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ABSTRACT OF THE DISSERTATION 

Biochemical and Structural Characterization of the NEET Protein Family 

and their Role in Iron Homeostasis and Disease 

 

by 

 

Colin Harrison Lipper 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2017 

Professor Patricia A. Jennings, Chair 

 

The NEET proteins are a unique family of iron-sulfur proteins that bind 

a [2Fe-2S] cluster with an unusual 3Cys-1His coordination. The family consists 

of three human members, mitoNEET (mNT), nutrient-deprivation autophagy 

factor-1 (NAF-1) and Mitochondrial inner NEET (MiNT). These proteins have 

important roles in the regulation of iron and reactive oxygen species 

homeostasis and are involved in the pathology of several human diseases 

including cancer, diabetes, Wolfram syndrome 2 and neurodegeneration. 

These proteins have the ability to act as redox-sensors and transfer their 

Fe/[2Fe-2S] clusters to apo-acceptor proteins. We discovered that both mNT 

and NAF-1 can donate their clusters to human Anamorsin, a protein that is 

essential for the cytosolic assembly of Fe-S clusters. This connects the 

mitochondrial iron-sulfur cluster assembly system (ISC) to the dependent 
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cytosolic iron-sulfur cluster assembly system (CIA). Additionally we identify an 

oxidation-dependent interaction with the outer-mitochondrial membrane pore 

protein VDAC1. The VDAC1 channel permeability is gated by the interaction 

with mNT. This NEET protein can transfer its [2Fe-2S] cluster into the 

mitochondria, causing iron to accumulate. Addition of a VDAC inhibitor 

prevents this mitochondrial transfer in situ and inhibits the interaction between 

mNT and VDAC1 in vitro. This indicates that VDAC channels are a direct route 

for mitochondrial iron transfer from mNT. Moreover, we find using hydrogen 

deuterium exchange mass spectrometry that mNT binds across the VDAC1 

channel on the cytosolic side. Until now, very little was known about the third 

NEET family member, MiNT. We determined the crystal structure of this 

protein, which is significantly different than the other two human family 

members. It is monomeric with two cluster-binding domains in a single 

polypeptide, while mNT and NAF-1 are each homodimers with one cluster-

binding domain per protomer. We find that MiNT can transfer its [2Fe-2S] 

cluster to human mitochondrial matrix ferredoxins, which are important for 

mitochondrial assembly of both iron-sulfur clusters and heme. MiNT is 

upregulated in breast cancer cells; we find that suppression of MiNT 

expression in cancer cells results in accumulation of iron and reactive oxygen 

species, as well as decreased mitochondrial membrane potential. Taken 

together, our findings further our understanding of how the NEET proteins 

function at a molecular level in maintaining iron homeostasis. 
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Introduction
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 Iron-sulfur (Fe-S) cluster binding proteins are ancient and ubiquitous 

across all organisms. Proteins containing these cofactors perform numerous 

essential roles including catalysis, replication, transcription, DNA repair and 

electron transfer in oxidative metabolism (1).  Free iron in the cell is highly 

toxic (2), so biosynthesis of Fe-S clusters must be tightly regulated (3). Fe-S 

clusters are assembled in the mitochondria by the iron-sulfur cluster (ISC) 

assembly system and in the cytosol by the cytosolic iron-sulfur cluster 

assembly (CIA) system (4) (Figure 1-1). 

The NEET family of iron-sulfur proteins is a recently discovered class of 

[2Fe-2S] cluster binding proteins. MitoNEET, the founding member, was 

initially discovered in a study searching for novel cellular targets of the type 2 

diabetes drug pioglitazone (ActosTM) (5). Pioglitazone is a member of the 

thiazolidinedione (TZD) class of insulin sensitizing compounds. TZDs are 

classically thought of as agonists of the peroxisome proliferator-activated 

receptor γ (PPARγ), a nuclear receptor that modulates transcription of genes 

involved in lipid and glucose metabolism. However, the therapeutic effects of 

TZDs were thought to be through activation of PPARγ, muscle-specific PPARγ 

knockout mice fed a high fat diet were still responsive to the action of TZD 

treatment (6). This suggested an alternative target of these drugs. In 2004 

studies with a photo-affinity cross-linking derivative of pioglitazone resulted in 

the discovery of a novel mitochondrial target protein. This protein was named 

“mitoNEET” (mNT) for its mitochondrial localization and the unique NEET 

amino acid sequence in its C-terminus (5). Further studies on the localization  
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Figure 1-1: Function and biogenesis of iron-sulfur proteins in eukaryotes. 
Fe-S clusters are assembled in the mitochondria by the ISC system and in the 
cytosol by the CIA system. Assembled Fe-S clusters are then transferred to 
acceptor proteins in the mitochondria, cytosol and nucleus where they serve a 
variety of essential functions. There is some as of yet unknown connection 
between the ISC and CIA systems in which CIA cluster biogenesis depends 
on a functioning ISC. This connection is know to involve the inner-membrane 
transporter Atm1 in yeast (ABCB7 in humans), which transports an unknown 
sulfur-containing compound (X-S) (4).  
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of mNT confirmed that mNT was indeed a mitochondrial protein (7). These 

studies also revealed that it contains an outer-mitochondrial membrane 

spanning sequence at its N-terminus with the soluble C-terminal domain in 

cytosol (7). 

Following discovery of mNT (encoded by the CISD1 gene), related 

genes were found in organisms across all kingdoms of life including three in 

humans. These sequences each have a conserved CDGSH domain 

containing the consensus sequence C-X-C-X2-(S/T)-X3-P-X-C-D-G-(S/A/T)-H 

(Figure 1-2, the 2Fe-2S ligands are bolded for clarity).  The presence of this 

CDGSH domain is the defining feature of the NEET protein family. Many 

plants and unicellular organisms contain a single NEET gene, but mammals 

have three. In addition to mNT, there are two additional human members of 

the NEET family, initially named mitoNEET related 1 (Miner1) and mitoNEET 

related 2 (Miner2), respectively encoded by the CISD2 and CISD3 genes 

(Figure 1-3). Miner1 has also been named NAF-1, ERIS and Noxp70 and 

Miner2 has also been given the name Mitochondrial inner NEET (MiNT). 

Hereafter these two NEET family members as will be referred to as NAF-1 and 

MiNT. mNT and NAF-1 each contain a single CDGSH domain, while Miner2 

has two. These three NEET family members differ in their subcellular 

localization. mNT, as mentioned above, localizes to the outer-mitochondrial 

membrane. NAF-1 is also a transmembrane protein and localizes to the 

cytosolic side of the ER and mitochondria-associated ER membrane (7, 8).  
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Figure 1-2: Sequence alignment of NEET protein family shows high 
degree of conservation. The family defining CDGSH [2Fe-2S] binding 
domain is the area of highest conservation, with conserved residues boxed in 
blue. The cluster ligands are highlighted in yellow. 



 

   

6 

 
 
 
 
 
 
 
 

 
Figure 1-3. Sequence alignment of the human NEET proteins. Areas of 
conservation are boxed (7). 
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MiNT lacks a transmembrane sequence and contains a predicted 

mitochondrial targeting sequence that targets it to the mitochondrial matrix. 

mNT was initially annotated as a zinc finger protein, but purification of 

recombinant mNT resulted in a solution with a red color, suggesting that the 

protein contained a different cofactor, as zinc fingers are colorless (7). 

Inductively coupled plasma–high-resolution mass spectrometry analysis 

detected 1.6 mole of iron per mole of mNT and only trace amounts of zinc (7). 

The mNT cofactor was further analyzed by UV-Vis spectroscopy, electron 

paramagnetic resonance spectroscopy and mass spectrometry and was 

concluded to be a [2Fe-2S] cluster (9). This [2Fe-2S] cluster was found to be 

reversibly reducible and sensitive to pH; upon decreasing pH the cluster is 

released from the protein (Figure 1-4) (9). 

The crystal structure of the cytosolic region of mNT was reported in 

2007, followed by two others and were essentially identical (10-12) (Figure 1-

5). The structure revealed a unique fold that was unlike any previously 

reported. This was termed the “NEET fold” (10). It revealed that the protein is 

a homodimer with each protomer binding one [2Fe-2S] cluster. The two 

protomers form two domains, a six-stranded Beta-Cap domain and two 

Cluster-Binding domains. The crystal structure of NAF-1 revealed a similar 

overall fold (Figure 1-5). The Beta-Cap domain contains a strand swap 

between the two protomers. A molecular dynamics study using dual basin 

structure-based models predicted that this strand swap regulates release of 

the [2Fe-2S] clusters converting between swapped and unswapped  
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Figure 1-4: The NEET [2Fe-2S] cluster is redox active and pH sensitive. 
(Left) UV-Vis absorption spectrum of oxidized (black) and reduced (pink) mNT. 
The purple spectrum is mNT re-oxidized following reduction; showing that 
reduction/oxidation is reversible. (Right) Cluster stability is monitored using the 
absorbance of the oxidized peak at 458 nm. mNT is  orders of magnitude 
more stable at pH 7.0 relative to pH 4.5. Stability of ferredoxin is shown for 
comparison. Adapted from (9). 
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Figure 1-5: Crystal structures of mNT and NAF-1. mNT (left, PDB ID 2QH7) 
and NAF-1 (middle, PDB ID 3FNV) are homodimers with a similar fold. 3Cys-
1His coordination of the NEET [2Fe-2S] cluster is shown on the right. 
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conformations (13). Mutagenesis studies confirmed that despite being 25 Å 

removed, the loop connecting the strand-swapped beta-strand regulated 

stability and function in a non-coordinated fashion, without perturbing the 

structural fold (14). 

