best mass accuracy. Under these conditions, noncovalent
Difference spectra as presented here were calculated from two interactions in WT mNT were typically disrupted allowing the
single-beam spectra, with the initial spectrum taken as a measurement of the molecular weight of the apo-mNT,,_ s
reference. Typically, 2 X 256 interferograms at 4 cm™! monomer with good accuracy (My Ep = 8577.8 = 0.1 Da;
resolution were co-added for each single-beam spectrum and My Theo = 8577.8 Da for the WT form).
Fourier transformed using triangular apodization and a zero Analyses under native conditions were performed after
filling factor of 2. At least 60 difference spectra were averaged. careful optimization of instrumental settings to avoid
Chemicals and Preparation of Protein Samples for dissociation of noncovalent bonds and to obtain sensitive
Mass Spectrometry Analysis. Chemicals were from Sigma- detection of protein/iron—sulfur clusters. Vc and bP were fixed
Aldrich: ammonium acetate (AcONH,, catalog no. A1542) to 20 V and 6 mbar, respectively. Protein was diluted to 20 uM
C DOI: 10.1021/acs.biochem.8b00777
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Figure 2. Oxidized holo-mNT and apo-FDX do not form a stable complex. (A) Overlay of "N SOFAST-HMQC spectra of 100 M "SN- and "*C-
labeled oxidized holo-mNT in the absence (red) or presence (blue) of 100 #M apo-FDX in 50 mM Tris-HCl (pH 6.7) and 100 mM NaCl at 298 K
collected under aerobiosis. All holo-mNT crosspeaks can be superimposed under both conditions, suggesting very limited or no molecular
interaction between holo-mNT and apo-FDX. The additional crosspeaks visible in the presence of FDX are due to the apo-mNT form, which
accumulates after cluster transfer. (B) Deconvoluted electrospray mass spectra obtained under native conditions of 20 M holo-mNT in the
presence of 20 uM apo-FDX in SO mM AcONH, (pH 6.7) at room temperature. No complex between apo-FDX and holo-mNT was detected

under our experimental conditions.

in AcONH, (pH 5.8 or 6.7). Native MS experiments were
performed in triplicate under identical conditions at 0, 0.5, 1, 2,
3, and 4 h at room temperature. Acquisitions were performed
in the mass range of m/z 20—5000 with a 4 s scan time. Data
analysis was performed with MassLynx version 4.0 (Waters,
Manchester, U.K.).

Bl RESULTS

mNT Cluster Transfer Is a Direct Process. First, we
looked at the nature of the cluster transfer reaction between
holo-mNT and the recipient protein. Does it occur directly or
through a two-step mechanism with disassembly of the mNT
cluster followed by reassembly of a cluster in FDX? Previously,
we found that cluster transfer is much faster than cluster
disassembly under exactly the same reaction conditions
(protein concentrations, temperature, and buffer). Moreover,
cluster transfer was not affected by oxygen, unlike cluster
stability.” These previous results suggest that cluster transfer
might be direct. To unambiguously demonstrate its nature, we
looked at the effects of the addition of ferric [ethyl-

enediaminetetraacetic acid (EDTA)] or ferrous [bathophenan-
throline sulfonate (BPS)] ion chelators on the products of the
transfer reaction under aerobic conditions. Products were
analyzed after reaction for 2 h, a sufficient time for the reaction
to reach completion under our conditions (Figure 1). If the
mNT cluster has to be disassembled prior to reassembly in
FDX, then addition of an iron chelator would inhibit the
formation of a cluster in FDX. At concentrations of chelators
(250 uM EDTA and 100 uM BPS) that do not lead to
significant holo-mNT destabilization (Figure 1A,B), the
amount of formed holo-FDX at the end of the reaction was
not affected compared to those of reactions performed in the
absence of an iron chelator (in panels C and D of Figure 1,
compare lanes EDTA and BPS with lane @). Nevertheless, a
pink coloration was readily observed (data not shown) when
the cluster transfer reaction was performed in the presence of
BPS, indicating iron release (the complex of BPS with iron is
pink) during the reaction. In contrast, when the mNT cluster
was disassembled prior to the addition of apo-FDX, no cluster
insertion in FDX was observed (Figure 1C,D, lane den mNT).
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Finally, the Fe—S cluster could not be inserted in apo-FDX by
simple addition of iron as ferric or ferrous ions and inorganic
sulfur (chemical cluster reconstitution) under the same
reaction conditions (pH, temperature, concentrations, and
aerobic conditions) (Figure 1C,D, reconstitution lanes). Thus,
the cluster transfer from holo-mNT to apo-FDX is
unambiguously a direct process.

