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ABSTRACT: Outer mitochondrial membrane protein mitoNEET (mNT) is a target of the
type 2 diabetes drug pioglitazone. It contains a labile Fe2S2(His)1(Cys)3 metal cluster with a
single Fe−N(His87) coordinating bond and can transfer its cluster to acceptor proteins.
Previous ensemble studies showed that pioglitazone’s binding inhibited the transfer by
stabilizing the cluster, and histidine 87 may be the key mediator. Here we used atomic force
microscopy-based single-molecule force spectroscopy (AFM-SMFS) to study the unfolding
process of mNT dimer in the absence and presence of pioglitazone, which can distinguish the
binding effect for different regions of a protein. By developing a two-step strategy using
different mNT monomers with respective purification tags, we solve the problem that the
classic polyprotein formation disables the mNT to dimerize. As a result, a polyprotein
including a stable, naturally noncovalently bound mNT homodimer is obtained, which is
required for reliable AFM measurement and pioglitazone binding. Then, the dissociation rate
(koff) of the metal cluster was measured, showing a 10-fold decrease upon pioglitazone binding,
while the other parts decreased only 3-fold, verifying that pioglitazone mainly stabilizes the
cluster. Moreover, when the Fe(III)−N(His87) bond was ruptured, this effect for the remaining Fe2S2(Cys)3 intermediate largely
disappeared. Consequently, AFM results revealed that pioglitazone inhibited the metal cluster transfer of mNT by stabilizing the
labile Fe(III)−N(His87) bond. In addition, an alternative method to build a natural, noncovalently bound protein dimer or complex
for reliable single-molecule measurement was developed.

I ron−sulfur protein is an ancient protein family essential for
almost all kingdoms of life. Because of the FeS cluster, it

plays critical roles in many biological processes, such as
electron transport and catalysis.1−3 Recently, a novel Fe−S
protein on the outer mitochondrial membrane mitoNEET
(mNT) was found with a labile Fe2S2(His)1(Cys)3 iron−sulfur
cluster, which can transfer the cluster to acceptor proteins like
apo-ferredoxin. Moreover, mNT binds to the type II diabetes
drug pioglitazone, being the first discovered FeS protein of a
drug target.4,5 Previous ensemble studies showed that the
pioglitazone binding stabilized the iron−sulfur cluster;
inhibited cluster transfer; and may alleviate iron overload in
mitochondria, in which the cluster-coordinating residue His87
was the essential mediator.6−8 Mutating this histidine to
cysteine disables mNT to transfer its cluster to apo-ferredoxin
shown by biochemistry assay.4 Also, our previous single-
molecule AFM work showed the labile Fe(III)−N(His87)
bond enabled the multiple rupture pathways of the metal
cluster in mNT monomer and may be responsible for cluster
transfer.9 Thus, here we used AFM to study the relationship
between pioglitazone binding and the Fe(III)−N(His87) bond
to further understand the effect at the single-bond level.
Human mNT is a 108 amino acids (aa)-length, integral

protein of the mitochondrial outer membrane with a soluble
part from residues 33 to 108, which presents as a stable,
naturally occurring homodimer. Each monomer folds into two

parts: a 2Fe2S cluster-binding motif (residues 72−87) and a
three-strand β-sheet motif (residues 56−61, 68−71, and 98−
104). The cluster is coordinated by one imidazole nitrogen
(His87) and three sulfurs (Cys72, Cys74, and Cys83) (Figure
1A).10 Photoaffinity experiments showed that the pioglitazone
bound to mitoNEET in vitro.7 Pioglitazone is a thiazolidine-
dione derivative functioning as potent insulin sensitizers for the
treatment of type II diabetes. Ensemble studies suggested that
pioglitazone inhibits the transfer process of the iron−sulfur
cluster by stabilizing the metal cluster. In addition, the binding
site has not been identified. Previous docking studies by other
groups showed the two most possible binding sites: site 1
composed of Lys89, Lys42, Arg76, and Met44 and site 2
composed of Arg76 and Glu93.11 These results provide
valuable insight into the binding site based on the direct
interaction between pioglitazone and the protein. Nevertheless,
it lacks the effect for the metal cluster, and further evidence is
necessary.
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Atomic force microscopy (AFM), along with optical and
magnetic tweezers, can be used as single-molecule force
spectroscopy (SMFS), which manipulates single molecules
mechanically, induces the break of intramolecular or
intermolecular interactions, and captures the transient

