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ABSTRACT: The mitochondrial outer membrane protein, mitoNEET (mNT), is an iron—
sulfur protein containing an Fe,S,(His),(Cys); cluster with a unique single Fe—N bond.
Previous studies have shown that this Fe(III)—N(His) bond is essential for metal cluster
transfer and protein function. To further understand the effect of this unique Fe—N bond on
the metal cluster and protein, we used atomic force microscopy-based single-molecule force
spectroscopy (AFM-SMFS) to investigate the mechanical unfolding mechanism of an mNT
monomer, focusing on the rupture pathway and kinetic stability of the cluster. We found that
the Fe—N bond was the weakest point of the cluster, the rupture of which occurred first, and
could be independent of the cluster break. Moreover, this Fe—N bond enabled a dynamic and
labile iron—sulfur cluster, as multiple unfolding pathways of mNT with a unique Fe,S,(Cys);

intermediate were observed accordingly.

B INTRODUCTION

An iron—sulfur protein is an ancient yet ubiquitous type of
metalloprotein existing in nature, which plays a critical role in
living organisms."”” Recently, a new family of 2Fe2$ proteins,
NEET, was discovered, which involves mitochondrial iron and
reactive oxygen species homeostasis.” The first discovered
human mitoNEET (mNT) is identified as a drug target for
insulin resistance-lowering drug.” These functions are related
to its unique Fe,S,(His),(Cys); cluster coordinated by a single
histidine and three cysteine residues.”®’ Previous studies have
shown that this unique iron—histidine interaction (Fe(III)—
N(His) bond) in the cluster is critical for these functions,
especially for metal cluster transfer. When this histidine is
mutated or bound, the cluster transferability of mNT to other
acceptor proteins is inhibited.®

To further understand the effect of this labile Fe—N bond on
these iron—sulfur clusters and the NEET proteins, we studied
the mechanical unfolding process of an mNT monomer in its
oxidized form by atomic force microscopy-based single-
molecule force spectroscopy (AFM-SMFS) (Figure 1A).
mNT is an integral protein of the mitochondrial outer
membrane, whose structural, biochemical, and spectroscopic
properties have been characterized using classical methods
over the past decade. The full-length mNT contains 108 amino
acids (aa). Most studies have concentrated on the 76 aa-length
soluble form (residues 33—108), which is also used here. The
X-ray crystal structure shows that the protein is present as a
dimer, with each monomer folding into two spatially different
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parts: a three-strand f-sheet domain (residues 56—61, 68—71,
and 98—104) and an a-helical metal cluster-binding domain
(residues 72—87) (Figure S1).”® The unique feature of mNT
is that the 2Fe2S cluster is coordinated by one imidazole
nitrogen from a histidine residue (His87) and three cysteinyl
sulfurs (Cys72, Cys74, Cys83) (Figure 1B). Due to this cluster,
the protein is red-colored in solution and displays a unique
UV—vis absorption spectrum, with a peak at 458 nm (Figure
S2).

Here, single-molecule force spectroscopy was used to study
the unfolding process of the mNT monomer. This technique,
including optical tweezers, magnetic tweezers, and single-
molecule atomic force microscope, allows the stretching of one
molecule at a time to induce breaking of inter- or
intramolecular bonds/interactions.””"” As a result of its high
applied force range, AFM is suitable for studying protein
(un)folding,lg_27 protein—ligand (protein) interactions,”® ™"
and chemical bonds.”*~** It can induce the protein unfolding
and stable metal cluster rupture in complex metalloprotein
systems.”* ™' Thus, we used AFM to study the rupture
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Figure 1. Predicted structure (A) and schematic (B) of the mNT
monomer showing the two f-strand motif and the metal cluster-
binding domain based on the mNT dimer (PDB: 2QH?7). The 2Fe2S
cluster is enlarged. (C) Setup of an AFM-SMFS experiment showing
how mNT is stretched using a (GB1);-mNT-(GB1); construct. (D)
Force—extension curves of polyprotein unfolding displaying two
different patterns: most curves (curve 1) show peaks only from GB1
with a AL, of 18 nm, and 25% show an additional peak with a AL, of
13 nm (curve 2) from the unfolding of apo-mNT. (E) Force
histogram showing that most apo-mNT have a low unfolding force
below the detection limit of AFM (1S pN). The inset is the AL,
histogram of apo-mNT.

mechanism and kinetic stability of this iron—sulfur cluster in
mNT.