mNT and FDX Did Not Form a Stable Complex.
Previous studies based on a protein—protein complex docking
model and protein cross—linkin% had shown that CISD2 could
form a complex with FDX.'" First, we questioned if the
formation of a stable complex between donor and acceptor
proteins is required for the cluster to be transferred or if a
transient complex is sufficient. Thus, we studied the potential
molecular interaction by protein pull-down using purified
mNT (in fusion with a His tag) and FDX in apo and holo
forms. No direct interaction between these two proteins was
observed using this technique (data not shown). NMR
spectroscopy is another powerful technique for probing
molecular interactions and was successfully used to highlight
the interaction between mNT and anamorsin.”” Indeed, NMR
chemical shifts and peak line shapes are highly sensitive to
changes in environment and mobility, and one would expect
spectral perturbations of mNT NMR spectra upon addition of
apo-FDX if the bimolecular complex is significantly populated
in solution. Two different NMR tubes were prepared at pH 8.0
containing 100 M “N- and "*C-labeled oxidized mNT with
or without 100 yM unlabeled apo-FDX, and the solutions were
then solvent-exchanged to decrease the pH to 6.7 prior to
NMR data collection under aerobic conditions. Under these
conditions, cluster transfer occurs slowly with a T/, of >10 h.
The 2D N SOFAST-HMQC spectra collected just after the
pH jump are shown in Figure 2A. In the absence of apo-FDX
(red spectrum), the 'H-"*N 2D spectrum is typical of oxidized
holo-mNT.'* When apo-FDX was also present (blue
spectrum), the oxidized holo-mNT state dominated the
spectra and had chemical shifts and a peak line shape virtually
identical to those of the spectrum collected in the absence of
apo-FDX. This strongly suggests little interaction between the
two proteins under these conditions. The additional peaks
visible in the presence of apo-FDX correspond to the apo-
mNT'* that starts to accumulate because of cluster transfer
before the recording of the first NMR spectra (vide infra).
Finally, binding between holo-mNT (20 yM) and apo-FDX
(20 M) was studied at pH 6.7 by native mass spectrometry
(MS), a method allowing preservation of protein—protein and
protein—metal ion interactions.”’ >’ Again, no heterocomplex
involving both proteins was observed under these experimental
conditions, and only signals of unbound apo-FDX and holo-
mNT were detected (Figure 2B). Taken together, pull-down,
NMR, and native MS studies demonstrate that apo-FDX and
oxidized holo-mNT do not form a high-affinity complex prior
to cluster transfer but only a transient complex as observed by
chemical cross-linking in the case of CISD2 with FDX.'! Thus,
only the formation of a transient, but not stable, complex
between donor and acceptor proteins is required for cluster
transfer.

Only One Cluster of Dimeric mNT Is Transferred to
Apo-FDX. In previously published transfer reaction experi-
ments performed with equimolar donor and acceptor
proteins,'”'® it was observed that roughly 50% of apo-FDX
was converted to holo-FDX when all holo-mNT had lost its
cluster, suggesting that only half of available clusters from holo-

mNT were transferred to the recipient protein assembling one
[2Fe-2S]. Moreover, the pink coloration that showed up
during the reaction performed in the presence of BPS is an
indication of ferric ion release during the reaction, suggesting
that some mNT cluster might be lost (i.e., not transferred to
apo-FDX but disassembled). We therefore decided to address
in more depth the question of the stoichiometry of the transfer,
i.e., the number of [2Fe-2S] mNT clusters consumed to form
one [2Fe-2S] cluster in FDX. First, using a native gel, we
looked at the proportions of holo- versus apo-mNT in the
purified protein we used for the subsequent transfer reactions
(Figure 3A) and found that roughly 85% of mNT was in the
holo form and 15% in the apo form. Then, we performed
cluster transfer experiments for 2 h with a fixed concentration
of apo-FDX (40 uM) and increasing concentrations of
oxidized mNT and, consequently, increasing oxidized holo-
mNT concentrations considering that 85% of mNT was

