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The NEET family is a relatively new class of three related [2Fe-2S]
proteins (CISD1-3), important in human health and disease. While
there has been growing interest in the homodimeric gene prod-
ucts of CISD1 (mitoNEET) and CISD2 (NAF-1), the importance of the
inner mitochondrial CISD3 protein has only recently been recog-
nized in cancer. The CISD3 gene encodes for a monomeric protein
that contains two [2Fe-2S] CDGSH motifs, which we term mito-
chondrial inner NEET protein (MiNT). It folds with a pseudosym-
metrical fold that provides a hydrophobic motif on one side and a
relatively hydrophilic surface on the diametrically opposed sur-
face. Interestingly, as shown by molecular dynamics simulation,
the protein displays distinct asymmetrical backbone motions, un-
like its homodimeric counterparts that face the cytosolic side of
the outer mitochondrial membrane/endoplasmic reticulum (ER).
However, like its counterparts, our biological studies indicate that
knockdown of MiNT leads to increased accumulation of mitochon-
drial labile iron, as well as increased mitochondrial reactive oxygen
production. Taken together, our study suggests that the MiNT pro-
tein functions in the same pathway as its homodimeric counter-
parts (mitoNEET and NAF-1), and could be a key player in this
pathway within the mitochondria. As such, it represents a target
for anticancer or antidiabetic drug development.

NEET proteins | mitochondria | iron homeostasis | iron-sulfur proteins |
cancer

he NEET family comprises a unique class of iron-sulfur (Fe-
S) proteins that harbor a 3Cys-1His cluster-binding domain
(1, 2). Also known as CDGSH proteins, due to their signature
[2Fe-2S]-binding domain consensus sequence [C-X-C-X2-(S/T)-
X3-P-X-C-D-G-(S/A/T)-H], these proteins are highly conserved
from bacteria to humans (3). The 3Cys-1His cluster-binding site
of NEET proteins houses a [2Fe-2S] redox-sensing cluster that
can be transferred to apo-acceptor protein(s) when the cluster is
oxidized (2, 4-7). The [2Fe-2S] clusters of NEET proteins can
also participate in electron transfer reactions (8-11). Our initial
analysis of the unique fold and structural features of mitoNEET
(mNT) led us to propose potential functions of NEETs (12).
Biological studies confirmed our initial proposals and led to the
hypothesis that the NEETs participate in the regulation of dif-
ferent iron, Fe-S, and reactive oxygen/redox reactions in cells (2,
13). Indeed, NEET proteins play a key role in many cellular
functions, as well as in different human diseases (2, 6, 13-18).
Three genes encode for NEET proteins in humans: CISD1,
CISD2, and CISD3 (1, 3). The first human NEET protein
discovered was mNT (CISD1), which was initially identified as
a target for the antidiabetic drug pioglitazone (19) and, at that
time, annotated as a zinc finger protein (1). This outer mi-
tochondrial membrane (OMM)-tethered protein that faces
the cytosol, defined a new class of Fe-S-binding proteins and
introduced the unique NEET fold; a soluble, strand-swapped,
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homodimeric, two-domain (beta-cap and cluster-binding)
structure (12, 20, 21). The strand-swapped structure has C,
symmetry with one [2Fe-2S] cluster bound per protomer and
the swapped-strand beta-structure contributing to long-range
allostery in the dimeric native protein (1, 12, 20, 22-25). The
longevity factor protein NAF-1 (CISD2) is similar in structure
and sequence to mNT (54% identical and 69% similar) (20),
but is primarily localized to the cytosolic side of the endoplasmic
reticulum (ER), OMM, and the membranes that connect the ER
and the mitochondria (1, 20). In contrast to mNT and NAF-1, the
protein encoded by CISD3 resides inside the mitochondrial ma-
trix, and we term it MiNT for mitochondrial inner NEET protein
(previously assigned as Miner2). MiNT differs from the other
human NEETS as it contains two CDGSH cluster-binding motifs
within a single polypeptide chain (1, 3, 26) (Fig. 14). Both mNT
and NAF-1 play key roles in regulating autophagy, apoptosis,
and mitochondrial iron and reactive oxygen species (ROS) ho-
meostasis (2, 13, 15, 16, 27). In addition, they are associated with
the progression of diabetes, obesity, neurodegeneration, heart
disease, and cancer (14, 16-18, 28). A missense mutation that
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Fig. 1. Domain organization of the NEET proteins and mutation of the
cluster-coordinating His ligand of MiNT. (A) Domain organization. All mem-
bers of the NEET family contain at least one CDGSH domain that binds a
[2Fe-2S] cluster. MiNT has two CDGSH cluster-binding domains in a single
polypeptide chain, while mNT and NAF-1 each have one domain per chain.
MINT lacks a transmembrane domain, but contains a classic cleavable mito-
chondrial targeting sequence. (B and C) Mutation of the cluster-coordinating
His ligand to Cys stabilizes the [2Fe-2S5] cluster. (B) UV-Vis absorption spectra of
MiNT wild-type and H75C/H113C mutant proteins. (C) Relative stabilities of the
[2Fe-25] clusters of wild-type and H75C/H114C mutant MiNTs were measured
by monitoring the decrease in absorbance of the 458-nm peak at pH 8.0 and
37 °C over time. Stability of the H75C/H113C mutant is greatly increased rel-
ative to wild-type MiNT under these conditions.