Both mNT and NAF-1 have the ability to transfer their [2Fe-2S] clusters 

to apo-acceptor proteins (15, 16). This function was exhibited using the 

universal acceptor protein apo-ferredoxin from the cyanobacteria 

Mastigocladus laminosus. Ferredoxins are the gold-standard acceptor protein 

used in Fe-S cluster transfer studies. Fe-S clusters are assembled in both in 

the mitochondria by ISC assembly system and in the cytosol by the CIA 

system (Figure 1-1) (17). Researchers have shown that mNT receives its 

[2Fe-2S] cluster downstream of the mitochondrial ISC and is not dependent on 

the CIA (18). Also, mNT has the ability to unidirectionally transfer its [2Fe-2S] 

cluster to NAF-1 (19). These two NEETs are optimally positioned at the 

interface of the mitochondria and the cytosol to receive mitochondrially 

assembled [2Fe-2S] clusters and transfer them to cytosolic acceptor proteins. 

They may function as storage reservoirs for [2Fe-2S] clusters from the 

mitochondria for rapid supply when needed by the changing conditions of the 

cell. Both mNT and NAF-1 can only transfer their [2Fe-2S] clusters when they 

are in the oxidized state; transfer is completely abolished upon reduction (15, 

16). In the reducing cytosol the NEET clusters would need to be activated by 

oxidation in order to be transferred. This could occur either enzymatically by 

an oxidoreductase or as part of a stress response to rapidly supply Fe-S 
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clusters that are damaged/lost following reaction with reactive oxygen species 

(ROS). 

In addition to transfer to acceptor proteins, the redox active [2Fe-2S] 

clusters of NEETs can participate in electron transfer reactions. Thus far 

published electron transfer partners have only been discovered for mNT. 

Glutathione reductase can reduce mNT, using an NADPH cofactor (20). 

Glutathione reductase is an essential enzyme for maintaining the redox 

balance of the cell (21). Also, oxidized mNT can accept an electron from 

reduced flavin mononucleotide (FMNH2) and can then transfer that electron to 

ubiquinone (22, 23). Ubiquinone is a key electron shuttle in the mitochondrial 

respiratory chain, suggesting a role for mNT in modulating metabolism.   

It is undeniable that the NEET proteins play important roles in human 

health and are involved in many diseases. For example, missense mutations 

in the CISD2 gene are causative in Wolfram Syndrome 2 in two identified 

cases (24, 25). These mutations cause abnormal splicing of the CISD2 gene, 

which leads to translation of a truncated form of NAF-1 that lacks the [2Fe-2S] 

cluster-binding domain. The symptoms of this condition are dire and cause 

early childhood diseases including diabetes insipidus, diabetes mellitus, optic 

atrophy, and deafness (also known as DIDMOAD). These splicing mutations 

connect NAF-1 to diabetes and ageing relating diseases and underscore the 

biological importance of this protein. 

The gene encoding NAF-1 (CISD2) is located on an area of 

chromosome four that contains many genes associated with human longevity. 
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CISD2 knockout mice had reduced lifespans and early symptoms of aging 

including muscle and neuron degeneration. These phenotypes are similar to 

the symptoms seen in Wolfram Syndrome 2 (26). At the cellular level deletion 

of the CISD2 gene leads to breakdown of mitochondria and activation of 

autophagy to remove the damaged mitochondria(26). Interestingly, expression 

of NAF-1 decreases during the natural aging process (27). Remarkably, mice 

engineered to express a persistent level of NAF-1 have increased lifespans 

and reduced aging symptoms relative to normal mice (28). These results 

suggest NAF-1 must be looked at a healthy ageing factor, however, the role of 

NAF-1 in cancer must be considered (29, 30). 

As mentioned above, knockout of NAF-1 caused increased levels of 

autophagy activation. Autophagy is the process of degradation and recycling 

of cellular components and can be activated in response to nutrient-

deprivation and cell stress (31). NAF-1 has been identified as antagonist of 

Beclin-1 mediated autophagy (32). On the cytosolic side of the ER membrane 

NAF-1 binds to BCL-2, stabilizing the interaction between BCL-2 and Beclin-1. 

Beclin-1 is an important effector of autophagy whose release from BCL-2 

leads to autophagy activation. NAF-1 can be displaced from BCL-2 by the 

BH3-only protein BIK, weakening the BCL-2–Beclin-1 interaction and allowing 

for Beclin-1 release and thus autophagy activation (32). 

High NEET expression levels are necessary for breast cancer cell 

proliferation. Both mNT and NAF-1 have increased expression levels in breast 

cancer cells (30). Suppressing the expression level of either NEET with 
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shRNA results in dramatic reduction of tumor growth. Cells with reduced 

expression exhibited mitochondrial accumulation of iron and ROS as well as 

reduced mitochondrial membrane potential. This phenotype was reversed with 

the addition of an iron chelator.  NEET knockdown cells also exhibited 

formation of autophagosomes and breakdown of mitochondria (30). These 

results connect mitochondrial function to the regulation of iron homeostasis. In 

addition to high NEET expression levels, breast cancer cell growth is 

dependent on the lability of the NEET iron sulfur clusters. Mutation of the [2Fe-

2S] cluster coordinating His residue in NAF-1 stabilizes the cluster and inhibits 

cluster transfer. Overexpression of this mutant resulted in a dramatic decrease 

in tumor growth relative to wild type (29). A similar result was observed for the 

addition of the cluster-stabilizing drug, pioglitazone, suggesting that cluster-

stabilizing compounds could be used as cancer therapeutics. We have also 

demonstrated the effectiveness of destabilizing the cluster for cancer 

treatment, as this leads to mitochondrial iron and ROS accumulation and 

cancer cell death (33). 

The NEET proteins have emerged as a critically important class of 

proteins that link iron homeostasis with disease. In this thesis study we explore 

interactions that mediate the NEETs’ role in iron regulation. First, we 

investigate the connection between the mitochondrial ISC and cytosolic CIA. 

We discover that both mNT and NAF-1 transfer [2Fe-2S] clusters to human 

Anamorsin, a protein that is critical for the biosynthesis of Fe-S clusters in the 

cytosol. We also identify redox-dependent interactions between mNT and the 
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outer-mitochondrial pore protein VDAC1 that allow for the transfer of iron into 

the mitochondria and show that mNT can regulate VDAC1 permeability. 

Additionally, while most NEET studies have focused on mNT and NAF-1, we 

also structurally and functionally characterize the third family member, MiNT 

(CISD3), and find that is can supply [2Fe-2S] clusters to human mitochondrial 

ferredoxins. Furthermore, it has a similar role to mNT and NAF-1 in 

maintaining mitochondrial iron and ROS levels in cancer cells. 
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Chapter 2  
 

Cancer-Related NEET Proteins Transfer 2Fe- 

2S Clusters to Anamorsin, a Protein Required 

for Cytosolic Iron-Sulfur Cluster Biogenesis
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Abstract 

 Iron-sulfur cluster biogenesis is executed by distinct protein assembly 

systems. Mammals have two systems, the mitochondrial Fe-S cluster 

assembly system (ISC) and the cytosolic assembly system (CIA), that are 

connected by an unknown mechanism. The human members of the NEET 

family of [2Fe-2S] proteins, nutrient-deprivation autophagy factor-1 (NAF-1) 

and mitoNEET (mNT), are located at the interface between the mitochondria 

and the cytosol. These proteins have been implicated in cancer cell 

proliferation, and they can transfer their [2Fe-2S] clusters to a standard apo-

acceptor protein. Here we report the first physiological [2Fe-2S] cluster 

acceptor for both NEET proteins as human Anamorsin (also known as 

cytokine induced apoptosis inhibitor-1; CIAPIN-1). Anamorsin is an electron 

transfer protein containing two iron-sulfur cluster-binding sites that is required 

for cytosolic Fe-S cluster assembly. We show, using UV-Vis spectroscopy, 

that both NAF-1 and mNT can transfer their [2Fe-2S] clusters to apo-

Anamorsin with second order rate constants similar to those of other known 

human [2Fe-2S] transfer proteins. A direct protein-protein interaction of the 

NEET proteins with apo-Anamorsin was detected using biolayer interferometry. 

Furthermore, electrospray mass spectrometry of holo-Anamorsin prepared by 

cluster transfer shows that it receives both of its [2Fe-2S] clusters from the 

NEETs. We propose that mNT and NAF-1 can provide parallel routes 

connecting the mitochondrial ISC system and the CIA. [2Fe-2S] clusters 
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assembled in the mitochondria are received by NEET proteins and when 

needed transferred to Anamorsin, activating the CIA. 

 

Introduction 

Iron-sulfur (Fe-S) clusters are ancient cofactors found in proteins from 

all kingdoms of life. Proteins containing iron sulfur clusters perform numerous 

critical functions including transfer of electrons in oxidative metabolism, 

photosynthesis, nucleotide metabolism, synthesis of protein cofactors, and are 

crucial for DNA replication and DNA repair (1, 34). Biosynthesis of Fe-S 

clusters occurs by complex protein assembly systems which include scaffold 

proteins, chaperones, electron transfer proteins and cysteine desulfurases 

[(35). In mammals there are two distinct sets of Fe-S cluster assembly 

machinery: the mitochondrial iron sulfur cluster assembly (ISC) system and 

the cytosolic iron sulfur cluster assembly (CIA) system. The CIA supplies Fe-S 

clusters for cytosolic and nuclear proteins, including those involved in DNA 

replication and repair (36). The mitochondrial ISC system has been reported to 

be necessary for the activation of the cytosolic system (17, 37). However the 

exact nature of the link between the two systems remains unknown. There are 

several human diseases associated with defects in Fe-S biogenesis, including 

Friedreich’s Ataxia, sideroblastic anemia, multiple mitochondrial dysfunctions 

syndrome, and cancer (35, 38). 