A B 0 13 26 5278104 156 208 MNT (uM)
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Figure 3. Two mNT clusters were consumed for the formation of
only one FDX cluster. (A) Holo-mNT used for this study was run on
a 16% reducing native gel. Quantification of the intensity of the bands
corresponding to holo- and apo-mNT showed that the protein used in
this experiment contained roughly 85% holo form and 15% apo form.
(B) Cluster transfer reactions were performed at 25 °C for 2 h in 50
mM Bis-Tris (pH 6.2), 100 mM NaCl, and 0.7 mM DTT under
anaerobic conditions with 40 yM apo-FDX and variable concen-
trations of oxidized holo-mNT. Final reaction products were run on a
16% reducing native gel. Holo-mNT concentrations were estimated
from the mNT concentrations (determined by the absorbance at 280
nm as described in Materials and Methods) and the apo-mNT /holo-
mNT ratio determined in panel A. (C) For each reaction,
concentrations of holo-FDX at the end of the reaction were calculated
using the intensity of the bands of apo- and holo-FDX and plotted as
a function of the concentration of holo-mNT (i.e, mNT
concentration corrected by a factor of 0.85) added during each
reaction. The study was performed twice. One representative result is
presented. The fit of the linear part (from 0 to 60 M holo-mNT)
indicates that one holo-mNT can form 0.46 + 0.02 FDX cluster. (D)
The cluster transfer reaction was performed at 25 °C for 3 h in 50
mM Bis-Tris (pH 6.2), 100 mM NaCl, and 0.7 mM DTT under
anaerobic conditions with 20 uM holo-mNT and apo-FDX. At the
beginning (0 min) and end (180 min) of the reaction, free and total
irons were quantified as described in Materials and Methods and free
iron was expressed as a percentage of total iron. The histogram is the
average of three independent experiments.
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initially in the holo form (Figure 3B). For each holo-mNT
concentration, we quantified the proportion of holo- versus
apo-FDX at the end of the reaction (Figure 3C). While the
concentration of holo-mNT in the reaction increased, the
concentration of holo-FDX at the end of the reaction
increased. Even when a large excess of holo-mNT was used,
roughly 10% of apo-FDX was not converted to holo-FDX at
the end of the reaction, indicating that a portion of apo-FDX is
not able to assemble a cluster. Using the slope of the linear part
of the curve, we found that 2.2 + 0.1 holo-mNT clusters
(average of two independent series of experiments) are
consumed to form one holo-FDX.

In parallel, we quantified the proportion of free iron to total
iron at different stages of the cluster transfer reaction. At the
beginning of the reaction, we found that 10% of the total iron
was free, which correlates well with the 15% of apo-mNT we
observed on native gels (Figure 3A). We then performed the
same quantification at the end of the cluster transfer reaction
performed with equimolar holo-mNT and apo-FDX and found
that 60% of the iron was free (Figure 3D). Thus, S0% of the
iron bound to mNT at the beginning of the reaction was
released in solution at the end of the cluster transfer process.
Taken together, these results proved that even if the transfer is
direct, roughly two [2Fe-2S] clusters from mNT are consumed
for the formation of one [2Fe-2S] cluster in FDX.

Oxidized mNT Is Stable in the Absence of Oxygen
Even at Acidic pH. It was previously shown that the stability
of oxidized mNT clusters under aerobic conditions is highly
dependent on pH, with a decrease in stability with a more
acidic pH.>** However, we have recently demonstrated that
the presence of O, is a major determinant of mNT cluster
stability, with oxidized mNT being less stable under aerobic
conditions than in the absence of O,."” Thus, we decided to
look at the pH dependence of mNT cluster stability under
both aerobic and anaerobic conditions by following the
absorbance of oxidized holo-mNT at 460 nm over time at
25 °C (Figure 4).>” As previously observed,”*’ cluster
disassembly was clearly pH-dependent under aerobic con-
ditions. We showed that the stability of the oxidized cluster
decreases when the pH is more acidic (Figure 44; T, values
of 2050 + 200, 269 + 69, and 101 + 6 min at 25 °C and pH
6.7, 6.2, and S.8, respectively). Interestingly, under anaerobic
conditions, the oxidized protein remained highly stable even at
acidic pH, with roughly 10% of the clusters lost after 15 h at
pH 5.8 and 25 °C (Figure 4B). Nevertheless, it is worth noting
that this low pH dependence remained even under anaerobic
conditions (T, values of roughly 148, 81, and 50 h at 25 °C
and pH 6.7, 6.2, and 5.8, respectively), but the amplitude of the
dependence is much more limited than under aerobic
conditions (the decrease in the pH from 6.7 to 5.8 induces
decreases in cluster stability of roughly 20- and 3-fold under
aerobic and anaerobic conditions, respectively) (Figure 4A,C).
The data demonstrate that under anaerobic conditions the
oxidized mNT cluster is more stable than under aerobic
conditions and the cluster stability in aerobiosis is highly
dependent on pH (with a decrease in cluster stability at a more
acidic pH), while in anaerobiosis, the pH dependency persists
but is strongly reduced.