abolishes NAF-1 function results in a genetic disease in humans
called Wolfram syndrome 2, causing optical nerve atrophy, severe
hearing impairment, early onset of diabetes, gastrointestinal ulcers,
abnormal platelet aggregation that cumulatively leads to lower
quality of life, and greatly diminished life expectancy (18, 29).

In contrast to mNT and NAF-1, very little is known about the
structure and function of the human MiNT (CISD3). This lack of
knowledge is in sharp contrast to the role MiNT plays in nu-
merous cancers, as reflected by its high expression in human
cancer cells (SI Appendix, Fig. S1). Indeed, MiNT is identified as
an essential gene in high-resolution genetic vulnerability analyses
in a recent study (30). Also, whereas most [2Fe-2S] clusters are
destroyed by binding of nitric oxide (NO), MiNT is reported to
stably bind NO (31). This feature of MiNT could suggest that it
has a role in NO signaling. Proteomics studies have reported
several protein partners of MiNT. Among those identified in-
teraction partners, the proteins involved in import and process-
ing of mitochondrial matrix proteins, including translocases of
the inner and outer membrane and matrix peptidases, are con-
sistent with its processing and localization. Potential functional
partners include multiple components of respiratory complex I,
ribosomal RNA-binding proteins, and GST (32).

In support of a possible role for MiNT in cancer, a recent
study identified changes in CpG islands of methylation around
the CISD3 gene, associated with its altered expression in ag-
gressive pediatric brain tumors (33). To begin investigating the
role of MINT in cancer (SI Appendix, Fig. S1), as well as to
provide new drug design targets associated with MiNT and other
NEET proteins (34), we crystallized human MiNT and studied
its interactions with apo-acceptor human proteins that reside
within the mitochondrial matrix, as well as its function in cancer
cells. We report the crystal structure of a stable form of the
monomeric human MiNT [Protein Data Bank (PDB) ID code
6AVIJ]. As opposed to mNT and NAF-1, the protein maintains a
modified NEET fold but presents two distinctly different surfaces
surrounding the clusters, and the two domains undergo distinctly
asymmetrical dynamics in our computational model. Additionally,
we show that MiNT transfers its [2Fe-2S] clusters to the human
mitochondrial matrix ferredoxins, FDX1 (adrenodoxin) and FDX2,
with high efficiency. Cellular studies of knockdown of MiNT in situ
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result in decreased mitochondrial membrane potential (MMP), as
well as increased mitochondrial iron and ROS accumulation. Taken
together, the similarity of the cellular effects of MiNT expression
knockdown to those observed for the cytosolic-facing NAF-1 and
mNT (15) and its ability to efficiently transfer [2Fe-2S] clusters
indicate that MiNT coordinates a complementary role in mito-
chondrial iron and ROS regulation within the mitochondrial matrix.