The human NEET proteins are a recently discovered new class of [2Fe-

2S] proteins. They are the only known iron-sulfur proteins localized at or near 
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the outer mitochondrial membrane that are at the interface between the 

mitochondria and cytosol. The best characterized of these are mitoNEET 

(mNT, CISD1) and nutrient-deprivation autophagy factor-1 (NAF-1, miner1, 

ERIS, CISD2) [reviewed in (39)]. mNT is located on the outer-mitochondrial 

membrane (OMM) and NAF-1 on the endoplasmic reticulum (ER) and the 

mitochondrial-associated membrane (MAM) of the ER (7, 8, 32). NAF-1 in the 

MAM is intimately connected to the OMM via its complex with IP3R, which is 

directly tethered to the OMM pore protein VDAC by grp75 (32, 40). These 

NEET proteins are involved in several human diseases including cancer, 

diabetes, cystic fibrosis, Wolfram syndrome 2, neurodegeneration and muscle 

atrophy (5, 24, 26, 30, 39, 41, 42). Crystal structures show that both mNT and 

NAF-1 are homodimers with each protomer coordinating a [2Fe-2S] cluster 

with an unusual 3Cys:1His coordination (10, 43). The unusual Fe-S cluster 

coordination by three Cys ligands and one non-Cys ligand has been found in 

Fe-S cluster transfer proteins (44). We demonstrated the ability of NEET 

proteins to transfer their [2Fe-2S] clusters to apo-ferredoxin, the gold-standard 

protein used for Fe-S cluster transfer experiments (15, 16). 

The subcellular localization of the NEET proteins at the interface of the 

cytosol and the mitochondria, as well as their cluster transfer function, led us 

to investigate whether they connect the mitochondrial ISC system to the CIA 

system. The cytosolic [2Fe-2S] protein Anamorsin (also known as cytokine 

induced apoptosis inhibitor-1; CIAPIN-1) is an electron transfer protein that is 

required for an early step of Fe-S cluster assembly by the CIA system (45-47). 
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In this study we identify Anamorsin as the first known direct physiological [2Fe-

2S] cluster acceptor for both mNT and NAF-1. Similar to our previous findings 

with ferredoxin, transfer only occurs when the cluster is in the oxidized [[2Fe-

2S]]2+ state and is inhibited by mutation of the His ligand to Cys. The rate of 

cluster transfer to Anamorsin from mNT or NAF-1 is comparable to those by 

other known human [2Fe-2S] cluster transfer proteins. We show, using 

biolayer interferometry, that both NEETs form a direct protein-protein 

interaction with Anamorsin. Furthermore, we report that NEET proteins directly 

transfer [2Fe-2S] clusters to both Anamorsin cluster-binding sites allowing for 

complete reconstitution of holo-Anamorsin. Because holo-Anamorsin is 

required for the biosynthesis of Fe-S clusters by the CIA system, [2Fe-2S] 

cluster transfer to apo-Anamorsin suggests that the NEET proteins have an 

essential role in regulation/activation of cluster assembly by the CIA system.  

 

EXPERIMENTAL PROCEDURES 

Expression and purification of proteins. The soluble domains of 

NAF-1 (residues 57-135) and mNT (residues 33-108) were expressed and 

purified as described previously (16, 43). The purified NEET proteins contain ≥ 

98% cluster occupancy. The human Anamorsin cDNA encoding plasmid 

(Abgent) was amplified by PCR and subcloned into a pET28-a(+) vector 

(Novagen) between NdeI and XhoI restriction sites. The vector adds a 6x his-

tag and a thrombin cleavage site to the N-terminus of the gene. BL-21 Codon 

Plus (DE3) RIL cells (Stratagene) were transformed with the pET28-a(+)-
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Anamorsin construct. Cultures were grown in LB media containing as 

described previously (48). 750 µM FeCl3 was added to the culture 30 minutes 

before induction with IPTG. Cells were pelleted by centrifugation and 

resuspended in 20 mM Tris-HCl pH 8.0, 250 mM NaCl, 5 mM imidazole. 

Resuspended cells were lysed using an EmulsiFlex-C5 homogenizer (Avestin) 

and centrifuged. Supernatant containing his-tagged Anamorsin was bound to 

Ni-NTA agarose (Qiagen) resin, washed with the resuspension buffer and 

eluted with the same buffer with 300 mM imidazole. Eluted Anamorsin was 

diluted in 25 mM Tris-HCl pH 7.1 containing 5 mM DTT and further purified 

using a HiTrap Q HP 5 ml anion-exchange column (GE Healthcare).  The 

protein was eluted by a 150-500 mM NaCl gradient in 25 mM Tris-HCl pH 7.1 

and 5 mM DTT. For apo-Anamorsin, the [2Fe-2S] cluster was removed by the 

method described by Kennedy and Beinert (49). The single cluster site 

mutants of Anamorsin (C1 and C2) were designed by replacing each of the 

4Cys cluster ligands with Ser by site-directed mutagenesis. 

UV-Vis absorption spectroscopy transfer kinetics. Absorption 

spectra were recorded from 300-800 nm on a Cary 50 spectrophotometer 

(Varian) with a temperature control unit set at 37°C using a 1 cm pathlength 

cuvette. Spectra were obtained under aerobic conditions unless otherwise 

stated. The ratio of absorbance at 423 nm (characteristic of the [2Fe-2S] 

cluster(s) of Anamorsin) to 458 nm (NEET [2Fe-2S] cluster signature peak) 

was monitored as cluster transfer progression. The extent of the cluster 

transfer reaction is determined and plotted described previously (16) using the 
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equation: Transfer Progress(%) = (Robs – Rinitial)/(Rfinal – Rinitial)x100%, where 

Rinitial  is the 423/458 nm absorbance ratio at time 0, Robs is the 423/458 nm 

ratio at a given time, and Rfinal is the is the 423/458 nm ratio for complete 

transfer. Rinitial for transfer from NAF-1 and mNT is 0.78. Rinitial values for 

transfer from NAF-1 H114C mutant and mNT H87C mutant are 0.93 and 0.90 

respectively. The 423/458 nm absorbance ratio of purified holo-Anamorsin, C1 

mutant and C2 mutant (1.04, 1.03, 0.99 respectively) were used as the values 

for complete transfer (Rfinal). For transfer reactions, apo-Anamorsin was pre-

incubated with 2.5 mM DTT for 60 minutes to ensure the reduction of its 

cysteine thiol groups. Kinetic measurements were performed using equimolar 

concentrations of NAF-1 or mNT to apo-Anamorsin (one NEET with two [2Fe-

2S] cluster per Anamorsin) in 50 mM Bis-Tris pH 7.0, 100 mM NaCl, 2.5 mM 

DTT unless stated otherwise stated. The apo-Anamorsin and DTT were 

preincubated for 60 min prior to the addition of NEET protein. 

Biolayer interferometry. Kinetics of the apo-Anamorsin interaction 

with NAF-1 or mNT was measured on an Octet Red96 instrument (ForteBio). 

Apo-Anamorsin was biotinylated by incubation for 30 minutes with EZ-Link 

Sulfo-NHS-LC-biotin (Thermo Scientific) at a 2:1 molar ratio of biotinylation 

reagent to protein then buffer exchanged using a PD10 desalting column (GE 

Healthcare) into 50 mM bis-tris, 100 mM NaCl, 0.1% Tween 20, 0.5 mg/ml 

BSA, 5 mM DTT, pH 7.0. 3.5 µM biotinylated Anamorsin was immobilized to 

streptavidin biosensors (ForteBio). The loaded biosensors were equilibrated in 

the same buffer without DTT. Association was measured over 900 seconds. 
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The association is determined by wavelength shift (nm). Following association, 

dissociation was determined by transferring the biosensor tip to buffer without 

NEET protein for a period of 1800 seconds. Controls for non-specific binding 

for each NEET concentration were run with no loading to the biosensor and 

subtracted from the corresponding binding data. Data was fit to a 1:1 model for 

binding to apo-Anamorsin and a 2:1 heterogeneous ligand model for binding 

to holo-Anamorsin using the Octet software. The data was plotted using 

Kaleidagraph (Synergy Software). 

Preparation of post-cluster transfer Anamorsin for mass 

spectrometry and biolayer interferometry. 25 µM apo-Anamorsin in 50 mM 

Bis-Tris pH 7.0 and 100 mM NaCl was pre-incubated with 2.5 mM DTT for 60 

minutes. 27.5 µM NAF-1 was then added and the reaction mixture was 

incubated in an orbital shaker at 37°C for 3.5 hours. After the reaction holo-

Anamorsin was purified from NAF-1 using a HiTrap Q HP 1 ml anion-

exchange column. The protein was eluted by a 150-500 mM NaCl gradient in 

25 mM Tris-HCl pH 7.5. Samples for mass spectrometry were buffer 

exchanged into 10 mM Ammonium acetate pH 7.5 buffer using Quick Spin 

Protein columns (Roche). 

Electrospray ionization mass spectrometry. Anamorsin samples in 

10 mM Ammonium acetate pH 7.5 with a concentration of ~1 mg/ml were 

diluted 100 fold in 50% methanol with 0.5% acetic acid and injected into a 

Quattro Ultima Triple Quadrupole system (Waters). Spectra were acquired in 
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positive ion mode with an m/z range of 500-2000. Mass deconvolution was 

performed using the MassEnt1 tool in the MassLynx software package. 