To obtain more details about the effect of pH on cluster
vicinity, we used electrochemically induced FTIR difference
spectra to reveal conformational changes occurring in the
protein upon redox state modification. The oxidized minus
reduced difference spectra obtained for different pH values
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Figure 4. Oxidized mNT cluster is highly stable under anaerobic
conditions at 25 °C even at acidic pH. Oxidized mNT cluster loss (20
uM protein) was studied at 25 °C under (A) aerobic or (B and C)
anaerobic conditions and followed by UV—vis absorption spectros-
copy. The pH of the reaction buffer (S0 mM Tris-HCI or Bis-Tris
with 100 mM NaCl) was 5.8 (violet), 6.2 (black), and 6.7 (red). For
the sake of clarity, either representative experiments (A and B) or
average curves with error bars from at least three independent
experiments (C) are presented. The reaction progress for each type of
reaction was calculated as previously described.>

(Figure S1A) revealed a broad differential signal signature that
is very similar to those of other proteins with one or more Fe—
S clusters™ and includes the contributions from the (C=0)
vibration of the backbone, called the amide I signal and seen
between 1680 and 1630 cm™".** The experiments performed
between pH 8.5 and 5.6 were reversible and stable for a
number of redox cycles. At pH 4.8, the signal was lost and
redox reaction was no longer possible. Upon comparison of the
data for different pH values, the intensity of the amide I signal
significantly decreased at more acidic pH values, especially the
signal around 1650 cm™), for the reduced and oxidized forms
(see the dotted line in Figure S1A), which suggests
conformational changes in the protein. At pH 5.6, the
intensities of the signals were significantly reduced. This
could be explained by a larger fraction of the protein without a
cluster at higher proton concentrations withdrawn from the
RedOx reaction.

To identify possible changes in the structure and symmetry
of the Fe—S cluster, Raman spectra were recorded between pH
4.8 and 8.5 (Figure S1B). The samples were in the reduced
state. At pH 8.5, the Fe—S vibrational modes were seen at 321
cm™". Between pH 5.6 and 8.5, the signature was essentially
conserved. At pH 4.8, changes in the intensity ratio were seen,
especially for the signal at 309 cm™’, a shift occurred for the
Fe—S vibrational modes from 321 to 328 cm™!, and the signal
was greatly broadened. Most likely, the symmetry of the cluster
changed because of the loss of at least one ligand. A precise
assignment to a specific vibrational mode is difficult, because
Raman spectroscopic studies of the naturally occurring
Fe,S,(His)(Cys); motif as found in mNT have been described
in only one other protein, a mutant form of the Fe—S scaffold
protein IscU.* In conclusion, the Raman and infrared spectra
both confirm the presence of a [2Fe-2S] cluster between pH
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Figure S. Effect of time and pH on oxidized holo-mNT as monitored by native mass spectrometry. (A and B) Effect of time on the oxidized holo-
mNT oligomerization state as monitored by native mass spectrometry. (A) Full scan native mass spectra of a 20 M injection of oxidized holo-
mNT (top) and after incubation for 1 (middle) and 3 h (bottom) at room temperature under aerobic conditions at pH 6.7. Time-dependent mNT
dimer destabilization into the mNT monomer was accompanied by [2Fe-2S] cluster loss. (B) Close-up of the 7+ charge state of monomeric mNT
at 0 h (top) or after incubation for 1 (middle) and 3 h (bottom). Blue peaks represent holo-mNT, while red peaks refer to apo-mNT. Species
labeled with asterisks correspond to nonspecific sulfur adducts as sulfur was present in excess. (C and D) Effect of pH on mNT oligomerization.

(C) Full scan native mass spectra of a 20 M injection of mNT at pH

6.7 (top) and 5.8 (bottom). pH-dependent mNT dimer destabilization into

the mNT monomer is accompanied by [2Fe-2S] cluster loss. (D) Close-up of the 7+ charge state of monomeric mNT at O h (top) at pH 6.7 (left)

and 5.8 (right) or after incubation for 1 (middle) and 3 h (bottom).