Results

The NEET family of [2Fe-2S] proteins have been the focus of
many structural/spectroscopic and biological studies since the
unusual mNT was first implicated in diabetes (19); however,
MiNT has remained largely uninvestigated until now. As MiNT
resides inside the mitochondria, where iron accumulates under
stress conditions, and its expression is linked to cancer progres-
sion, we sought to investigate the structure/function properties of
this structurally distinct (on the domain motif level; Fig. 1) im-
portant protein. Bioinformatics studies indicate that MiNT car-
ries two [2Fe-2S] cluster motifs on a single polypeptide chain
that share the NEET hallmark CDGSH motif (Fig. 14).

MiINT Is a Monomeric Protein Harboring Two [2Fe-2S] Clusters. We
expressed and purified wild-type MiNT. This protein was used
for functional studies but was not amenable to our crystallization
conditions. Based on our extensive knowledge of mNT and
NAF-1 stability (4, 12, 20, 35), we mutated the coordinating His
ligands to Cys (H75C, H113C), as our experience with mNT and
NAF-1 indicates that these mutations significantly increase the
[2Fe-2S] cluster stability with no significant effect on the global
backbone fold (4, 35). A comparison of the UV-visible (Vis) spectra
of wild-type and His-to-Cys mutant MiNT proteins shows the
expected increase in absorption at 425 nm relative to the 458-nm
peak, consistent with the change in the coordinating ligands of the
[2Fe-2S] clusters (2, 35) (Fig. 1B). The cluster stability can be
assessed by the time-dependent change of the absorption peak at
458 nm, as described previously (36). The change to a 4Cys co-
ordination for each of the [2Fe-2S] clusters significantly enhances
the stability of MiNT (Fig. 1C), making it suitable for crystallization
under our conditions (discussed below). Interestingly, wild-type
MiNT is significantly less stable than mNT and NAF-1 under the
same conditions, with its clusters maintaining a half-life of ~110 min
at 37 °C and pH 8 for MiNT (Fig. 1C). For comparison, the cluster
half-lives of mNT and NAF-1 are >10,000 min and >1,000 min,
respectively (20). We analyzed the oligomeric state of both wild-
type and mutant MiNT by analytical size exclusion chromatography
(SEG; SI Appendix, Fig. S2); both are monomeric.

Crystal Structure of MINT (H75C, H113C). We performed parallel
screens on wild-type and mutant MiNT (H75C, H113C) proteins.
The stable, mutant protein was highly amenable to X-ray struc-
ture determination in our current studies. MiNT (H75C, H113C)
crystallized in the monoclinic space group C121, and data were
collected on a single crystal that diffracted to 1.9 A (SI Appendix,
Table S1). The protein structure was determined by molecular
replacement. The asymmetric unit contained three copies of the
protein, but it is monomeric in solution (SI Appendix, Fig. S2).
The human MINT fold consists of a single polypeptide chain
with a four-stranded beta-cap domain residing between the two
CDGSH [2Fe-2S] cluster-binding domains (Fig. 24). Two of the
beta-strands are on the N-terminal side of the protein, while the
other two are between the cluster-binding domains. Cluster-
binding domain-1 (CBD1) consists of a loop region that starts
from the end of the first two strands of the beta-cap and contains
three of the ligating Cys residues (C59, C62, and C71), followed
by a short five-residue alpha-helical segment that contains the
mutant fourth ligand (H75C). A loop region connects this seg-
ment to the second pair of beta-strands. CBD2 has a loop that
starts after the end of the beta-cap domain and also contains
three of the ligating Cys residues (C98, C100, and C109) for the
cluster. The other cluster ligand, Cys113 (H113C), resides within
a short three-residue helical segment. This helix is disrupted by