B RESULTS AND DISCUSSION

To study the unfolding of mNT unambiguously by AFM-
SMEFS, a polyprotein construct, (GB1);-mNT-(GB1);, was
prepared. Mass spectroscopy measurements of the polyprotein
showed an expected molecular weight of ~50 kDa (Figure S3).
Here, one mNT is flanked by three marker proteins, GBI,
which has been well characterized with a AL, of 18 nm and an
unfolding force of 180 pN. It serves as a single-molecule
fingerprint and force caliper (Figure 1C). Thus, only a force—
extension curve with at least four GBI unfolding events was
selected and analyzed, ensuring the detection of the
sandwiched mNT.*” Its gel filtration profile showed only one
peak eluted at 8.4 mL, indicating a monomer state of mNT
present in the polyprotein construct (Figure S4). The adjacent
protein GB1 may inhibit mNT dimer formation due to steric
hindrance. Nevertheless, the UV—vis spectrum of the
polyprotein, which only comes from the 2Fe2S cluster of
mNT, showed an identical signal to that of the mNT dimer
(Figure S2). Thus, our polyprotein construct can be a suitable
sample to study the unique 2Fe2S cluster in mNT. The mNT
monomer structure is predicted based on the dimer structure
(PDB: 2QH?7), in which a two -strand motif (residues 68—71,
101—104) may be present (Figures 1B, and S1).

We first studied mNT without the 2Fe2S cluster (apo-
mNT) as a control, which was prepared by standard protocols
(Figure S2). When stretched using a single-molecule atomic
force microscope, 75% of the force—extension curves of the
polyprotein showed unfolding force peaks only from marker
protein GB1 (Figure 1D, curve 1, n = 467), while 25% showed
an additional force peak (curve 2) with a AL. of ~13 nm (n =
170,12.3 + 1.4 nm, average =+ standard deviation, Figure 1E,
inset), fitted usinsg the worm-like chain (WLC) model of
polymer elasticity.”® This length corresponds to the unfolding
and extension of a protein fragment of ~36 amino acids (the
length of the backbone for one aa is 0.36 nm, 13 nm/0.36 nm/
aa = 36.1 aa). Based on the structure of mNT (Figure 1B), this
force peak was most likely from the unfolding of the two f-
strand motif (residues 68—71, 101—104, 37 aa in between),
the only possible structured protein fragment in the monomer.
Its theoretical AL_is 0.36 nm/aa X 37 aa — 0.46 nm = 12.9 nm
(0.46 nm is the distance between residues 68 and 104 in the
folded mNT). However, the majority of apo-mNT did not
show this peak. One possibility is such a small S-strand motif
with four hydrogen bonds is only transitionally stable in the
apo form. Another explanation is that a large fraction of apo-
mNT is incorrectly folded. Circular dichroism (CD) experi-
ments on apo and holo-mNT also corroborate these two
explanations. The CD signal in apo-mNT is weaker than that
of holo-mNT from wavelength 205 to 230 nm, indicating a less
secondary structure of apo-mNT (Figure S5).

Next, we focused on holo-mNT containing the 2Fe2S
cluster. In comparison with apo-mNT, the first difference was
that most curves showed detectable mNT unfolding peak(s).
For example, holo-mNT showed more frequent unfolding
events with the AL_ of 13 nm (12.5 + 1.3 nm, n = 412, 42%,
Figure 2A, curves 1 and 2 and Figure 2B) and an average force
of 105 + 93 pN (Figure 2C). In addition, a stepwise mNT
unfolding peak with a cumulative AL, of 13 nm was detected
(curve 3, n = 183, 18%). The AL, of the first peak was 8 nm,
which agreed with the unfolding of the two f-strand motif and
the extension of residues outside the metal cluster (7.8 + 0.9
nm, residues 68—72 and 88—104, (S + 17) aa X 0.36 + 0.46 —
0.5 = 7.9 nm). The force was 87 + 79 pN (Figure 2D). The
second peak had a AL, of S nm, which agreed with the rupture
of the 2Fe2S cluster (5.2 + 1 nm, residues 72—87, 15 aa X 0.36
— 0.5 =49 nm).