Blue peaks represent holo-mNT, while red peaks refer to apo-mNT.

5.6 and 8.5, but with small conformational changes around the
cofactor.

The Oligomerization State and the Fe—S Cluster of
mNT Are Dynamic and Sensitive to pH. To examine the
effect of pH on mNT in more depth, we next monitored the
effect of time and pH on mNT oligomerization and cluster loss
by native MS. We first studied the dynamics of oxidized holo-
mNT (20 uM) at pH 6.7 under aerobic conditions and room
temperature as a function of time. At time zero, mNT is mostly
detected in its noncovalent dimeric form with a mass of
17502.1 + 0.7 Da, corresponding to two [2Fe-2S] clusters
bound to two mNT subunits (Figure SA, top panel). A minor
ion series corresponding to monomeric holo-mNT with one
[2Fe-2S] cluster (8751.8 + 0.2 Da) is also detected in the
lower-m/z region (Figure SA). Native MS experiments next
revealed that the ratio of monomeric holo-mNT increases with
time (Figure SA, t = 0, 1, and 3 h). Under strictly identical

experimental and instrumental conditions, the relative amount
of monomeric species compared to the amount of dimeric
species was estimated from the native mass spectral intensities
and was shown to increase from 18% at 0 h to 72% after
incubation for 3 h at room temperature. We next focused on
the monomeric region of the mass spectra to have a closer look
at possible [2Fe-2S] cluster loss over time at pH 6.7 (Figure
SB). While holo-mNT is mostly detected at 0 h, signal
intensities of ions corresponding to holo-mNT (blue peak in
Figure SB) strongly decrease over time. In parallel, intensities
of peaks corresponding to the monomeric apo-mNT signal
(red in Figure SB) and its nonspecific sulfur adducts (labeled
with asterisks in Figure SB) strongly increased. These sulfur
adducts could result from binding of released inorganic sulfur
due to cluster destabilization to apoprotein, as previously
described in the case of several other Fe—S proteins.”"** These
native MS experiments unambiguously demonstrate that
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Figure 6. mNT cluster transfer reaction is fast and highly dependent on pH even under anaerobic conditions. mNT cluster transfer (each protein at
20 uM) was performed at 25 °C under anaerobic conditions and followed by either (A) UV—vis absorption spectroscopy or (B) migration on a
16% reducing native gel. The reaction buffer (50 mM Tris-HCl or Bis-Tris with 100 mM NaCl) was at 6.2 (black), 6.7 (red), 7.0 (blue), 7.2
(green), and 8.0 (orange). For the sake of clarity, results of representative experiments are presented. Each experiment was performed at least three
times. To avoid mNT cluster reduction, DTT used for apo-FDX reduction was removed with a Micro Bio-Spin column before performing the
cluster transfer reaction. Reaction progress for each type of reaction was calculated as previously described.** (A and B) mNT cluster transfer under
anaerobic conditions followed by UV—vis absorption spectroscopy and migration of the reaction products after reaction for 16 h on a 16% reducing

native gel to follow the appearance of holo-FDX, respectively. (C) Kinetics of mNT cluster transfer to apo-FDX at pH 8.0 and 37 °C under
anaerobic conditions.
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Figure 7. mNT cluster is highly resistant to H,O, in vitro. Cluster loss reactions with 20 uM protein were performed at 25 °C under anaerobic
conditions and followed by UV—vis absorption spectroscopy. The reaction buffer (S0 mM Tris-HCl or Bis-Tris with 100 mM NaCl) was at pH 6.2
(A, @), 6.7 (A, %), and 8.0 (A, O, and B). For the sake of clarity, results of representative experiments are shown. The reaction progress was
calculated as previously described.”® For panel A, 250 uM H,0, was added to mNT at different pHs. (B) Variable concentrations of H,O, were
added to mNT at pH 8.0. Each experiment was performed at least thrice.

dimeric holo-mNT is destabilized over time into monomeric of holo-mNT, with the dimer becoming less stable at more
apo-mNT with progressive loss of the [2Fe-2S] cluster. acidic pH.