PNAS | January 9, 2018 | vol. 115 | no.2 | 273

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715842115/-/DCSupplemental/pnas.1715842115.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715842115/-/DCSupplemental/pnas.1715842115.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715842115/-/DCSupplemental/pnas.1715842115.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715842115/-/DCSupplemental/pnas.1715842115.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715842115/-/DCSupplemental/pnas.1715842115.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715842115/-/DCSupplemental/pnas.1715842115.sapp.pdf

L T

/

1\

BN AS PN AN D

A Beta B
Cap
Cluster Cluster _b'>
Binding Binding
Domain 2 Domain 1
(CBD2) (CBD1)

C

Ser115, which uses its side-chain hydroxyl to hydrogen-bond to
the main chain of the preceding T111 and the following V118,
inducing a sharp turn that is followed by a perpendicular five-
residue helix. Each cluster-binding domain of MiNT contains a
cis X-proline peptide bond that is critical for positioning the
cluster-coordinating residues. These cis-proline peptide bonds
are also conserved across human NEETs within the cluster-
binding domain (12, 20). While most of the interactions in the
core of the protein are hydrophobic, there are hydrogen bonds
that connect the two cluster-binding domains. The Lys101 side
chain from CBD?2 forms hydrogen bonds with the carbonyls of
cluster-coordinating Cys ligands (C60 and C98) from each clus-
ter, as well as with GIn68 from CBDI1. The indole ring of
Trp59 from the bottom of the beta-cap on the CBD1 side of the
protein also forms a hydrogen bond that connects to the carbonyl
of Cys60 of CBD2. These connections may facilitate communi-
cation between the two [2Fe-2S] clusters (Fig. 2B).

The overall domain organization of MiNT is similar to the
dimeric NEET proteins, with two cluster-binding domains and a
beta-cap domain. However, mNT and NAF-1 have six total
strands that make up their beta-cap domains, three strands in
each sheet that contains an interprotomer swapped strand, while
MiNT has only four beta-strands with no swapping across the
symmetry axis. Additionally, the MiNT fold has C, pseudosym-
metry (because of the differences in amino acid composition of
each side), while the dimeric NEETS have true C, symmetry (12,
20). In contrast to the backbone fold, the side chains on the
surface of each side of MINT are distinctly different. The
CBD1 side of MiNT has four aromatic side chains on its surface,
with a Phe residue just before the CDGSH sequence and two
consecutive Phe residues immediately after the last [2Fe-2S] li-
gand, as well as a Tyr on the beta-cap surface. In contrast,
CBD2 only has a single Tyr on the beta-cap surface and no
surface aromatics near the [2Fe-2S] cluster-binding domain (Fig.
2C). The homodimeric mNT and NAF-1 proteins each have a
symmetrical arrangement of surface aromatics. mNT has four on
each side, similar to the one surface of MiNT CBD1, while NAF-1
has only two aromatics on each surface (12, 20).

Simulations of Native-State Dynamics. A structure-based model

(SBM) (37-39) of MINT was generated from our crystal struc-
ture of MiNT (H75C, H113C). SBM interactions are assigned
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Fig. 2. Structural organization of monomeric MiNT highlights the C2 pseudosymmetry and the asymmetrical surface. (A) MiNT contains a four-stranded beta-
cap domain composed of two antiparallel hydrogen-bonded stranded sheets that dock to form the four-stranded cap domain. Each contains a structured loop
and a turn of helix that contains the [2Fe-2S] cluster-coordinating ligands. However, CBD2 has additional helix and long N- and C-terminal loop extensions.
(B) Close-up of the cluster-coordinating ligands as well as the hydrogen-bond network that connects the two clusters across the pseudosymmetrical axis.
Residue numbers are indicated. (C) Ribbon diagram of MiNT with surface aromatics highlighted. The clear asymmetry in the surface of MiNT is evident in this
representation. (D) Displacements around the average structure for the first principal component of simulated native-state dynamics, scaled 10-fold.