It is noteworthy that the 5 nm peak was not observed in apo-
mNT, indicating that the incorporation of the metal cluster
stabilizes the whole protein structure and an unfolding
intermediate. Moreover, a single force peak with a AL_ of 5
nm only from the rupture of the metal cluster was also
observed (Figure 2A, curves 4 and 5, n = 248, 25%) with a
rupture force of 82 + 51 pN (Figure 2E).

In addition to the observation of a one-step rupture of the
cluster, stepwise rupture of the 2Fe2S cluster was detected, as
shown by stepwise peaks with a cumulative AL, of 5 nm
(Figure 3, curves 2 and 3). Here, the first force peak with a AL,
of 2 nm (5 aa X 0.36 = 1.8 nm) agreed with the rupture of the
single Fe—N(His87) bond, which stops at Fe—S(Cys83),
leading to a partially ruptured Fe,S,(Cys); intermediate. Then,
the break of the intermediate leads to a force peak with a AL,
of 3 nm (10 aa X 0.36 — 0.5 = 3.1 nm). This conclusion is
further supported by the observation of a stepwise peak with a
first 10 nm peak followed by the 3 nm peak (curve 4) and the
observation of a single 3 nm peak (curves S and 6). Here, the
10 nm peak comes from the simultaneous unfolding of the two
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Figure 2. (A) Representative curves of holo-mNT showing three
different unfolding pathways involving the rupture of the intact
Fe,S,(His),(Cys); cluster: a single peak with a AL, of 13 nm from the
one-step unfolding of mNT (curves 1 and 2, colored in red); a
stepwise peak with a cumulative AL, of 13 nm from the sequential
unfolding of the two f-strand motif and the metal cluster (curve 3,
colored in yellow for 8 nm and green for S nm); and a single peak
with a AL, of S nm from the metal cluster rupture (curves 4 and $).
(B) AL, histogram showing the three different peaks. Force
histograms are shown for mNT (C), the 8 nm peak (D), and the
cluster (E).
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Figure 3. (A) Representative curves are shown for four different
unfolding scenarios involving the stepwise rupture of the cluster: 2 nm
peaks (yellow) from the break of the single Fe—N bond (residues 83—
87); 3 nm peaks (green) from the partially ruptured Fe,S,(Cys),
cluster; and 10 nm peaks (red) from the rupture of the two f-strand
motif and the Fe—N bond. (B) AL, histogram confirming the three
populations. Histograms showing the rupture force distribution for
the Fe,S,(Cys); cluster (C), the 10 nm peak (D), and GB1 (E). (F)
Plot between the loading rate and the cluster rupture force (S nm
peak) showing a linear dependency. The result can be fitted by a Ax
of 0.16 nm and an off rate of 0.68 s™".

P-strand motif (8 nm) and the Fe—N(His87) bond (2 nm).
The average unfolding force for the 3 nm peakis 111 + 43 pN.

More curves are provided in the Supporting Information
(Figure S6).

Finally, we performed an AFM unfolding experiment on
mNT under different pulling speeds to extract the cluster
kinetics.”* The rupture force of the intact 2Fe2S cluster (5 nm
peak) and its corresponding loading rate is plotted (Figures 3F
and S9). Similar to protein unfolding, the rupture force of the
cluster is dependent on the loading rate. The data points can
be fitted by a linear line, and a Ax of 0.16 nm and an off rate of
0.68 s~ were obtained based on the Bell-Evans model.

Here, we used AFM-SMEFS to investigate the unfolding
process of the mitoNEET (mNT) protein, which contains a
unique Fe,S,(His),(Cys); cluster. First, our work demon-
strates that the incorporation of the metal cluster stabilizes the
protein, as only 25% of the unfolding event of apo-mNT (13
nm peak) was detectable while 70% of holo-mNT was detected
(13 nm peak: 42%; 8 + S nm-peak: 18%, 10 + 3 nm peak 10%,
Table 1). Also, AFM experiments on both apo and holo-mNT

Table 1. Data Summary for Each Holo-mNT Unfolding
Scenario

mode AL, (nm) %
13 125 £ 1.3 42
8+35 7.8 + 09 18
S S2+1 25
8+2+3 0.5
2+3 2.1 +03 0.5
10 + 3 9.8 + 0.9 10