 

RESULTS 

NAF-1 or mNT can transfer their oxidized [2Fe-2S] clusters to apo-

Anamorsin. Anamorsin has two [2Fe-2S] binding sites, each with a 

ferredoxin-like 4-Cys cluster ligation that differs from that of the NEETs 

(3Cys:1His). This difference in ligation gives it a UV-Vis absorbance spectrum 

that is distinct from that of the NEET proteins, predominantly in the 400-500 

nm region. In this region Anamorsin has absorption peaks at 423 and 458 nm, 

whereas both NAF-1 and mNT have only a peak at 458 nm (Figure 2-1). We 

determined the molar extinction coefficient of the Anamorsin [2Fe-2S] cluster 

peak at 458 nm to be 5800 M-1cm-1 per cluster, while that of the NEETs is 

5000 M-1cm-1 per cluster (50). We use the ratio of 423 nm to 458 nm to 

monitor transfer of [2Fe-2S] clusters from mNT or NAF-1 to apo-Anamorsin. 

As transfer occurs we expect the 423 nm peak to rise, and thus an increase in 

the 423/458 ratio. In contrast loss of the cluster to solution would result in 

complete loss of visible absorbance in the 400-800 nm region (43). To prepare 

the protein for [2Fe-2S] cluster transfer studies, the free cysteines of apo-

Anamorsin are reduced by pre-incubation with DTT for 60 minutes to ensure 

that they are ready for cluster ligation. The first scan upon the initiation of 

transfer shows an oxidized NEET spectrum, which indicates that most of the 

DTT is oxidized. Reduced DTT will reduce the NEET clusters (51), which  
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Figure 2-1: Structures and UV-Vis absorption spectra of NEET proteins 
and Anamorsin. A. (Top) Crystal structures of mNT (PDB code: 2QH7,), 
NAF-1 (PDB code: 3FNV); (Middle) NEET 2Fe-2S cluster with 3-Cys:1His 
coordination; (Bottom) Absorption spectra of 25 µM mNT and NAF-1. B. (Top) 
Crystal structure of the N-terminal domain of Anamorsin (PDB code: 2YUI) 
with an added schematic of the unstructured 2Fe-2S cluster binding domain; 
(Middle) Representative Anamorsin 2Fe-2S cluster with 4-Cys coordination 
(from ferredoxin, PDB code: 1RFK); (Bottom) Absorption spectrum of 43 µM 
Anamorsin isolated from E. coli. 
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inhibits transfer (16). Subsequently, NAF-1 or mNT was added to pre-reduced 

apo-Anamorsin and the cluster transfer reaction was monitored by UV-Vis 

spectrophotometry. The stoichiometry of NAF-1 or mNT to apo-Anamorsin 

was chosen to provide one [2Fe-2S] cluster per Anamorsin as it was 

previously reported that both cluster binding sites could not be simultaneously 

reconstituted (45, 48). Under oxidizing conditions transfer proceeds from both 

NAF-1 and mNT with no loss of clusters to solution and the data are well fit to 

a single exponential phase (Figure 2-2). NAF-1 transfer proceeded to 

completion whereas mNT transferred ~80% of its clusters showing efficient 

transfer from either NEET protein to Anamorsin. Scans at select time points 

can be seen in Figure 2-3. Reduced DTT has been shown in some cases to 

mediate cluster transfer (52). To test whether this was the case for NEET-

Anamorsin, DTT was removed from apo-Anamorsin following 60 min 

incubation with this agent. The DTT free apo-Anamorsin is readily able to 

receive the NEET clusters (Figure 2-4). This indicates that NEET-Anamorsin 

cluster transfer is a solely protein-mediated event. 

We further tested whether the [2Fe-2S] cluster transfer from the NEET 

proteins to apo-Anamorsin was dependent on the oxidation state of the cluster 

as we found in previous studies with cluster transfer to apo-ferredoxin (15, 16). 

The reduced NEET spectrum has two distinct peaks (Figure 2-5), unlike the 

featureless spectrum of reduced Anamorsin (48). When the NEET [2Fe-2S] 

cluster is pre-reduced with sodium dithionite no transfer to apo-Anamorsin was 

observed (Figure 2-2). This finding shows that NEET cluster transfer to  
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Figure 2-2: NEET proteins transfer their 2Fe-2S cluster to apo-Anamorsin. 
The 2F-2S cluster transfer reaction was monitored by UV-Vis absorption 
spectroscopy. The progress of the transfer was plotted versus time. Cluster 
transfer from NAF-1 (A) and mNT (B) to apo-Anamorsin occurs only when the 
2Fe-2S cluster is oxidized and not when reduced with 10 mM sodium dithionite. 
Replacement of the coordinating His residue with Cys (H114C for NAF-1 and 
H87C for mNT) inhibits but does not abolish transfer.  All traces shown were 
obtained with 25 µM NAF-1 or mNT (50 µM 2Fe-2S clusters) and 50 µM apo-
Anamorsin in 50 mM bis tris, 100 mM NaCl, 2.5 mM DTT, pH 7.0 at 37°C.  
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Figure 2-3: UV-Vis Spectra of NEET 2Fe-2S cluster transfer to apo-
Anamorsin. Spectra at select time points from the cluster transfer curves 
shown in Fig 2 for NAF-1 (A) and mNT (B) to apo-Anamorsin are shown. 
Baselines were normalized to an absorbance of zero at 800 nm. 
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Figure 2-4: NEET cluster transfer occurs after removal of DTT. 100 µM 
apo-Anamorsin was pre-incubated with 2.5 mM DTT for 60 minutes. DTT was 
removed using a Quick Spin Protein buffer exchange column (Roche), 
followed by addition of 25 µM NAF-1. Sample was kept under nitrogen to 
prevent disulfide bond formation. The time points shown are at 0 (red) and 200 
(blue) minutes.  
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Figure 2-5: Comparison of oxidized and reduced NEET UV-Vis spectra. 
Absorbance spectrum of 25 µM NAF-1 with (red) and without (blue) 5 mM 
dithionite. 
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Anamorsin requires oxidized [2Fe-2S] clusters as we previously found for 

transfer from NEET proteins to apo-ferredoxin, as well as observed for transfer 

from the iron-sulfur assembly protein ISCU to apo-Fd (53). 

We additionally tested the importance of the single His ligand of mNT 

and NAF-1 for efficient cluster transfer. Replacement of the coordinating His 

residues with Cys in NAF-1 (H114C) and in mNT (H87C) inhibited transfer to 

apo-ferredoxin (15, 16, 54, 55).  The spectra of NAF-1 H114C mutant and 

mNT H87C mutant can be seen in Figure 2-6. Similarly we find that cluster 

transfer to apo-Anamorsin was also inhibited by more than 10-fold in these 

mutants (Figure 2-2). 

Transfer rates of NEET proteins are similar to those of known 

human cluster-transfer proteins. Transfer of [2Fe-2S] clusters to apo-

acceptor proteins has been described as being second order (53, 56). We 

therefore tested cluster transfer from mNT or NAF-1 to apo-Anamorsin at 

different concentrations of the NEET dimer donors (3.13 µM, 6.25 µM, 12.5 

µM and 25 µM). The observed rate for each concentration (kobs) was linearly 

dependent on the NEET protein concentration (Figure 2-7). The apparent 

second order rate constant (k2) for each was determined from the linear fits to 

the kobs values. The k2 values calculated for NAF-1 and mNT are 600 ± 90 M-1 

min-1 and 460 ± 60 M-1 min-1 respectively, which are similar to rate constants 

measured for the human [2Fe-2S] cluster transfer proteins ISCA and ISCU (53, 

56) (Table 2-1). Transfer rates of some [2Fe-2S] transfer proteins are 

enhanced by ATP-dependent chaperones. IscU from Azotobacter Vinelandii in  
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Figure 2-6: UV-Vis Spectra of NEET mutants. Absorption spectra of 25 µM 
NAF-1 H114C mutant (left) and 25 µM mNT H87C mutant. Note that the 
mutants show an increased absorbance at 423 nm due to the change in the 
ligation of the 2Fe-2S clusters, but also that the spectra are distinct from that 
of Anamorsin (Figure 2-1). 
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Figure 2-7: NEET transfer of 2Fe-2S clusters to apo-Anamorsin is second 
order. NAF-1 (A) and mNT (B) transfer to apo-Anamorsin was monitored by 
UV-Vis absorption spectroscopy for a series of NEET concentrations. For each 
NEET concentration the ratio 1 NEET dimer per 2 apo-anamorisn was 
maintained. The rate constant, kobs, is determined from the fit of the data to an 
exponential rise and is plotted versus concentration for NAF-1 (C) or mNT (D). 
The slope of the best line fit was used to determine apparent second order 
rate constants (k2) for NAF-1 and mNT, which are 600 ± 90 M-1 min-1 and 460 
± 60 M-1 min-1 respectively. 
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Table 2-1: Comparision of NEET 2Fe-2S cluster transfer rates to apo-
Anamorsin with other known cluster transfer proteins 

 k2 (M-1 min-1) 
NAF-1 to apo-Anamorsin 600 ± 90 
mNT to apo-Anamorsin 460 ± 60 
hsISCA to apo-hsFerredoxin 170 ± 8 (56) 
hsISCU to apo-hsFerredoxin 540 (53) 
*avIscU to apo-avFerredoxin 800 (57) 

*Transfer in the presence of chaperones 
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the presence of the HscA/HscB cochaperone system and necessary cofactors 

transfers with a reported rate constant that is only slightly greater than those of 

the NEET proteins (57) (Table 2-1). An additional similarity between the 

NEETs and ISCU is the requirement for oxidation of the [2Fe-2S] cluster for 

transfer (53). Taken together, the NEETs transfer as effectively as ISCU and 

are likely to function in a similar manner.  

Here we demonstrate that [2Fe-2S] clusters are transferred to 

Anamorsin from the NEET proteins. To address the possibility that the NEETs 

are simply suppliers of iron and sulfide via a release and capture mechanism, 

we performed transfer in the presence of EDTA (an iron chelator which 

sequesters free iron and thus inhibits cluster assembly).  While free iron and 

sulfide can spontaneously form clusters on Anamorsin (45, 48), EDTA 

abolishes the assembly. However, transfer from each of the NEETs to apo-

Anamorsin proceeds efficiently in the presence of EDTA (Figure 2-8).  