based on the insight from energy-landscape theory that native-
state protein interactions are uniquely favorable, and must pos-
sess the property of minimal frustration to make the protein
foldable (37). The resulting simple model enables efficient sim-
ulations of folding and functional native-state dynamics (39-43).
Here, we used an all-atom representation (39) that explicitly
included the [2Fe-2S] clusters. We simulated the dynamics of
folded MiNT at constant temperature. For the set of CA atoms,
[2Fe-28S] cluster atoms, and coordinating Cys SG atoms, princi-
pal component analysis (PCA) (44, 45) was used to extract the
robust, slow component of the dynamics from the simulated
trajectories. SI Appendix, Fig. S34 shows the components of the
first eigenvector of the covariance matrix. The corresponding
displacements from the average structure are shown as green
arrows in Fig. 2D, scaled by a factor of 10 for visibility. The
symmetry of motions by the two domains can be assessed easily,
because the y axis of the chosen coordinate system for the PCA
corresponds to the pseudo-C, rotation axis of the protein, and
the z axis is parallel to the vector connecting the centers of mass
of the two domains. For motions that preserve the C, symmetry,
displacements of corresponding residues in the two domains
should have equal magnitudes but opposite signs in both the X
and Z directions. Instead, the most prominent feature is a peak
in the Z component that is negative for both domains, corre-
sponding to a joint motion of the two cluster-binding domains.
Furthermore, the overall motions of the two cluster-binding regions
are also different in magnitude, as can be seen in SI Appendix, Fig.
S3B, where the amplitude of fluctuations due to the first principal
component is plotted.

MiNT Transfers Its [2Fe-2S] Clusters to Human Mitochondrial Matrix
Ferredoxins. We discovered that both mNT and NAF-1 can
transfer their [2Fe-2S] clusters to apo-acceptor proteins, in-
cluding the human cytosolic Anamorsin (5) as well as the uni-
versal acceptor protein ferredoxin from Mastigocladus laminosus
(mFd) (7, 46). Humans have two [2Fe-2S] cluster-binding fer-
redoxins (FDX1/adrenodoxin and FDX2) that both localize to
the mitochondrial matrix (47). Because MiNT is also localized to
the matrix, we wanted to determine if it could donate its [2Fe-2S]
clusters to these important proteins (47-50). These studies were
carried out with wild-type MiNT at 25 °C to allow for easy moni-
toring of the transfer reaction with UV-Vis absorption spectroscopy.
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Fig. 3. MINT donates its [2Fe-2S] clusters to human mitochondrial ferre-
doxins. The [2Fe-2S] cluster transfer from holo-MiNT to human apo-FDX1 and
to apo-FDX2 was monitored by UV-Vis absorption spectroscopy. Spectra from
select time points of the transfer to apo-FDX1 (A) and to apo-FDX2 (C) are
shown. Transfer progress as determined by the ratio of absorbance at 420 nm
to 458 nm vs. time is shown for the transfer to apo-FDX1 (B) and to apo-FDX2
(D). The traces shown were obtained with 15 pM MiNT (30 pM [2Fe-2S] clusters)
and 60 pM apo-FDX1 or apo-FDX2 at 25 °C. AU, absorbance units.

Wild-type MiNT has the characteristic peak at 458 nm, while both
ferredoxins have an additional peak around 420 nm. We use the
ratio between these two absorbance peaks (420 nm and 458 nm) to
track the progress of the transfer from holo-MiNT to each apo-
ferredoxin (7, 46). The transfer reaction is very fast; the first
spectra collected after the ~5-10 s of dead time between MiNT
addition and collection of the first spectrum was more than 40%
complete for transfer to FDX1 and more than 30% complete for
transfer to FDX2 (Fig. 3). MiNT can transfer to FDX1 and
FDX2 with a half-time of transfer of ca. 10 min and 15 min, re-
spectively. MiNT can also transfer to mFd with a transfer half-time
of <10 min (SI Appendix, Fig. S4). In contrast, both mNT and
NAF-1 transfer much more slowly to ferredoxin, with a half-time
of between 100 and 200 min at 37 °C (7, 46).