The pH dependency of the oligomerization state of mNT The Speed of the Cluster Transfer Reaction Is Highly
and its cluster disassembly was next investigated (Figure SC). Modulated by pH. We next looked at the effect of pH on the
At 0 b, while mNT is mostly detected in its dimeric holo form ‘f‘bih_ty of (_)xidized hlolo—rnNT.to transfer its cluste'r to apo-FDX
at pH 6.7 (Figure 5C, top panel), the ratio of monomeric to in vitro using UV—vis absorption spectroscopy (Figure 6A) and

migration on a native polyacrylamide gel (Figure 6B) as
described previously.”> O, does not affect the speed of the
cluster transfer reaction but does affect cluster stability.'” For
this reason, we looked at the effect of pH on the cluster
transfer reaction only under anaerobic conditions, which allows
us to follow slow reactions without reoxidation of reduced apo-

dimeric species is fully inverted at pH 5.8 (Figure SC, bottom
panel), highlighting a strong destabilization of mNT dimers
into monomers at more acidic pH values. In addition, cluster
loss was monitored over time at pH 5.8 (Figure SD, right
panel) and pH 6.7 (Figure SD, left panel), highlighting faster

cluster loss at acidic pH. Thus, pH not only affects cluster FDX cysteines. At 25 °C, hardly any cluster transfer was
stability but also has strong effects on the oligomerization state observed at pH 8.0 under anaerobic conditions (Figure 6A,B).
H DOI: 10.1021/acs.biochem.8b00777
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However, the speed of mNT cluster transfer increased as the
pH became more acidic (at 25 °C, T, values of roughly 1800,
810, 100, and 16 min at pH 7.2, 7.0, 6.7, and 6.2, respectively).
Thus, at any pH, the cluster transfer reaction was much faster
than the cluster disassembly reaction under anaerobic
conditions and even under aerobic conditions (compare
Figures 4C and 6A). In conclusion, under anaerobic
conditions, we showed that cluster disassembly is slow and
has a weak pH dependence. In contrast, cluster transfer is
faster and highly dependent on pH around physiological values
with a roughly 5-fold increase in the speed of the reaction for a
decrease of 0.5 pH unit.

Finally, when we increased the temperature of the reaction
mixture to 37 °C, holo-FDX formation due to cluster transfer
from holo-mNT was observed even at pH 8.0 (Figure 6C), but
holo-FDX did not accumulate over time because of its
relatively low stability (competition between formation of
holo-FDX by cluster transfer from holo-mNT and holo-FDX
cluster disassembly at this temperature).

mNT Is Highly Resistant to Hydrogen Peroxide.
Previously, we proposed that mNT uses the cluster transfer
process to repair the Fe—S cluster of the IRP-1/c-aconitase
protein after oxidative stress.'* For such a cellular function, the
mNT cluster has to be particularly resistant to oxidative stress,
so we investigated the effect of addition of hydrogen peroxide
(H,0,) on mNT cluster disassembly in vitro under anaerobic
conditions, conditions for which mNT is stable for hours at
any pH in the absence of H,0,. At pH 8, addition of 250 uM
H,0, did not significantly destabilize the cluster, but H,O,-
induced cluster degradation was observed at pH <7 (Figure
7A). Thus, at pH 6.7, the T, of oxidized mNT cluster
stability was roughly 50 min and decreased when the pH was
more acidic, with a T/, of only 15—20 min at pH 6.2. Finally,
we looked at the effects of the addition of H,O, at different
doses at pH 8 and found that it has to be added at a
concentration of >1 mM to significantly destabilize the cluster
(with 2.5 mM H,0,, roughly 25% of the cluster was lost after
200 min at 25 °C) (Figure 7B). Thus, addition of H,O,
increases the extent of the loss of the mNT cluster, and the
effects increase when the pH is more acidic. However, even at
pH 6.2, high concentrations of H,0, (250 uM, a >10-fold
excess compared to the mNT cluster) have to be used to
significantly decrease the stability of the mNT cluster.

Bl DISCUSSION

We have previously demonstrated that reduced holo-mNT is
extremely stable and its ability to transfer its cluster is
controlled by its own redox state (redox switch).'” In this
study, we pursued this in vitro study of mNT cluster transfer to
a [2Fe-2S] recipient protein using the gold standard cluster
recipient apo-FDX.