Therefore, the NEETs’ role in this process is beyond simply supplying iron and 

sulfide and direct interaction is necessary for efficient transfer. 

Here we demonstrate that [2Fe-2S] clusters are transferred to 

Anamorsin from the NEET proteins. To address the possibility that the NEETs 

are simply suppliers of iron and sulfide via a release and capture mechanism, 

we performed transfer in the presence of EDTA (an iron chelator which 

sequesters free iron and thus inhibits cluster assembly).  While free iron and 

sulfide can spontaneously form clusters on Anamorsin (45, 48), EDTA 

abolishes the assembly. However, transfer from each of the NEETs to apo- 
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Figure 2-8: NEET cluster transfer occurs in the presence of EDTA. For all 
traces shown 50 µM apo-Anamorsin was pre-incubated with 2.5 mM DTT 250 
µM EDTA for 60 minutes followed by the addition of 100 µM ferric chloride and 
100 µM ammonium sulfide (shown in red on both A and B), 25 µM NAF-1 (A) 
or 25 µM mNT (B). The time points shown are each at 150 minutes. No 
Anamorsin cluster formation occurs from free Fe3+ and S2- in the presence of 
EDTA, but cluster transfer from both NAF-1 and mNT does occur. 
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Anamorsin proceeds efficiently in the presence of EDTA (Figure 2-8).  

Therefore, the NEETs’ role in this process is beyond simply supplying iron and 

sulfide and direct interaction is necessary for efficient transfer. 

NAF-1 or mNT bind directly to apo-Anamorsin. To investigate the 

potential for protein-protein interaction between NEET proteins and Anamorsin 

we employed biolayer interferometry (BLI). Both NAF-1 and mNT bound 

directly to immobilized apo-Anamorsin. The association and dissociation 

curves are shown in Figure 2-9. On- (kon) and off-rates (koff) measured for 

each interaction are shown in Table 2-2. The on-rates for NAF-1 and mNT 

differ by a factor of two, whereas the off-rate of NAF-1 is ~18 fold faster than 

that of mNT. We also analyzed the binding of the holo-NEETs to holo-

Anamorsin (Figure 2-10). 

NEET proteins can transfer to each of the Anamorsin cluster-

binding sites. Anamorsin has two [2Fe-2S] cluster binding sites and in vitro 

chemical reconstitution showed that each cluster site could be reconstituted 

but cluster binding was mutually exclusive (48). We refer to the first site as C1 

and the second as C2 (Figure 2-11A). Anamorsin mutants containing only a 

single cluster-binding site were produced in which all four cysteine residues 

from the other site were replaced with serines to test for possible preferential 

transfer from mNT or NAF-1 to apo-Anamorsin. The absorbance spectrum for 

each mutant can be seen in Figure 2-12. As shown in Figure 2-11, each 

Anamorsin mutant received clusters from each NEET donor protein showing 

little preference for transfer to either the C1 or C2 acceptor sites.  
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Figure 2-9: Biolayer interferiometry shows a direct protein-protein 
interaction of NAF-1 and mNT with apo-Anamorsin. Sensorgrams for the 
binding of holo-NAF-1 (A) and holo-mNT (B) to biotinylated apo-Anamorsin 
immobilized to streptavidin-coated biosensors are shown. The association was 
followed for 900 seconds (rising signal) followed by 1800 seconds of 
dissociation (decaying signal). The data was fit to a one-to-one model (black 
curves). On- and off-rates were determined from the fits for each NEET-
Anamorsin concentration (shown in Table 2). 
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Table 2-2: NEET-apo-Anamorsin association and dissociation rates 
determined by biolayer interferometry 
 kon (M-1 min-1) koff (min-1) 
NAF-1 (4.7 ± 0.8) x 104 (6.6 ± 0.2) x 10-2 
mNT (1.9 ± 0.6) x 104 (3.7 ± 0.5 ) x 10-3 
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Figure 2-10: Holo-NEETs bind to holo-Anamorsin. Biolayer interferiometry 
sensorgrams for the binding of 16 µM holo-NAF-1 (A) and 32 µM holo-mNT 
(B) to biotinylated holo-Anamorsin (prepared via cluster transfer) immobilized 
to streptavidin-coated biosensors are shown. The association was followed for 
900 seconds (rising signal) followed by 1800 seconds of dissociation 
(decaying signal). The data fit best to a 2:1 heterogeneous ligand model (black 
curves), possibly due to a small population single cluster Anamorsin present, 
which can be seen in the ESI-MS spectrum in Fig 6. (C) On- and off-rates 
shown in the table are the average of two trials. NAF-1 binds to holo-
Anamorsin with similar kinetics as to apo-Anamorsin, while mNT has a similar 
on-rate but a 50-fold faster off-rate. The binding between the holo-NEETs and 
holo-Anamorsin may have an additional biological function, possibly electron 
transfer, which is a subject for future studies. 
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Figure 2-11: UV-Vis Spectra of Anamorsin single-cluster mutants. 
Absorption spectra of 60 µM holo-Anamorsin-C1 mutant (A) and 90 µM holo-
Anamorsin-C2 (B). 
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Figure 2-12: NEET proteins can transfer their clusters to either of 
Anamorsin 2Fe-2S cluster-binding sites. Anamorsin mutants containing a 
single cluster-binding site are shown; the other cluster site was disrupted by 
replacing all of the Cys residues with Ser. (A) Schematics of Anamorsin-C1 
(green) and Anamorsin-C2 (magenta) are shown. 2Fe-2S cluster transfer from 
NAF-1 (B) or mNT (C) to each single cluster binding apo-Anamorsin mutant 
was monitored by UV-Vis absorption spectroscopy. Traces were obtained with 
25 µM NAF-1 or mNT (50 µM 2Fe-2S clusters) and 50 µM apo-Anamorsin. 
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NAF-1 homodimers can supply both [2Fe-2S] clusters to 

Anamorsin. Given the above results, we decided to test whether either a 

single NEET homodimer could supply [2Fe-2S] clusters to both C1 and C2 

acceptor sites of a single apo-Anamorsin. Cluster transfer was measured for 

NAF-1 with stoichiometric donor cluster to acceptor sites (50 µM NAF-1 dimer 

and 50 µM apo-Anamorsin) (Figure 2-13A). We focused on NAF-1 because 

only NAF-1 showed complete transfer with excess apo-Anamorsin (Figure 2-2). 

Transfer of ~1.5 [2Fe-2S] clusters per Anamorsin was found, surprisingly 

showing that at least half of the Anamorsin proteins accepted two clusters 

after incubation with NAF-1. We observed no loss of cluster to solution 

(spectral amplitude). As the data are well fit to a single exponential phase, 

both clusters are transferred in kinetically indistinguishable steps. The simplest 

explanation is that both clusters are transferred in a single binding event, 

although they may be at slightly different rates because of the different amino 

acid composition around the two Anamorsin cluster-binding sites. The 

incomplete transfer may be due to formation of intramolecular disulfide bonds 

in apo-Anamorsin or possibly due to modified cysteine side-chains in apo-

Anamorsin. The former was suggested previously for incomplete transfer from 

ISCU to apo-ferredoxin (53). To confirm the formation of fully occupied holo-

Anamorsin following transfer from NAF-1 we used electrospray ionization 

mass spectrometry (ESI-MS). The holo-Anamorsin formed by a transfer 

reaction with NAF-1 was purified from NAF-1 using anion exchange 

chromatography. The resulting holo-Anamorsin was analyzed by ESI-MS.  
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Figure 2-13: NEET homodimers can transfer their two 2Fe-2S clusters to 
Anamorsin. (A) 2Fe-2S transfer from 50 µM dimeric NAF-1 to 50 µM apo-
Anamorsin (two 2Fe-2S clusters per Anamorsin) (shown in red) is compared to 
25 µM NAF-1 to 50 µM apo-Anamorsin (one 2Fe-2S cluster per Anamorsin) 
(shown in blue). Transfer is near complete for the one 2Fe-2S cluster per 
Anamorsin sample and is approximately 75% complete for the two 2Fe-2S 
cluster per Anamorsin sample. The latter result shows that at least half of the 
Anamorsin is capable of receiving two 2Fe-2S clusters from a single NAF-1 
homodimer. (B) Anamorsin following a transfer reaction with NAF-1 was 
purified and analyzed by ESI-MS (shown in red). Mass spectra of apo-
Anamorsin (solid black line) is compared to the major peak for post-transfer 
Anamorsin (solid red line) which shows an increase in the mass corresponding 
to the incorporation of two 2Fe-2S clusters. There is also a minor peak at 
35856 Da that likely corresponds to Anamorsin with a single 2Fe-2S cluster 
and an iron ion bound that may be a remnant of a cluster that degraded during 
the sample preparation process. E. coli-purified Anamorsin is shown for 
comparison (dotted line) which shows Anamorsin containing a single 2Fe-2S 
cluster. 
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Additionally we acquired ESI-MS spectra for apo-Anamorsin and Anamorsin 

as it was purified from E. coli. The resulting spectra are shown in Figure 2-13B. 

The expected mass for the apo-Anamorsin construct is 35614 Da and the 

expected mass of a [2Fe-2S] cluster is 176 Da. We find that the Anamorsin 

purified from E. coli is predominantly contains a single cluster, while the major 

fraction of post-transfer Anamorsin contains two [2Fe-2S] clusters; previously 

chemical reconstitution reported cluster occupancy to be mutually exclusive 

(48). This result shows the necessity of direct transfer to activate Anamorsin.  