Suppression of MiNT Expression Impairs Mitochondrial Function and
Enhances Mitochondrial Iron and ROS Accumulation. To determine
the role that MiNT plays in mitochondria, we suppressed its ex-
pression in human breast cancer (MDA-MB-231) cells using
shRNA of CISD3. Suppression of CISD3 expression resulted in a
decrease in MMP [measured with tetramethylrhodamine ethyl
ester (TMRE)], indicating that MiNT is important for mito-
chondrial function (Fig. 4). Suppression of MiNT expression fur-
ther resulted in enhanced accumulation of mitochondrial labile
iron (mLI; measured with B-[(1,10-phenanthrolin-5-yl) amino-
carbonyl] benzyl ester [RPA]), as well as in a build-up of mito-
chondrial ROS (mROS) levels [measured with the fluorescent
superoxide (SOX) indicator mitoSOX], demonstrating that MiNT
is essential for maintaining mitochondrial iron and ROS homeo-
stasis (Fig. 4). Interestingly, all of the above measured alterations
in mitochondrial metabolism, due to suppression of MiNT ex-
pression, could be corrected by the addition of the iron chelator
deferiprone (DFP), demonstrating that MiNT suppression af-
fected mitochondrial function primarily through increasing the
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levels of labile iron (Fig. 4). The outcome of suppressing MiNT
expression in cells (Fig. 4) was similar to the effects of suppressing
mNT and/or NAF-1 in breast cancer cells (15, 51), suggesting that
all three NEET proteins are involved in maintaining mitochon-
drial iron and ROS homeostasis in mammalian cells.

Discussion

Cellular iron levels are tightly controlled to prevent toxic iron and
subsequent unregulated ROS accumulation. We discovered that the
NEET family proteins are key regulators of iron and ROS ho-
meostasis (2, 13, 15, 21). An open question to be addressed was
whether MINT was also involved in Fe-S biology and disease
mechanisms (3). We now show that MiNT transfers [2Fe-2S] clus-
ters to the mitochondrial matrix acceptor proteins FDX1 and
FDX2. Both FDX1 and FDX2 function in assembly of Fe-S clus-
ters. Each receives electrons from ferredoxin reductase (FDXR)
and supplies those electrons for Fe-S cluster assembly on the iron-
sulfur assembly scaffold (ISCU) (49, 50) (Fig. 5). In addition to Fe-S
cluster biosynthesis, FDX1 and FDX2 are essential for heme bio-
synthesis (47, 49). FDX1 also supplies electrons used for steroido-
genesis and bile synthesis (47). Knockdown of FDX1, FDX2, or
FDXR results in mitochondrial iron accumulation (47, 49), a similar
phenotype to what we observed for CISD3 knockdown (Fig. 4). This
indicates an important role for MiNT in regulation of mitochondrial
iron levels. Reduction of MiNT expression would decrease the level
of active ferredoxins inhibiting production of Fe-S clusters and heme
in the mitochondria, causing increased levels of free iron that would
otherwise be incorporated into these prosthetic groups.

Both mNT and NAF-1 are up-regulated in breast cancer cells,
and knocking down either of their protein levels reduces tumor
growth and causes accumulation of iron and ROS in the mito-
chondria (15). We have shown that these proteins can be targeted
with small-molecule anticancer compounds that cause release of
their [2Fe-2S] clusters (34). Like the other NEETs, MiNT levels
are up-regulated in breast cancer (SI Appendix, Fig. S1) as well as
other cancers, including ependymoma (33), lymphoma, and liver
cancer (SI Appendix, Fig. S1; The Human Protein Atlas) (52). In
this study, we knocked down MINT and observed a similar accu-
mulation of iron and ROS in the mitochondria. Together, this
shows that MiNT is another possible target for anticancer drugs
that affect its ability to regulate iron levels.