3 3.1 +0.7 4

monomers provide structural information about the protein.
Since only the mNT dimer structure is available, it is unknown
whether the two f-strand motif is still present in the monomer.
Our detection of 13 nm peak, 8 nm peak, and 10 nm peak
suggested the formation of this motif in the mNT monomer,
and holo-mNT was more structured than the apo one, which
was further supported by the CD results. Nevertheless, our
theoretical AL, calculation of each mNT monomer unfolding/
rupture event is based on the dimer structure. Thus, may be
some degree of inaccuracy is present and future work on the
mNT dimer is necessary to confirm our calculations.

More importantly, our results revealed the dynamics and
lability of the Fe,S,(His);(Cys); cluster in holo-mNT. In total,
three different types of mNT unfolding pathways were
observed, such as one, two, and three-step unfolding scenarios
(Figure 4). The first is the one-step unfolding of mNT (42%,
pathway 1, P1, Table 1) with a 13 nm peak in which protein
unfolding and metal cluster rupture are coupled. The second
pathway (43%, P2, P2’) involves a complete metal cluster as an
unfolding intermediate. Here,18% (P2) of mNT showed a
two-step unfolding with the first 8 nm peak from the two f-
strand motif and a second 5 nm peak from the metal cluster.
Also, 25% (P2') of events showed only the second S nm peak
from the cluster. Finally, a three-step mNT unfolding pathway
(15%, P3, P3’, P3”, and P3”) involves a partially ruptured
Fe,S,(Cys); intermediate whose rupture leading to a 3 nm
peak was observed. In total, seven different unfolding scenarios
with two intermediates were observed, revealing the dynamic
unfolding pathways of the mNT monomer under mechanical
manipulation.

The key finding of the present study perhaps is a partially
ruptured metal cluster intermediate Fe,S,(Cys); from the
breaking of the Fe—N(His) bond observed in pathway 3. First,
our AFM results showed several curves with a 2 nm force peak

https://dx.doi.org/10.1021/acs.analchem.0c03536
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Figure 4. Schematic representation of the dynamic unfolding process
of mNT showing three different types of unfolding pathways. P1 is the
one-step unfolding of mNT with a single 13 nm peak. P2 is the two-
step unfolding with a stepwise 8 nm peak and S nm peak, while P2’
only shows the 5 nm peak from the rupture of the intact 2Fe2S
cluster. P3 is the three-step unfolding, showing a stepwise 8 nm peak,
2 nm peak, and 3 nm peak. It involves the rupture of a partially broken
2Fe2S(Cys); cluster intermediate without the Fe—N(His) bond as
the 3 nm peak. Similar P3’, P3”, and P3"” were also observed. Each
unfolding sequence is depicted by a specific colored arrow, the width
of the line corresponds to the frequency of the pathway, and the
dashed line indicates that the process is undetected.

(P3 + P3’, 1%, n = 14), indicating that the breaking of the
single Fe—N bond can be independent of the breaking of the
remaining cluster Fe,S,(Cys);. Although this number of events
is too low for a solid conclusion, more than one hundred
curves showed the other two similar rupture pathways (P3” +
P3”, 14%, n = 130), leading to a convincing conclusion. Taken
together, this pathway suggested that the rupture event of the
Fe(III)—N(His) bond was too weak to be observed, verifying
the lability of this unique Fe—N(His) bond, and demonstrated
the presence of a partially ruptured metal cluster intermediate
Fe,S,(Cys)s.

It is noted that this single histidine ligand for the metal
cluster forming a Fe—N(His) bond in mNT is one of the
essential features of NEET proteins; all three NEET proteins
discovered to date share this unique cluster. Previous studies
have shown that this Fe—N(His) bond is responsible for metal
cluster transfer to other Fe,S, protein acceptors.’ This feature
is critical for its potential function in iron and metal cluster
hemostasis. Here, our result showed that the Fe—N(His) bond
is weak whose rupture leads to a partially ruptured 2Fe2S
cluster intermediate, Fe,S,(Cys);. This remaining three-ligand
coordinated intermediate is still an intact 2Fe2S cluster.