state.12−17 It has been widely used to study protein

(un)folding,18−24 protein−ligand (protein) interaction, and

chemical bonding,25−32 because of its high force range and

excellent length resolution. Thus, we choose AFM-SMFS,

Figure 1. (A) Three-dimensional structure and simplified schematic of mNT homodimer. The 2Fe2S cluster is coordinated by a unique single
histidine (87) and three cysteines (72, 74, and 83). Two possible pioglitazone binding sites on the mNT dimer by docking experiment are shown.11

Lys89 in site 1 is the closest residue to His87. (B) The polyprotein with mNT dimer, Coh-(GB1)2-[mNT]2, is obtained by mixing two different
monomers (His)6-Coh-(GB1)2-mNT and GST-mNT. His-tag and GST-tag are used for their purification, respectively. The protein is verified and/
or purified by gel filtration using FPLC and native PAGE gel after GST-tag cleavage (graphs in the bottom right).

Figure 2. AFM unfolding results of mNT with or without pioglitazone binding. (A) Single-molecule AFM setup shows that the polyprotein Coh-
(GB1)2-[mNT]2 is recognized by the GB1-Doc on the tip through the specific [Doc-Coh] interaction. (B) Representative force−extension curves
of mNT show the 13 nm peak is from the one-step unfolding of the mNT (yellow). (C) Histogram of ΔLc (left) and unfolding force (right, for 13
nm peak) of mNT. (D) Force−extension curves show the unfolding of pioglitazone-bound mNT (yellow). (E) ΔLc and unfolding force histogram
of pioglitazone-bound mNT. (F) Rupture forces of mNT (black circle) and mNT−pioglitazone complex (green square) are measured at different
pulling speeds. The data points are fitted by the Bell−Evans model to obtain the kinetic parameters.
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which has been used to study the metal cluster in
metalloprotein systems, to study mNT.33−40

Previously, the unfolding mechanism of mNT monomer was
studied by AFM using a polyprotein construct, (GB1)3-mNT-
(GB1)3.

9 Here, the well-characterized protein GB1 with a
known contour length increment upon unfolding (ΔLc, 18
nm) and an unfolding force (F, 180 pN) is fused to mNT,
serving as a single-molecule fingerprint and force caliper for
reliable single-molecule detection and measurement.41 How-
ever, we could not study the naturally occurring mNT
homodimer because mNT in the polyprotein (GB1)3-mNT-
(GB1)3 cannot dimerize.42,43 We tried another often-used
covalently linked-dimer strategy by connecting two mNT
monomers in a single polyprotein as (GB1)3-mNT-linker-
mNT-(GB1)3.

44−48 Unfortunately, only a small fraction of
protein dimerized and underwent association−dissociation
equilibrium demonstrated by the gel-filtration column (Figure
S1). Thus, the mNT dimerization was inhibited by the
adjacent protein or linker, possibly because of the steric
hindrance, and the building of a functional mNT homodimer
in a polyprotein form was challenging.
To solve this problem, we developed a new noncovalently

bound strategy by dimerizing a GST-mNT monomer with a
shorter, C-terminal protein-free mNT polyprotein Coh-
(GB1)2-mNT to minimize the steric hindrance. As a result, a
polyprotein Coh-(GB1)2-[mNT]2 suitable for AFM-SMFS
study and pioglitazone binding was obtained. The round
bracket represents a covalent peptide bond linkage between

protein units, and the square bracket represents a noncovalent
protein−protein interaction between units. Consequently, the
mechanism of pioglitazone’s inhibition of the cluster trans-
ferability of mNT dimer was revealed by AFM measurement.
First, we constructed this noncovalently bound polyprotein