In this study, we provide a clear demonstration that the
cluster is directly transferred from holo-mNT to the recipient
apoprotein as previously observed with other cluster transfer
proteins involved in Fe—S cluster biogenesis, such as bacterial
SufBCD,"” SufA,*® IscU,*® and plant GRX.*® This result is
compatible with the current molecular model for cluster
transfer based on a thiol ligand exchange mechanism,*” which
also implies the formation of a complex, at least transient,
between the two proteins as the first step of the reaction. The
formation of such a complex has been experimentally
demonstrated in several cases (bacterial IscA with FDX** or
biotin synthase,”® bacterial SufBCD with SufA,*’ bacterial

NfuA with ACNB,”" GRX from various organisms with IscA’?
or SufA,>® and human mNT with anamorsin'®) or suggested
by analysis of the kinetic data (ISCU with EDX"?). In the case
of NEET proteins, the interaction between CISD2 and FDX
was suggested on the basis of the protein—protein complex
docking model and protein cross-linking.'" Although cluster
transfer is direct, we did not observe the formation of a
complex between holo-mNT and apo-FDX that is stable
enough to be detected by the classic biochemical (pull-down
assays) and biophysical (NMR and native mass spectrometry)
approaches we tried. Thus, the formation of a stable complex
between the donor and acceptor proteins is not mandatory for
efficient cluster transfer, and formation of only a transient
complex seems to be sufficient. The variety of mNT Fe—S
cluster acceptors, including a nonphysiological one, together
with nonmandatory strong protein—protein interactions
between mNT and the cluster recipient protein may reveal
the low substrate specificity of mNT that might thus have the
ability to repair a wide range of Fe—S proteins upon oxidative
stress.

We found that two mNT [2Fe-2S] clusters are consumed to
build one [2Fe-2S] cluster in apo-FDX. Very few similar
studies were performed with other cluster transfer proteins. In
the case of monothiol GRX, which carries only one cluster per
protein dimer, cluster transfer to IscA was stoichiometric.”">*
Conversely, a 3-fold excess of Azotobacter vinelandii IscU was
necessary in the case of cluster transfer to AcnA.* In our case,
holo-mNT is a dimer with one cluster per monomer when
holo-FDX is a monomer and carries only one cluster. Our
results indicate that there is no concerted cluster transfer from
the two subunits of mNT under our experimental conditions.
Thus, we propose that after the transfer of one cluster and
destructuring of the corresponding mNT subunit polypep-
tide'* the remaining holo subunit is cooperatively destabilized
due to intermonomer interactions and quickly loses its cluster,
as proposed recently by molecular dynamics simulation,>*
before being able to give it to another recipient protein. It
might be possible that this low-efficiency cluster transfer could
be just a consequence of the use of a nonphysiological cluster
recipient protein. Moreover, in the case of a transfer to a [4Fe-
4S] cluster recipient protein such as cytosolic aconitase or to a
recipient assembling two [2Fe-2S] clusters such as anamorsin,
we cannot exclude the possibility that the two clusters of
dimeric holo-mNT are transferred in a concerted reaction to
transfer them as [2Fe-2S] clusters (anamorsin) or use them to
build up a [4Fe-4S] cluster (aconitase).

Holo-mNT is extremely resistant to hydrogen peroxide in
vitro compared to other cluster transfer proteins. It is known
that bacterial IscU, the scaffold protein involved in Fe—S
cluster maturation, is less stable than SufB, a protein involved
in an alternative pathway used by bacteria when stress occurs
(T, values of <5 and <10 min, respectively, when 70 equiv of
H,0, was added to the protein at pH 8.0 and 25 °C under
anaerobic conditions).”> Under exactly the same conditions,
the mNT cluster was only slightly degraded by addition of
H,0,. This high resistance of mNT to H,0O, is compatible
with its redox switch behavior and its involvement in the
cellular response after oxidative stress as we proposed
previously."

mNT cluster lability is known to be pH-dependent
(increased lability as the pH decreases) under aerobic
conditions.® The protonation of N, of His87 (pK, of ~6.5)
at low pH is at least partially responsible for this behavior by
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decreasin(g the energy required for Fe—N; bond cleav-
age.*™**%% Clearly, the conserved hydrogen-bonding network
around the mNT cluster also contributed to this pH
sensitivity.”’ Interestingly, we confirmed the strong pH
sensitivity under aerobic conditions and found that mNT is
much less sensitive to pH under anaerobic conditions. Thus,
pH only slightly affects the inherent stability of the mNT
cluster but does strongly modulate its sensitivity to O, (or to
related derived species).