To further verify that this labile Fe—N bond is responsible
for the Fe,S,(Cys), intermediate, we constructed an H87C-
mNT variant whose iron-coordinating histidine is mutated to
cysteine. Based on our hypothesis, this cysteine will stabilize
the cluster and reduce the presence of the Fe,S,(Cys);
intermediate. Indeed, AFM measurements on the (GB1);-
H87C-mNT-(GB1); polyprotein showed the 13 nm peak, 8
nm peak, and 5 nm peak with a higher unfolding force of 163
+ 60 (n=88), 128 + 43 (n=79), and 166 + 79 pN (n = 194),
respectively (Figure S). However, the 3 nm peak and 2 nm
peak, which were from the stepwise rupture of the cluster,
mostly disappeared. Thus, this corroborates our conclusion
that His87 makes the cluster dynamic and leads to the
formation of intermediate 2. It is noted that this intermediate 2
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Figure 5. (A) Unfolding of H87C-mNT showing three major types of
force—extension curves, similar to the results in Figure 3. A single 13
nm peak from mNT; a stepwise 8 and 5 nm peak, and a single S nm
peak. The previous 2 and 3 nm peaks from the stepwise rupture of the
2Fe2S cluster mostly disappeared. (B) AL, histogram showing the
three different peaks from mNT. Histograms of the unfolding/rupture
force for mNT (C), the 8 nm peak (D), and the 2Fe2S cluster (E) are
shown.

from the rupture of the Fe—N(His87) bond is detected during
our mechanical unfolding process of mNT. This process is
different from the classical chemical or thermal protein
unfolding and kinetic competing experiment between proteins.
Thus, their results are not necessarily the same. Nevertheless,
previous metal cluster competing studies on mNT found that
this H87C-mNT mutant inhibited transfer of the metal cluster
to the iron acceptor protein, suggesting that this intermediate
may play a role in the metal transfer process.

Previous AFM-SMFS work on other iron—sulfur proteins
supports our conclusion. Ferredoxin from cyanobacteria
Anabaena contains the same 2Fe2S cluster as mNT but is
coordinated by cysteine as Fe,S,(Cys),.”> Compared to their
rupture force (240 vs 80 pN, 400 nm/s) and unfolding rate kg
(0.07 vs 0.68 s7'), the Fe,S,(His);(Cys); cluster in mNT is
much weaker and labile. Moreover, there is no rupture
intermediate of the 2Fe2S cluster observed in the ferredoxin
unfolding experiment. Similar results are found in our H87C-
mNT mutant. Additional evidence can be found from a high-
potential iron—sulfur protein from chromatium tepidum
(cHiPIP).** cHIiPIP contains a 4Fe4S cluster, which is also
coordinated by cysteines as a Fe,S,(Cys), cluster. The AFM
result showed that its cluster is more stable with a rupture force
of 179 pN (oxidized form, 400 nm/s) and an off rate of 0.39
sl These results further indicate a labile 2Fe2S cluster in
mNT due to the presence of the Fe—N bond. Nevertheless, it
is noted that we worked on an mNT monomer which is less
structured than the dimer, which may further weaken the
cluster. In addition, the typical asymmetrical force distribution
with a low force tail for the two-state proteins unfolding was
not observed for many rupture events here. This is perhaps due
to the multiple metal—ligand bond feature (three Fe—S bonds
and one Fe—N bond) of the cluster in mNT. Normally, the
rupture of the Fe—N(His87) bond and the Fe—S(Cys87)
bond is enough for the unfolding and extension of the metal
cluster binding motif. But the four metal—ligand bonds may
break simultaneously, leading to a different force distribution
with a high force tail sometimes.
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Thanks to the development of the single-molecule technique
and theoretical model, many (un)folding intermediates of
protein have been identified.'”>>™>” And the partially ruptured
metal center/cluster is observed with increasing examples.'”*’
Here, we added another example, which is a functionally metal
cluster intermediate, by studying the unique
Fe,S,(His),(Cys); cluster in mNT using AFM-SMFS. Our
work not only demonstrates the powerful ability of SMES to
study proteins but also provides molecular information on how
the unique Fe—N bond modulates the metal cluster and
protein.