Coh-(GB1)2-[mNT]2. We designed two different mNT
monomers, one with His-tag and the other one with GST-
tag (glutathione S-transferase) for sequential protein purifica-
tion, and obtained the target protein (Figure 1B). First, a
polyprotein (His)6-Coh-(GB1)2-mNT with an mNT monomer
was constructed and purified by a Co-NTA resin column,
yielding the monomer mostly (step 1; Figures S3C,D and S4).
Then, a GST-mNT protein was constructed and purified by a
GST-glutathione column, yielding both GST-mNT monomer
and dimer (step 2; Figure S3C,E). Then, the two fractions
were mixed. The small-sized GST-mNT monomer can bind
the polyprotein, leading to the formation of target dimer,
(His)6-Coh-(GB1)2-[mNT]2-GST (step 3). The unreacted
polyprotein (His)6-Coh-(GB1)2-mNT was eliminated by
running through a GST-column. Finally, the GST tag was
cleaved by PreScission protease, and the target protein dimer
was purified and verified by a gel-filtration column (step 4,
Figure 1B). The native PAGE gel experiment further indicated
the mNT dimer formation.
To ensure an accurate measurement of mNT in different

states, a site-specific and covalent protein attachment strategy
for AFM system was used. This technical advance significantly
improves the accuracy and efficiency of force spectroscopy

Figure 3. Different influences of pioglitazone binding on the 2Fe2S cluster and other parts. (A) Force−extension curves of the stepwise unfolding
of mNT show the rupture event of the metal cluster (5 nm; green, enlarged in the box) and the unfolding event of mNT outside the cluster (8 nm;
purple). (B) AFM results of the stepwise unfolding of mNT dimer including ΔLc histogram with two populations and corresponding force
histogram. (C) Curves of the stepwise unfolding of mNT with pioglitazone binding. (D) AFM results of the stepwise unfolding of mNT dimer
when pioglitazone is bound. (E and F) The linear relationship between the force and the logarithm of loading rate is used to obtain the kinetic
stability of the metal cluster and protein.
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measurement (Figure 2A).23,49,50 Briefly, the OaAEP1-
(C247A)-mediated enzymatic ligation method was used for
protein immobilization, and the dockerin-cohesin [Doc-Coh]
protein−protein interaction pair was applied as a reversible
AFM pulling handle.51,52 OaAEP1 ligates two proteins/
peptides between their N-terminal GL residues and C-terminal
NGL residues. Thus, polyprotein Coh-(GB1)2-[mNT]2 with a
C-terminal NGL can be covalently immobilized on a GL-
functionalized glass coverslip by OaAEP1 ligation. In addition,
a GB1-Doc with an N-terminal GL can be linked to the NGL-
functionalized AFM tip. Here, the peptide was previously
coupled to the coverslip/cantilever by a heterobifunctional
cross-linker reacting between the peptide and the amino-
silanized surface (Supporting Information).53

Then, by pressing the GB1-Doc functionalized AFM tip
onto the Coh-(GB1)2-[mNT]2 immobilized coverslip, a
completely site-specifically conjugated construct, Tip-GB1-
[Doc-Coh]-(GB1)2-[mNT]2-Glass, can be formed. When the
tip was moved up vertically at a constant velocity (400 nm/s,
here), mNT and GB1 were stretched and unfolded. Finally, the
strongest [Coh-Doc] pair broke (>500 pN). Then, the tip
moved to another place for repeated measurements on another
polyprotein.
Next, we studied the binding effect of pioglitazone through

the unfolding process of mNT dimer in the absence/presence
of pioglitazone by single-molecule AFM. Stretching the
polyprotein GB1-[Doc-Coh]-(GB1)2-[mNT]2 led to only a
typical force−extension curve, including one force peak with a

ΔLc of 13 nm from mNT unfolding, three peaks with ΔLc of
18 nm from GB1, and the last high force detachment peak
from the dissociation of [Doc-Coh]. The ΔLc of the one-step
unfolding of mNT was 12.7 ± 1.2 nm (fitted value ± 1 ×
sigma fit, n = 160, Figure 2B, yellow), similar to our previous
AFM results for mNT monomer.9 This agrees with the
theoretical value from mNT unfolding leading to the extension
of 37 amino acids (aa) between residues 68 to 104 (37 aa ×
0.4 nm/aa − 0.46 nm = 14.3 nm, Figure 1A), in which a stable
unfolding barrier exists. The unfolding force histogram is fitted
by a Gaussian model (Figure 2C), yielding the force value of
120 ± 56 pN (fitted value ± 1 × sigma fit).54