Our structural analysis of MiNT reveals that its overall architec-
ture resembles that of NAF-1 and mNT in their homodimeric forms.
While MiNT is a monomer, it maintains the overall “NEET-fold”
containing two main domains: a beta-cap and two cluster-binding
domains (Fig. 2). However, in contrast to mNT and NAF-1, both the
surfaces and the motions of the two cluster-binding domains of
MiNT are asymmetrical. This suggests that the two MINT clusters
likely have different functions, stabilities, and binding partners. Ad-
ditionally, the intramolecular coordination of the two clusters may
play an important role in MiNT’s function. Although MiNT and the
bacterial homolog (mmCISD) show a high degree of conservation
(26), they have important differences. MiNT contains longer beta-
strands in the beta-cap region as well as additional helical content.
There is an alpha-helical region within the C terminus of MiNT that
is absent in mmCISD, as well as an additional short helical region in
CBDL. Furthermore, the surfaces are very different as MiNT has an
asymmetrical arrangement of aromatic residues on its surface, with
two surface Phe residues immediately following the [2Fe-2S] cluster
in CBD1 that are absent in mmCISD.

Taken together, our study indicates that MiNT functions within
the mitochondria to regulate levels of toxic iron and ROS similar
to its cytosolic-facing counterparts, mNT and NAF-1. Despite its
distinct localization and structural differences, MiNT still main-
tains a similar function. As such, it may be an attractive target for
anticancer or antidiabetic drug designs.

Materials and Methods

Protein Expression, Purification, and SEC Analysis. Procedures for expression
and purification of MiNT, FDX1, FDX2, and mFd, as well as SEC analysis of
MiNT, can be found in S/ Appendix, SI Materials and Methods.
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Fig. 4. Impaired mitochondrial function and enhanced mitochondrial iron and ROS accumulation in cancer cells with suppressed expression of MiNT.
(A) Decreased MMP in MDA-MB-231 cancer cells with suppressed MiNT expression. (Top) Confocal microscopy images of control cells (transformed with
scrambled vector), and two different cell lines with suppressed expression of MiNT [CISD3(-)A and CISD3(-)D], stained with the MMP indicator TMRE (0.1 pM).
(Bottom) Bar graph showing quantification of TMRE fluorescence in the different cell lines calculated for n = 3 independent experiments, each with 90 cells
per group. ***P < 0.001. Pretreatment with DFP (50 uM) for 16 h prevents the effect of CISD3 suppression on MMP. r.u., relative units. (B) Enhanced ac-
cumulation of mLI in cancer cells with suppressed CISD3 expression. (Left) Bar graph showing a decrease (quenching) in RPA fluorescence (indicative of high
mLl levels) in two different cell lines with suppressed expression of MiNT [CISD3(-)A and CISD3(-)D], compared with control. Pretreatment with DFP (100 pM)
for 60 min prevents the effect of CISD3 suppression on mLl. (Right) Bar graph showing the relative RPA fluorescence change upon addition of DFP, indicative
of the relative change in mLI induced by the iron chelator. Results are calculated for n = 3 independent experiments each with 90 cells per group. ***P <
0.001. Ar.u., change in relative units. (C) Enhanced accumulation of mROS in cancer cells with suppressed MiNT expression compared with control. mROS was

measured following 60 min of incubation with mitoSOX (5 pM). Pretreatment with DFP (100 uM) for 60 min prevents the effect of CISD3 suppression.

Crystallization, X-Ray Data Collection, and Structure Determination. Crystals of
MINT H75C/H113C were prepared by sitting-drop vapor diffusion. Three mi-
croliters of reservoir solution [100 mM Bis-Tris propane (pH 8.5), 2.5 M am-
monium sulfate, and 3% vol/vol polyethylene glycol 400] were added to 3 pL of
750 pM protein. Single crystals appeared after 2 d at 20 °C. Crystals were
cryoprotected in reservoir solution with 10% glycerol and frozen at 77 K.
Diffraction data were collected using a Micromax-007HF copper anode X-ray
source with Varimax HF optics (Rigaku) and a Platinum 135 CCD detector
(Bruker). Data were processed with APEX3 software (Bruker). The structure
was determined by molecular replacement using a homolog from the bacte-
rium Magnetospirillum magneticum (PDB ID code 3TBN) as a search model. A
partial model was built using Phenix Autobuild and completed using Coot. The
model was refined using Phenix and verified with MOLProbity.