 

 

Discussion 

In this study, we identified Anamorsin as the first human [2Fe-2S] 

cluster acceptor protein for both the OMM cancer related mNT and NAF-1 

proteins. Recently, Ferecatu et al. (18) determined that mNT acquires its [2Fe-

2S] clusters from the mitochondrial ISC system. Our results show that once 

obtained, mNT (and NAF-1) can transfer its [2Fe-2S] clusters to Anamorsin 

thereby providing a well-defined pathway from the ISC to the CIA via the outer 

membrane tethered mNT (Figure 2-14).  

Anamorsin, which is an essential component of the CIA, harbors two 

Fe-S cluster-binding sites and we found that mNT or NAF-1 can transfer [2Fe-

2S] clusters to both cluster-binding sites. The NEET proteins can supply all 

necessary clusters for activating Anamorsin for its electron transfer function.  
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Figure 2-14: NEET proteins provide a link between the ISC and CIA 
pathways. mNT on the OMM and NAF-1 on the MAM receive 2Fe-2S clusters 
produced inside the mitochondria by the ISC system. Both mNT and NAF-1 
transfer these 2Fe-2S clusters to Anamorsin. Anamorsin receives electrons 
from the diflavin reductase NDOR1 and supplies them to the CIA system as an 
early step necessary for the production of 4Fe-4S clusters. This step requires 
the holo form of Anamorsin. Both mNT and NAF-1 can provide parallel routes 
linking CIA to ISC. CIA produced clusters are targeted to proteins in the 
cytosol and the nucleus and are important for cell metabolism, maintenance 
and proliferation.  
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This now links the necessity for mitochondrial Fe-S cluster assembly with the 

function of the cytosolic CIA (4, 18).  

The NEET’s location at the OMM/MAM and their cluster transfer 

function similarities to ISCU suggest that they may be part of a pathway linking 

mitochondrial [2Fe-2S] assembly to the CIA system. While Ferecatu et al. 

demonstrated that knockdown of mNT did not have a significant impact on the 

maturation of CIA-dependent Fe-S proteins (18), we show that NAF-1 is more 

efficient at transferring to apo-Anamorsin and may be a parallel route to the 

CIA.  

The properties of the NEET proteins suggest that in addition to 

mitochondrial [2Fe-2S] transport, they function as reservoirs allowing [2Fe-2S] 

clusters to be assembled under favorable conditions inside the mitochondria 

and stored for faster availability when cytosolic [2Fe-2S] clusters are needed. 

This would allow for faster response to immediate needs than would be 

possible if mitochondrial assembly and transport through two membranes to 

cytosolic proteins. In support of this function, mNT was recently found to 

reassemble/repair the 4Fe-4S cluster of cytosolic iron regulatory protein 1 

(IRP1; cytosolic aconitase) following oxidative damage (18). Thus the NEETs 

can function in transport of [2Fe-2S] clusters out of the mitochondria as well as 

a reservoir of readily available [2Fe-2S] clusters. 

 NAF-1, mNT and Anamorsin have each been implicated in cancer (30, 

58-60). Both NEET proteins are over-expressed in epithelial breast cancer 

cells, and decreasing their expression via shRNA knockdowns results in 
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decreased cancer cell proliferation and decreased tumor growth. As Fe-S 

proteins are essential for DNA replication and cell growth, the need for fast 

supply of Fe-S clusters conveniently links the NEET proteins to cancer cell 

proliferation. Furthermore, the yeast homolog of Anamorsin (Dre2) is required 

for assembly of the diferric-tyrosyl radical cofactor of ribonucleotide reductase 

(61), which is necessary for the production of deoxynucleotides. A limited 

availability of deoxynucleotides would also inhibit DNA replication and thus 

cancer cell proliferation. Targeting the NEET proteins may be a convenient 

means to control many processes that are required for the accelerated 

proliferation of cancer cells with the possibility to modulate using small 

molecule targeting of the NEET proteins (33). 

In this study, we provide a well-defined link between the ISC and CIA 

systems via mNT and NAF-1, which are the only known [2Fe-2S] proteins 

associated with the OMM. We show that the NEET proteins can transfer both 

of their [2Fe-2S] clusters via a direct protein-protein interaction to activate the 

essential CIA protein, Anamorsin. 

Chapter 2, in part, is a reprint as it appears in “Cancer-Related NEET 

Proteins Transfer 2Fe-2S Clusters to Anamorsin, a Protein Required for 

Cytosolic Iron-Sulfur Cluster Biogenesis”. Lipper CH, Paddock ML, Onuchic 

JN, Mittler R, Nechushtai R, Jennings PA. PLoS One 10(10) e0139699, 2015. 

The dissertation author was the primary investigator and author of this paper. 
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Oxidation-Dependent Interaction with mNT Regulates 

the Permeability of the Outer-Mitochondrial Channel 

VDAC1
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Abstract 

MitoNEET (mNT) is the founding member of the recently discovered 

NEET family of iron-sulfur proteins. These proteins function in the regulation of 

iron and reactive oxygen homeostasis and are implicated multiple human 

diseases including diabetes, cancer, neurodegeneration and Wolfram 

syndrome 2. Here we report a functional interaction of mNT with the outer-

mitochondrial membrane protein voltage-dependent anion channel-1 (VDAC1). 

VDAC1 functions as a pore for the transport of metabolites between the 

cytosol and the intermembrane space. We find that the mNT can gate the 

VDAC1 channel and binds only when its [2Fe-2S] clusters are oxidized. 

Previous studies show that mNT can transfer its [2Fe-2S] clusters into 

mitochondria, leading to iron accumulation. Addition of the VDAC inhibitor 

DIDS prevents this transfer, indicating that it is facilitated by interaction with 

VDAC1.  

 

Introduction 

The NEET family of iron-sulfur (Fe-S) proteins plays essential roles in 

the regulation of mitochondrial iron and reactive oxygen species (ROS) 

homeostasis as well as in the regulation of apoptosis and autophagy (30, 32, 

39, 62). Additionally they are connected to several human pathologies 

including diabetes, cancer, neurodegeneration, Wolfram Syndrome-2 and 

cystic fibrosis (5, 24, 26, 29, 30, 42). These proteins each contain a signature 

CDGSH domain [C-X-C-X2-(S/T)-X3-P-X-C-D-G-(S/A/T)-H] and are highly 
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conserved from archaea to humans. Each CDGSH domain binds to redox-

active and labile [2Fe-2S] cluster via a unique 3Cys-1His coordination (9, 10). 

There are three human members of the family, mitoNEET (mNT, CISD1), 

NAF-1 (ERIS, Miner1, CISD2) and MmNT (Miner2, CISD3). mNT, the founding 

member of the NEET family, is localized to the cytosolic side of outer-

mitochondrial membrane (7). Crystallographic studies show that mNT is a 

homodimer with C2 symmetry, with each protomer coordinating a [2Fe-2S] 

cluster (10-12). As we predicted and showed, mNT can transfer its [2Fe-2S] 

cluster to apo-acceptor proteins including cytosolic Anamorsin, an electron 

transfer protein involved in the assembly of cytosolic Fe-S clusters (10, 15, 16, 

63). Additionally mNT has been found to transfer to or repair the [4Fe-4S] 

cluster of iron-regulatory protein-1 (IRP1), an important regulator of iron 

metabolism (18). 

mNT was initially discovered as novel target for the type-2 diabetes 

drug pioglitazone, a member of the thiazolidinedione (TZD) class of insulin-

sensitizing compounds (5). Type-2 diabetes is associated high level of 

oxidative stress as well as iron overload (64). High levels of free mitochondrial 

iron can increase oxidative stress through the Fenton reaction causing 

oxidative stress, which is connected to insulin resistance (65, 66). We have 

demonstrated that oxidized mNT can transfer its [2Fe-2S] cluster directly into 

the mitochondria resulting in accumulation of mitochondrial iron (16), but the 

mechanism for this transfer in not yet known.  
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High throughput proteomic interaction studies in both humans (67) and 

Drosophila melanogaster (68) have identified interactions between mNT and 

voltage-dependent anion channels (VDACs). VDACs are beta-barrel pore 

proteins in the outer-mitochondrial membrane that transfer metabolites 

(including ADP and ATP) between the cytosol and the inter-membrane space. 

Humans have three VDAC isoforms (VDAC1, VDAC2 and VDAC3) and mNT 

is identified as an interaction partner with all three (67). Structures of human 

and murine VDAC1 determined by X-ray crystallography and NMR show that it 

is 19-stranded beta-barrel with an N-terminal alpha-helix in the interior of the 

pore (69-72). In our study we sought to identify the functional consequences of 

the interaction between mNT and VDAC. We focused our study on VDAC1, as 

it is the most abundant (by a factor of ten) and most characterized isoform (73). 

We report that mNT can regulate the channel function of VDAC1 and that the 

interaction is dependent on the redox state of the [2Fe-2S] cluster of mNT. 

Importantly, the VDAC inhibitor 4,4'-Diisothiocyanatostilbene-2,2'-disulfonate 

(DIDS) inhibits the binding between mNT and VDAC1 in vitro and also 

prevents mNT from transferring its iron into the mitochondria in situ, 

connecting the interaction between the proteins to the previously observed 

transfer of iron into the mitochondria. Additionally, we identify regions of the 

proteins involved in the interaction by hydrogen-deuterium exchange mass 

spectrometry (HDX-MS). 
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Materials and Methods 

Measurement of VDAC1 channel conductance. VDAC1 from sheep 

liver mitochondria was solubilized with LDAO and purified using 

hydroxyapetite resin. Purified VDAC1 was used for channel reconstitution into 

a planar lipid bilayer (PLB) prepared from soybean asolectin dissolved in n-

decane (50 mg/ml). Purified VDAC1 was added to the cis chamber containing 

0.5 M NaCl and 10 mM Hepes, pH, 7.4. After one or more channels were 

inserted into the PLB, currents were recorded by voltage-clamping using a 

Bilayer Clamp BC-525B amplifier (Warner Instruments, Hamden, CT). Current 

was measured with respect to the trans side of the membrane (ground). The 

current was digitized on-line using a Digidata 1200 interface board and 

pCLAMP 6 software (Axon Instruments, Union City, CA).   