Then, we performed the experiment in the presence of
excess pioglitazone (∼5000 times more, compared to the
immobilized mNT). The 13 nm peak was observed again (12.6
± 1.4 nm) but with a smaller force of 106 ± 59 pN (n = 137,
Figure 2D,E). Moreover, we compared the unfolding kinetics
of mNT with and without pioglitazone by pulling the protein
under six different velocities. As expected for a two-state
nonequilibrium process, the unfolding force of mNT was
dependent on the logarithm of force loading rate and can be
fitted by a linear line (Figure 2F). On the basis of the Bell−
Evans model, the protein unfolding off rate (koff) was 1.4 s−1

and 4.0 s−1 for the mNT and mNT−pioglitazone complex,
respectively.55,56 This demonstrated that the pioglitazone
binding indeed affected mNT dimer and slightly weakened
its stability.

Figure 4.Moderate influence of pioglitazone binding on the partially ruptured Fe2S2(Cys)3 intermediate. (A) Representative curves of the stepwise
unfolding of mNT showing the rupture event of the partially ruptured metal cluster intermediate (3 nm; red) and the unfolding event of mNT
outside the cluster (10 nm; cyan). (B) AFM results of the stepwise unfolding of mNT dimer including ΔLc histogram with two populations and
corresponding unfolding/rupture force histogram. (C) Curves of rupture of 2Fe2S intermediate of mNT with pioglitazone binding. (D) AFM
results of the stepwise unfolding of mNT dimer when pioglitazone is bound. (E and F) The linear relationship between the force and the logarithm
of loading rate is used to obtain the kinetic stability of the Fe2S2(Cys)3 and protein.
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Besides the one-step unfolding, stepwise unfolding events of
mNT dimer showing independent rupture event(s) of the
2Fe2S cluster were also observed by AFM-SMFS. This
provides detailed information about the pioglitazone binding
effects on the metal cluster. For example, a two-step unfolding
event of mNT with a first 8 nm peak followed by a second 5
nm peak is shown in curve 1 of Figure 3A. Here, the first peak
(in purple, 7.8 ± 1.2 nm, n = 158) was from the unfolding and
extension of residues 68−72 and 88−104, which were outside
the metal cluster (22 aa ×0.4 + 0.46 − 0.5 = 8.8 nm). Then,
the second peak (in green, 5.0 ± 1.1 nm, n = 260) was from
the rupture of the remaining 2Fe2S cluster, which led to the
extension of residues 72−87 (15 aa × 0.4 − 0.5 = 5.5 nm).
Their unfolding forces were 124 ± 64 pN and 137 ± 64 pN,
respectively. Similarly, these two events (7.8 ± 1.0 nm, 130 ±
57 pN, n = 180; 4.8 ± 0.9 nm, 147 ± 68 pN, n = 233) can be
observed when pioglitazone was bound (Figure 3C,D).
Sometimes, only the 5 nm peak was observed (both curve 2
in panels A and C of Figure 3).
A major difference between mNT and mNT with

pioglitazone was discovered when comparing their kinetic
stability. The loading rate experiment showed that the koff of
the 5 nm peak for the metal cluster changed from 0.79 to 0.07
s−1, a 10-fold decrease upon pioglitazone binding (Figure 3E).
In addition, the Δx showed a considerable change from 0.16 to
0.25 nm. These results indicate that the effect of pioglitazone
binding on mNT mainly targets the metal cluster and modifies
its kinetic stability. Meanwhile, the kinetic parameter for the 8
nm peak from the protein structure outside the cluster changed
moderately compared with the cluster. koff changed from 0.89
to 0.25 s−1 with a 3-fold decrease, and the Δx changed from
0.18 and 0.24 nm (Figure 3F).
Besides the 5 nm peak from the one-step rupture of the