B MATERIALS AND METHODS

Protein Engineering. The plasmid encoding the soluble
cytoplasmic part (residues 33—108) of human mitoNEET was
purchased from Genscript. The mNT-His87Cys variant was
built by the standard site-directed mutagenesis method. The
gene for the polyprotein, (GB1);-mNT-(GB1)s, was subcloned
into the pQE8OL vector using standard molecular biology
techniques and subsequently overexpressed in BL21(DE3)
Escherichia coli cells. The cells were cultured in M9 minimal
medium, and protein expression was induced for 18 h at 23 °C
by the addition of 1 mM IPTG and 1 mM FeCl; (final
concentration). The subsequent protein purification and
characterization are described in the Supporting Information.

Apo-mNT Preparation. Apo-mNT was prepared using an
established procedure with the iron-depleting agent, ethyl-
enediaminetetraacetic acid (EDTA), and the cysteine- block1n§
agent, N-ethylmaleimide (NEM), under acidic conditions.
As a result, the protein solution became colorless and the
characteristic absorption at 458 nm from the cluster vanished
(Figure S2).

AFM-SMFS. Single-molecule AFM experiments were
carried out using a commercial atomic force microscope
(Nanowizard 4, JPK). A Si3N, cantilever (MLCT, Bruker) was
used and calibrated in Tris buffer (50 mM, pH 7.4) before
each experiment, yielding a spring constant of ~50 pN/nm.
Approximately 10 uL of the protein sample, at a concentration
of ~0.5 mg/mL, was deposited onto a clean glass coverslip and
incubated for 30 min at 25 °C following the addition of 1.5 mL
of Tris buffer. Experiments were performed under a constant
pulling velocity of 400 nm/s at 25 °C if not specified.

During the experiment, the polyprotein was deposited and
nonspecifically absorbed on the glass coverslip. Subsequently,
the AFM tip was pressed against the glass with a typical
indentation force of 600 pN and a surface dwell time of 100 ms
to randomly pick up a polyprotein via a nonspecific interaction
(Figure 1C). By moving the AFM tip vertically, mNT was
stretched and unfolded, resulting in the rupture of the iron—
sulfur cluster and the Fe—N bond. The pulling distance was
400 nm, and the sample rate was 8800 Hz. Finally, the
molecule was detached, and the tip moved up for repeated
cycles in another location. In total, we performed five
successful, independent single-molecule unfolding experiments
on wild-type holo-mNT under 400 nm/s. The curve attempts
were 731 792 times with 2006 successful single-molecule pick-
up events. The pick-up ratio was 0.3%. The force—extension
curve was fitted by the WLC model using the following

equation
-2
kgT | 1 1
F(x) = 2|51 - -+ =
4 L

4

X

L

C

(1)

14787

where F(x) is the force applied to the polymer (polypeptide
chain) under a polymer extension x. P is the persistence length
of the polymer. L. is the contour length. kj is the Boltzmann
constant, and T is the temperature in kelvin. The average
persistence length of mNT is ~0.4 nm (Figure S8).

Bell-Evans Model to Extract Rupture Kinetics Based
on the Loading Rate Experiment. The rupture of the iron—
sulfur cluster in mNT is a nonequilibrium process that is
modeled as an all-or-none two-state process with a force-
dependent rate constant k(F). The rate constant can be
described by the Bell-Evans model>*

) )

where k(F) is the unfolding/unbinding rate constant under a
stretching force of F, k, is the unfolding/unbinding rate
constant at zero force, and Axy is the distance between the
bonded state and the transition state.

For dynamic force spectroscopy measurements, the slope a
of the force—extension curves immediately (~3 nm) before the
rupture event (Figure S9) was first determined to obtain the
average loading rate (r = av, where v is the velocity in the
rupture event). All data were fitted with the Bell—Evans model
(2), thus yielding the spontaneous rupture rate and the
distance from the bound state to the transition state with the
following equation

el
(3)

By performing the AFM unfolding experiment under five
different pulling speeds, 200, 400, 1000, 2000, and 4000 nm/s,
the relationship between the most probable rupture force and
the loading rate can be obtained on a log scale, which is fitted
by a linear line as eq 3. Thus, the slope of this line can be used
to calculate the Axg, which is the distance between the bonded
state and the transition state, and the y-intercept is used to
calculate the k.
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