Expression and purification of human mNT and VDAC1. Human 

mNT was expressed and purified as previously described (16). Recombinant 

human VDAC1 with a C-terminal 6xHis tag was expressed as described 

previously (74). Pelleted cells were reconstituted in buffer consisting of 50 mM 

Tris, 100 mM NaCl, 1% Triton X-100, pH 8.0 and lysed by sonication. Lysed 

cells were centrifuged for 30 minutes at 35,000 x g and the supernatant 

removed. Pellets containing inclusion bodies were resuspended in 6M 

guanidine HCl, 50 mM Tris pH 7.5 followed by centrifugation for 30 minutes at 

35,000 x g. Denatured VDAC1 was purified from the supernatant on nickel-

NTA agarose resin (Qiagen) and eluted with 6M guanidine-HCl, 50 mM Tris, 

250 mM imidazole, pH 7.5. Eluted denatured VDAC1 was precipitated by 
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overnight dialysis into 25 mM sodium phosphate, 1 mM EDTA, pH 7.0. 

Precipitated VDAC1 was dissolved in cation exchange buffer (8 M urea, 25 

mM sodium phosphate, 5 mM DTT, pH 6.8) and further purified by cation 

exchange chromatography on a 5 ml HiTrap SP HP column (GE Healthcare) 

with a gradient of 0-200 NaCl. VDAC1 was precipitated by overnight dialysis 

into 25 as mM sodium phosphate, 1 mM EDTA, pH 7.0. Precipitated 

VDAC1 was dissolved in 6M guanidine-HCl, 50 mM sodium phosphate, 100 

mM NaCl, 10mM DTT, pH 7.5 to a final concentration of 5-10 mg/ml. 

Denatured VDAC1 was refolded at 4 °C by dropwise addition to 15-fold 

volume of stirring refolding buffer consisting of 50 mM sodium phosphate, 100 

mM NaCl, 5mM DTT, 1.5% LDAO, pH 7.5. Refolded protein was concentrated 

using an Amicon Ultra-15 50MWCO Centrifugal Filter (Millipore). Misfolded 

aggregates were removed by size-exclusion chromatography using a HiPrep 

26/60 Sephacryl S-300 HR column (GE Healthcare) into a buffer of 25 mM 

sodium phosphate, 100 mM NaCl, 0.1% LDAO. Purified VDAC1 was 

concentrated using an Amicon Ultra-15 50MWCO Centrifugal Filter (Millipore). 

VDAC1 nanodiscs using the covalently circularized cNW9 scaffold protein and 

DMPC:DMPG at a 3:1 ratio were prepared as previously described (75). 

Microscale thermophoresis (MST). VDAC1 in ~0.1% LDAO, 25 mM 

HEPES, 100 mM NaCl, pH 8.2 was fluorescently labeled using the amine 

reactive RED-NHS NT-647 dye (NanoTemper) according to the 

manufacturer’s protocol. VDAC1 nanodiscs were labeled in the same manner 

without the presence of LDAO. DMPC/CHAPSO (3:1) bicelle mixture was 
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added to the fluorescently labeled VDAC1 (in LDAO micelles) to a 

concentration of 2% and incubated on ice for 30 minutes. The VDAC1 bicelle 

mixture was diluted to 50 nM in 50 mM sodium phosphate, 100 mM NaCl, 2% 

bicelles, pH 7.0. MST analysis was performed at 22 °C using a Monolith 

NT.115 system (NanoTemper) using a constant concentration of labeled 

VDAC1 in either bicelles or nanodiscs and a 1:1 serial dilution of mNT in 50 

mM sodium phosphate, 100 mM NaCl, pH 7.0. MST analysis of VDAC1 

bicelles with reduced mNT was performed in the same buffer at pH 8.0 with 

the addition of 20 mM DTT. All MST measurements were collected at least in 

duplicate. Data were normalized and fit to the Hill equation using 

KaleidaGraph software. 

Cluster stability analysis. 25 µM mNT was incubated in the presence 

and absence of 25 µM VDAC1-nanodiscs in 50 mM sodium phosphate, 100 

mM NaCl, pH 7.0 at 37 °C. The absorbance at 458 nm was monitored as a 

function of time using a Varian Cary 50 UV-visible spectrophotometer with 

temperature control (Agilent). 

Hydrogen deuterium exchange mass spectrometry (HDX-MS). Time 

courses were performed at room temperature. To start the on-exchange time 

course, proteins in 10 mM sodium phosphate, 100 mM NaCl, pH 7.0 were 

diluted 1:9 in the equivalent deuterated buffer to a final D2O concentration of 

90%. Aliquots were removed and quenched at 0 °C to a final concentration of 

500 mM guanidine-HCl, 0.5% formic acid and 10% glycerol and flash frozen at 

time points of 10 sec, 90 sec, 15 min, 2 hr and 20 hr. Samples were stored at -
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80 °C until analyzed. For VDAC1 analysis, protein concentrations after D2O 

dilution were 7 µM VDAC1-cND and 8.5 µM mNT dimer. For mNT analysis, 

protein concentrations after D2O dilution were 7 µM mNT dimer and 8.5 µM 

VDAC1-cND. Instrument setup and operation were described previously (76). 

Porcine pepsin was used to digest samples for analysis of VDAC1 peptides, 

while fungal protease XIII was used to digest samples for analysis of mNT 

peptides. Peptides were identified using Sequest software (Thermo Finnigan). 

The isotopic envelope of each peptide at each time point was individually 

examined for quality control. Deuterium content for each time point was 

calculated using DXMS Explorer (Sierra Analytics). 

 

Results 

mNT binding inhibits VDAC1 channel conductance. Isolated VDAC 

channels can adopt a high-conductance “open” state and several low-

conductance “closed” states (77). When assembled into a planar lipid bilayer 

between two reservoirs of salt solution, applying a voltage will cause VDAC to 

adopt a “closed” conformation (77). These “closed” states completely inhibit 

ATP flux across VDAC channels (78). VDAC channel permeability can also be 

regulated by binding of proteins including the Bcl2 family, hexokinase and 

tubulin (77, 79, 80). WE performed experiments where VDAC1 conductance 

was recorded in the absence and presence of soluble mNT (33-108) across a 

range of applied voltage. The characteristic VDAC1 voltage-dependent 

conductance pattern is observed in the absence of mNT, with decreasing 
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conductance as voltage is increased above ~35 mV (both positive and 

negative), as expected (Fig. 3-1). In experiments in the presence of mNT, the 

observed channel conductance is drastically inhibited across the entire voltage 

spectrum as compared to that seen in the absence of added protein (Fig. 3-1). 

This result indicates that mNT interacts with VDAC1 and regulates its channel 

activity by inhibition of conductance. 

Interaction of VDAC1 in bicelles with mNT is high affinity and 

redox dependent. We utilized microscale thermophoresis (MST) to measure 

the affinity of the VDAC1-mNT interaction. Fluorescently labeled human 

VDAC1 in DMPC/CHAPSO bicelles (1% final concentration) was incubated 

with a serial dilution of mNT and analyzed by MST. MST measurement 

resulted in a measured dissociation constant (Kd) of 75 ± 2 nM. Reduction of 

mNT with 20 mM DTT prevented any detectable binding to VDAC1, indicating 

that the soluble domain of mNT can only bind to VDAC1 when the [2Fe-2S] 

clusters are oxidized (Figure 3-2). The dependence of the interaction of mNT-

VDAC1 on the oxidation state of mNT suggests that it may be part of a 

response to oxidative stress, as the cytoplasm is reducing under normal 

cellular conditions. 

VDAC inhibitor DIDS prevents both mNT-VDAC1 binding and 

transfer of iron/Fe-S from mNT into the mitochondria. We previously 

discovered that the addition of oxidized mNT to gently permeabilized cells 

resulted in direct transfer of iron into the mitochondria (16). Given the high 

abundance of VDAC channels in the mitochondrial outer-membrane, it is a  
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Figure 3-1: mNT binding inhibits VDAC1 channel conductance. VDAC1 
was reconstituted into a planar lipid bilayer and channel conductance was 
measured as a function of voltage. The recordings were taken before and 
after the addition of 5 mg/ml mNT. Conductance measurements were 
normalized to the conductance at 10 mV. 
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Figure 3-2: mNT binding to VDAC1 is redox-dependent. MST analysis of a 
serial dilution of mNT binding to fluorescently labeled VDAC1 in 1% 
DMPC/CHAPSO bicelles under oxidizing conditions results in measured Kd of 
75 ± 2 nM (Black). When mNT is reduced with DTT, binding is not detected. 
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good candidate for facilitating the transfer reaction. Using DIDS, a known 

inhibitor of VDAC channels (81) we first analyzed the binding of mNT and 

VDAC1 in vitro with MST. Fluorescently labeled VDAC1 in phospholipid 

bicelles was pre-incubated with DIDS followed by MST analysis of mNT 

binding. The presence of DIDS completely prevented detectable binding of 

mNT to VDAC1 under our conditions (Figure 3-3). Given the observation that 

DIDS inhibits the binding of mNT to VDAC1 in vitro, we then determined if 

inhibiting the interaction would prevent the transfer of iron into the 

mitochondria in situ. Soluble mNT was added to gently permeabilized h9c2 

cells. Using rhodamine B-[(1,10-phenanthrolin-5-yl)-aminocarbonyl] benzyl 

ester (RPA) as an indicator of mitochondrial iron, we monitored the change in 

fluorescence in response to addition of mNT. RPA is rapidly quenched 

following addition of mNT, indicating transfer of iron into mitochondria. 