intact metal cluster, a stepwise rupture of the cluster due to the
labile Fe−N bond leading to a partially ruptured Fe2S2(Cys)3
intermediate was also observed for mNT dimer. As shown in
Figure 4A, a stepwise force peak was shown with a first 10 nm
peak and a second 3 nm peak. Here, the 10 nm peak (10 ± 1.2
nm, n = 139, F = 129 ± 76 pN) was from the coupled
unfolding of the protein outside the metal cluster (8 nm) and
the rupture of the labile Fe−N bond (2 nm) in the cluster.
Then, a second 3 nm force peak (3.0 ± 0.8 nm, n = 184, F =
160 ± 53 pN) was observed, which was from the rupture of the
remaining Fe2S2(Cys)3 cluster intermediate.
Nevertheless, their kinetic stability was less affected by the

pioglitazone binding. First, their rupture/unfolding forces were
similar (2.9 ± 0.8 nm, 152 ± 39 pN, n = 177; 9.8 ± 1.0 nm,
130 ± 64 pN, n = 141). Moreover, koff for the 3 nm peak from
the cluster rupture intermediate changed slightly from 0.007 to
0.01 s−1 (Figure 4E). Δx stayed at 0.29 nm. Compared with
the pioglitazone binding effect on the intact metal cluster,
these results indicate that the binding only slightly affects the
intermediate. Similar results were observed for the 10 nm peak,
which was mainly from the unfolding of the outside of the
cluster. The koff changed from 0.23 to 0.36 s−1.
mNT is the first iron−sulfur protein identified as a drug

target, which binds to type II diabetes TZD drug-like
pioglitazone. Previous ensemble work showed that pioglitazone
bound directly to the mNT homodimer and modulated its
cluster transferability, in which the His87 was the key
mediator. The primary purpose of this work was to study the
molecular mechanism of the pioglitazone binding effect: why
and how the pioglitazone binding affected the cluster

transferability. Thus, we used AFM-SMFS to measure the
unfolding mechanism and kinetic stability of mNT in the
absence and presence of pioglitazone, and the construction of a
polyprotein sample with naturally occurring mNT dimer ready
for pioglitazone binding was the key. However, we found that
mNT is difficult to dimerize when sandwiched by other
proteins. Here, we developed a two-step method to build the
target polyprotein based on a short polyprotein (His)6-Coh-
(GB1)2-mNT. Then, a small GST-mNT can be dimerized,
forming the target polyprotein after cleavage, (His)6-Coh-
(GB1)2-[mNT]2. Thus, a new strategy to obtain protein
homodimer and other oligomers/complexes is demonstrated.
Next, we can characterize mNT in the homodimer form by

AFM. First, it confirmed our previous work on mNT
monomer. All three different types of unfolding pathways
and force peaks of mNT were observed again in the dimer
form. Besides the dominant one-step (13 nm) and two-step (8
+ 5 nm, or 5 nm only, 10 + 3 nm, or 3 nm only) unfolding
pathways, the three-step unfolding pathway (8 + 2 + 3 nm, 2 +
3 nm, Figure S5) with a low probability (0.5%) were detected.
This verifies our previous peak assignment and explanation.
Second, in agreement with ensemble studies, our single-
molecule work also indicates that the pioglitazone binding
affects the protein kinetics. Although to different degrees, all
unfolding pathways are affected upon pioglitazone binding.
Perhaps the most important feature of our work is that the

single-molecule AFM experiment distinguished the binding
effect of pioglitazone on the different regions of mNT,
especially from the two different stepwise unfolding scenarios
(8 + 5 nm and 10 + 3 nm, Figure S5).57 For the 8 + 5 nm
pathway, the koff of the protein outside the cluster (the 8 nm
peak) changed relatively little (3-fold decrease) upon
pioglitazone binding, while the koff of the metal cluster (the
5 nm peak) changed significantly (10-fold decrease). This
indicates that the pioglitazone mainly affects the properties of
the Fe2S2(Cys)3(His)1 cluster by increasing its kinetic stability.
This result agrees with previous ensemble studies both in vivo
and in vitro, showing that the pioglitazone stabilizes the metal
cluster and inhibits the metal cluster transfer.
For the 10 + 3 nm pathway, the koff change of the partially