Measurement of [2Fe-2S] Cluster Stability and Transfer Kinetics. All UV-Vis
absorption spectra were recorded from 350 to 700 nm on a Cary 50 spec-
trophotometer (Varian). Stability of the [2Fe-2S] cluster of wild-type MiNT
and H75C/H113C mutant was determined by monitoring the decrease in
absorbance of the [2Fe-2S] cluster at 458 nm as a function of time at 37 °Cin
50 mM Bis-Tris propane and 100 mM NaCl at pH 8.0. Data were normalized
and plotted with Kaleidagraph (Synergy Software).

For cluster transfer measurement, 60 pM apo-FDX1, FDX2, or mFd was
incubated in 50 mM Bis-Tris propane, 100 mM NacCl, 1 mM EDTA, and 2 mM
DTT at pH 8.0 at 37 °C for 1 h. The temperature was adjusted to 25 °C, and
15 uM MINT was added to start the reaction. The ratio of the absorbance at
420 nm to 458 nm was used to monitor transfer progress. Data were nor-
malized and fit to a single exponential rise.

Structure-Based Molecular Dynamics Simulations. An SBM (37-39, 53) of MiNT
H75C H113C was prepared, using the SMOG-2 software tool (54). All heavy atoms

276 | www.pnas.org/cgi/doi/10.1073/pnas.1715842115

were represented, including the [2Fe-2S] clusters, which were defined as a new
ligand type in a custom model template created as an extension of the standard
all-atom SBM parameters (39, 54). Iron was assigned a reduced mass of 4, and all
Fe-S connections were treated as covalent bonds, represented by harmonic po-
tentials. The model was simulated using a customized version of gromacs 4.5 (53,
55). Four independent runs were started from the crystal structure and propa-
gated in the folded state. A constant reduced temperature of 0.91 T* (where T*

Steroidogenesis
Bile synthesis

Heme biosynthesis
Fe-S biosynthesis

-] e
2 —_—

FDX1/2

Fig. 5. MINT provides a link between FDXR and ferredoxins (FDX1 and FDX2)
in the mitochondrial matrix. MiNT provides [2Fe-2S] clusters produced inside the
mitochondria by the iron-sulfur cluster assembly system (ISC) to FDX1 and FDX2.
MINT can provide parallel routes linking the ISC to mitochondrial matrix pro-
cesses. Matrix-produced clusters are important for cell metabolism, mainte-
nance, and proliferation.
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is defined by the condition kg7 = 1 at T = T*, where kg is the Boltzmann constant
and T is temperature) was maintained using a Langevin thermostat with a time
constant of 2 ps. Each run was propagated for 200 million steps with a step size
of 2 fs, giving an overall simulation time of 1.6 ps. PCA of the trajectories was
carried out using the gromacs tools g_govar and g_anaeig, and results were vi-
sualized using MATLAB and Visual molecular dynamics (VMD) (56).

Cell Culture and Fluorescence Microscopy. MDA-MB-231 cells were grown as
described by Sohn et al. (15). Plasmid for suppressing MiNT expression [shRNA-
MINT/CISD3] was pGFP-RS vector. Genjuice (EMD Millipore) was used for
transfection (15). Stable cell lines were obtained by FACS sorting. MDA-MB-
231 cells were cultured in glass-bottom microscope dishes for assessing MMP,
mitochondrial iron, and ROS using confocal microscopy (Nikon A1R) with gal-
lium arsenide phosphide detectors and four lasers (15, 27). MMP was measured
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