Our studies reveal that pH also affects the dimerization of
the protein, with the dimer being less stable at acidic pH.
Interestingly, structural analysis has shown that even if mNT
dimerization is mainly mediated by hydrophobic interactions,
the dimer interface is stabilized by interprotomer hydrogen
bonds between His58 and Arg73 and the presence of two
buried water molecules.”® Thus, the mNT dimer is less stable
at acidic pH. NMR studies revealed only two structural protein
states involving either the dimeric folded holoprotein or the
unfolded mNT resulting from cluster loss. The current NMR
data"* suggest that several resonances are invisible around
cysteine residues in the unfolded state. Hence, it is highly
probable that the unfolded state seen by NMR can be bound
to iron—sulfur species or in the apo form with intermediate
exchange-induced line broadening. Native MS studies suggest
that mNT might exist as a dimeric holo-mNT form or as
monomeric holo- or apo-mNT forms. We can conclude that
mNT monomers do not exist with a stable three-dimensional
fold and might rapidly unfold, while keeping or losing the
ability to bind iron—sulfur species.

The cluster transfer reaction is also clearly pH-dependent
under anaerobic conditions. In the cluster transfer molecular
model based on thiol ligand exchanges, the first Fe—ligandg,p,,
has to be broken to form the first Fe—ligand,eptor- Thus, the
Fe—Nj; bond (His87) has to be attacked by a thiol group of the
recipient protein to initiate cluster transfer instead of an
exogenous O, molecule as for cluster stability under aerobic
conditions. If this bond is extremely stable (the case of the
H87C mutated form with a cluster fully coordinated by
cysteines), it cannot be broken by O, or by a thiol group of the
recipient protein, and this form cannot lose or transfer its
cluster. For the WT form, when the pH is more acidic, the
bond between Fe and Ny (His87) is more easily broken by O,
or by a thiol group of the recipient protein due to protonation
of the histidine but also probably due to modification of the
hydrogen bond network around the cluster.*” Then, at acidic
pH, the cluster is less stable under aerobic conditions and more
easily transferred to a recipient protein regardless of the
presence of O,. In conclusion, this pH sensitivity allows mNT
to regulate very finely its ability to transfer its cluster as a
function of pH. This property differentiates mNT from other
cluster transfer proteins such as IscU, whose conflicting
coordination of its cluster by two residues (D39 and H10S in
Escherichia coli IscU) seems to induce cluster instability.””

The cytoplasmic pH (pH;) has been implicated in the
control of several vital cellular functions and cell fate. In resting
cells, pH; is tightly and dynamically regulated to near neutral
values (7.0—7.2) and some cellular events can affect this
intracellular acid—base homeostasis.”® Thus, early apoptotic
events induce rapid cytosol acidification to pH 6.3—6.8
followed by cytochrome ¢ release and optimal caspase
activation.”® Conversely, invasive tumor cells have a more
alkaline baseline pH; around 7.2—7.8 that protects them from
entering the apoptotic cascade.”’ Finally, large pathophysio-

logical acid—base disturbances have also been observed in
heart diseases such as myocardial ischemia,’" in the early stages
of tumorigenesis, and in neurodegenerative diseases, including
Alzheimer’s and Parkinson’s diseases.’* Thus, the results of our
in vitro studies demonstrate that the ability of mNT to transfer
its cluster is very sensitive to pH below pH 7 when more
alkaline pH values seriously impair it. We propose that mNT
could act not only as a redox switch but also as a pH; sensor
that may control some cellular pathways in response to
physiological variations in cellular pH. Thus, when pathophy-
siological conditions such as cancer or neurodegenerative
diseases would dysregulate cellular pH; homeostasis, the pH
regulation of mNT would be disturbed. Finally, voltage-
dependent anion channel type 1 (VDAC1), which is a crucial
channel for mitochondrial metabolism regulation and is
involved in the early steps of apoptosis, is also known to be
sensitive to cytosolic pH, variation.”> We demonstrated
recently that depletion of the endoplasmic reticulum-localized
NEET protein CISD2 leads to C-terminal cleavage of
VDAC1,®* results that established a functional link between
VDACI and CISD2, a potential interactant of mNT.*’

B SUMMARY AND CONCLUSIONS

It was demonstrated before that mNT is an Fe—S protein
capable of transferring its cluster to repair stress-damaged Fe—
S proteins. This cluster transfer is clearly under the control of
the redox state of mNT’s cluster (redox switch). Here we
demonstrated that mNT is a highly stable Fe—S cluster to
H,0, compared to other known Fe—S cluster proteins.
Moreover, not only the cluster stability but also the protein
dimerization and, maybe even more importantly, the ability of
mNT to transfer its cluster are finely regulated by the pH
around physiological pH values. We propose that mNT may
act as a pH sensor to regulate cellular pathways in response to
oxidative stress and cellular pH variations.
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