ruptured Fe2S2(Cys)3 cluster (the 3 nm peak) becomes much
smaller (2-fold increase) when the Fe(III)−N(His87) bond is
ruptured. In other words, when this bond is ruptured, the
stabilizing effect of pioglitazone on the cluster largely
disappears. Thus, the stabilizing effect of pioglitazone on the
cluster is mainly through stabilizing the strength of this metal−
ligand bond. Previous work showed the cluster-coordinating
histidine 87 was the mediator for pioglitazone binding by
monitoring the characteristic adsorption of the intact 2Fe2S
cluster upon the cluster-transfer experiment. When this
histidine is mutated to cysteine, the effect disappears. Here,
our AFM results further nail down this mediator to the
Fe(III)−N(His87) bond and support our previous hypothesis
that this labile Fe−N bond and the partially ruptured
Fe2S2(Cys)3 cluster intermediate are involved with the
release/transfer of the 2Fe2S cluster.
It is noted that a requirement is needed for building this

noncovalently bound protein dimer/complex for SMFS
measurement. Because of the immobilized nature of the target
protein with a low concentration (Supporting Information),
natural dissociated monomer from the polyprotein may not be
able to rebind. Thus, the dissociation rate of the dimer should
be low enough (<1 × 10−5, t1/2 = 19 h, for a first-order

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.0c03852
J. Phys. Chem. Lett. 2021, 12, 3860−3867

3864

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03852/suppl_file/jz0c03852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03852/suppl_file/jz0c03852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03852/suppl_file/jz0c03852_si_001.pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.0c03852?rel=cite-as&ref=PDF&jav=VoR


dissociation reaction) to allow reliable single-molecule
characterization on a real dimer. The mNT studied here
most likely fulfills this requirement. The two-monomer
interexchange one β-strand to form the stable three-stranded
β-sheet. Besides that, other interactions are present between
the two monomers (Figure S6).7 Indeed, the gel filtration of
Coh-(GB1)2-[mNT]2 performed 48 h after GST-cleavage
showed no residual mNT monomer dissociated (Figure S7).
Moreover, we performed a control AFM experiment after one-
day incubation of the immobilized sample. The relative
frequency of different unfolding pathways for different samples
and conditions were analyzed. AFM results showed that the
ΔLc histogram was largely unchanged and suggested the
designed noncovalently bound mNT dimer was stable over the
period of (∼12 h) measurement (Figure S8A,B and Table S1).
To prove this koff requirement is necessary for our dimer

construction method, we performed the AFM experiment in
the presence of excess GST-mNT (1000 times). GST-mNT
can self-dimerize partially, leading to free GST-mNT monomer
in the solution. Although it binds to the Coh-(GB1)2-mNT, it
should bind much stronger with the natural mNT. Thus, it will
compete the dissociated mNT and form the dimer GST-
[mNT]2 and push the dissociation reaction of Coh-(GB1)2-
[mNT]2. Indeed, AFM experiments showed different results.
The total frequency of unfolding events of 13, 10 + 3, and 8 +
5 nm decreased significantly from 75% to 64% (Figure S8C
and Table S1). Finally, to obtain an accurate effect from
pioglitazone by AFM-SMFS, pioglitazone binding should also
fulfill the koff requirement. Indeed, by adding only 10 times
more pioglitazone, the frequency of different unfolding
pathways changes (Figure S8D and Table S2). Here, the 3
nm peak is from the break of the partially ruptured metal
cluster Fe2S2(Cys)3, in which the Fe−N bond ruptured
already. Less frequent observation of this peak indicates a
more stable Fe−N bond. Its percentage is 7.5% (no
pioglitazone), 7% (10 times), and 6.5% (5000 times).
Unfortunately, there is no structural information about the
mNT-pioglitazone complex currently. Most likely, two
pioglitazone molecules bind to one mNT homodimer and
may stabilize the dimer as well.
In this work, by constructing a polyprotein containing an

mNT homodimer suitable for both single-molecule AFM
measurement and pioglitazone binding, we show that
pioglitazone binding may affect the metal cluster transferability
of mNT by stabilizing the single, labile Fe(III)−N(His87)
bond. Our work not only demonstrates the molecular
mechanism of pioglitazone binding on mNT at a single-bond
level but also provides an alternative method to build a protein
complex for single-molecule studies.
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