However, in the presence of DIDS the quenching of RPA was significantly 

reduced (Figure 3-4). We measured the stability of the mNT [2Fe-2S] cluster in 

the presence of VDAC1 and find that the interaction does not directly cause 

the release of the [2Fe-2S] as minimal cluster release occurs over 12 hours in 

the presence of VDAC1 (Figure 3-5), suggesting that an additional component 

initiates the Fe/[2Fe-2S] release. 

HDX-MS analysis of the VDAC1-mNT interaction. In order to 

determine the interaction interface between mNT and VDAC1 we utilized 

hydrogen deuterium exchange mass spectrometry (HDX-MS). Backbone  
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Figure 3-3: DIDS Inhibits the mNT-VDAC1 interaction. MST analysis of a 
serial dilution of mNT binding to fluorescently labeled VDAC1 in 1% 
DMPC/CHAPSO bicelles under oxidizing conditions. VDAC1 was incubated 
with 1.4 mM DIDS before the addition of mNT. The final DIDS concentration 
following mNT addition was 700 µM. 
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Figure 3-4: The effect of DIDS, an inhibitor of VDAC, on Fe/Fe-S cluster 
transfer from mNT to mitochondria in permeabilized h9c2 cells. h9c2 cells 
were pre-incubated with or without DIDS (100µM) for 1h, labeled with RPA 
and permeabilized with digitonin to allow the entry of mitoNEET (mNT) into 
cells. (A) Semi-confocal images of permeabilized h9c2 cells labeled with RPA. 
The change in RPA fluorescence was followed every five minutes. 20µM of 
mNT was added after 10 minutes. 5µM of FeHQ was added after 45 min. (B) 
Quantification of changes in mitochondrial RPA fluorescence in the presence 
or absence of mNT and/or DIDS. RPA fluorescence is expressed in terms of 
relative units (r.u.) obtained by analyzing individual cell fluorescence with 
Image J and averaging of five cells per field. (C) Quenching rates obtained by 
subtracting the background fluorescence of h9c2 (without mNT) from the RPA 
fluorescence of h9c2 (with mNT) with or without DIDS pretreatment. 

  



 

 

62 

 
 

 
Figure 3-5: Interaction with VDAC1 alone does not cause mNT to release 
its [2Fe-2S] cluster. UV-Vis spectroscopy was used to monitor the [2Fe-2S] 
cluster stability of 25 µM mNT (dimer concentration) in the presence and 
absence of an equimolar amount of VDAC1 in nanodiscs at pH 7.0 and 37 °C. 
The characteristic mNT [2Fe-2S] cluster absorption peak at 458 nm was 
monitored as a function of time. There is no significant difference in mNT 
cluster stability when in complex with VDAC1 at these conditions. 
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amide protons can provide probes for interactions as they can be protected 

from exchange with the solvent at the binding interface as well as cause 

changes in deuterium exchange rates at sites distal to the binding interface 

(82). For this analysis, VDAC1 was assembled in the covalently circularized 

nanodisc system recently described by Nasr et al. (75). This results in a single 

VDAC1 protein in each nanodisc (75). VDAC1 is known to form homo-

oligomers (83), so using this monomeric VDAC1-nanodisc complex (VDAC1-

ND) allows us to observe affects arising solely from the interaction with mNT. 

MST binding analysis shows that mNT binds to VDAC1-ND with a Kd of 210 ± 

15 (Figure 3-6). Digestion of mNT resulted in 125 peptide probes covering 

89% of the sequence. Digestion of the integral membrane protein VDAC1 

resulted in 87% sequence coverage by 91 peptides. Comparative heat map 

representations of are shown for mNT and VDAC1 in Figure 3-7 and Figure 3-

8 respectively. Deuterium incorporation plots for representative peptide probes 

for regions with significant changes in protection are shown for both mNT 

(Figure 3-9) and VDAC1 (Figure 3-10) with the regions highlighted on the 

protein structures. The regions of mNT with increased protection upon binding 

include the [2Fe-2S] cluster-binding region, the strand swapped outer beta-

strand and the alpha helix. VDAC1 has increases in protection on loop regions 

on the cytosolic side of the pore, with three consecutive loops on the c-

terminal end of the barrel and one loop across on the other side. The N-

terminal helix inside the pore that stabilizes the barrel (84) is unaffected by the 

binding of mNT. Suggesting that mNT does not bind deep into that side of the  
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Figure 3-6: MST measurement of mNT binding to VDAC1-nanodisc. MST 
analysis of a serial dilution of mNT binding to fluorescently labeled VDAC1 
assembled in nanodiscs under oxidizing conditions results in a measured Kd of 
210 ± 15 nM. 
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Figure 3-7: Heat map representation of time-dependent deuterium 
incorporation for mNT in complex VDAC1. For time points of 10 s, 
90 s, 900 s, 7200 s, and 72000 s, peptide probes are assigned to the 
primary sequence and color-coded to denote the percentage of 
deuterium incorporated. The top time course is mNT alone and the 
bottom is mNT in complex with VDAC1. 
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Figure 3-8: Heat map representation of time-dependent deuterium 
incorporation for mNT in complex VDAC1. For time points of 10 s, 90 s, 
900 s, 7200 s, and 72000 s, peptide probes are assigned to the primary 
sequence and color-coded to denote the percentage of deuterium 
incorporated. The top time course is mNT alone and the bottom is mNT in 
complex with VDAC1. 
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Figure 3-9: Regions of mNT with increased protection with interaction 
with VDAC1. Deuterium incorporation plots of peptides from each region with 
significant increases in protection. An additional plot is shown (peptide 93-108) 
that is representative of peptides with no significant change in deuterium 
incorporation. Regions with exhibiting significant increases in protection are 
highlighted on the mNT crystal structure (PDB ID 2QH7) in blue.  
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Figure 3-10: Regions of VDAC1 with increased protection with 
interaction with mNT. Deuterium incorporation plots of peptides probes from 
each region with significant increases in protection are shown. An additional 
plot is shown (peptide 2-25) that is representative of peptides with no 
significant change in deuterium incorporation. This unaffected peptide 
corresponds to the N-terminal alpha-helix inside the barrel. Regions with 
exhibiting significant increases in protection are highlighted on the VDAC1 
crystal structure (PDB ID 5XDO) in blue. 
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barrel. Peptides with increased protection extend down the opposite side of 

the barrel, this could either mean that mNT forms contacts farther down that 

side, or that changes in local motions from binding are extended down the 

barrel wall. These data indicate that mNT binds across the cytosolic side of the 

VDAC1 channel.  

  

Discussion 

Using HDX-MS we have identified regions of each proteins involved in 

binding. Our results suggest an asymmetric binding mode, which is surprising 

given the symmetry of the two proteins. Because mNT is a homodimer, we 

cannot differentiate whether binding to VDAC1 involves only one protomer, or 

if there are asymmetric interactions between each protomer with different parts 

of VDAC1. Given the tight binding interaction, the increases in protection are 

what you would expect without a conformational change. The binding regions 

identified on each protein as well as the inhibition of VDAC1 conductance 

upon binding suggest a binding mechanism where the soluble domain of mNT 

binds across the cytosolic side of the channel. The soluble domain of mNT 

binds VDAC1 with high affinity; it will be interesting to know whether the 

transmembrane domain of mNT also contributes to the interaction and 

whether it binds as individual helices on each side of VDAC or as a dimeric 

pair. 

VDAC channels function to transport metabolites across the outer-

mitochondrial membrane between the cytosol and intermembrane space. 
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These metabolites include ATP, ADP, pyruvate and fatty acids. Closure of 

VDAC channels would inhibit fatty acid metabolism in the mitochondria, 

leading to lipid accumulation in the cytosol. Fatty liver disease is associated 

with insulin resistance (85) as well as chronic exposure to ethanol (86). Both 

the insulin resistance and alcohol metabolism are also associated with 

oxidative stress (65, 87). Both mNT and VDAC have been connected to 

alcoholic steatosis. A recent study demonstrated that genetic knockout of mNT 

prevented liver steatosis in ethanol fed mice (88). Moreover, exposure to 

ethanol induces a decrease in mitochondrial function as a result of VDAC 

closure (89). This results in a reduction of mitochondrial ATP production as 

well as inhibition of fatty acid oxidation (89). Taken together, under oxidative 

stress induced by different sources, VDAC channels are blocked by binding of 

oxidized mNT, thus preventing fatty acid transport into the mitochondria and 

causing cytosolic lipid accumulation. 

We have demonstrated previously that soluble mNT added to 

permeabilized cells could transfer its Fe/[2Fe-2S] cluster directly into the 

mitochondria. A cytosolic iron indicator showed no increase in cytosolic iron 

levels suggesting that this transfer must me mediated by a direct interaction 

with a component of the outer-mitochondrial membrane (16). We now show 

that addition of the VDAC inhibitor DIDS prevents the mitochondrial Fe/[2Fe-

2S] transfer from soluble mNT, indicating that the interaction with VDACs 

provides a conduit for the transfer. Binding of VDAC1 and mNT in vitro did not 

directly cause mNT to release it iron, suggesting that another factor is involved, 
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possibly a small molecule or another protein in complex with VDAC that 

destabilizes mNT. This mitochondrial iron transfer may be a source of iron 

overload in type-2 diabetes that would exacerbate oxidative stress. Binding of 

the type-2 diabetes drug pioglitazone stabilizes the oxidized [2Fe-2S] cluster 

from release (10) and inhibits the transfer of iron into the mitochondria (16). 

This may be a key part of its therapeutic mode of action.  

In addition to their role in metabolism, VDAC proteins are involved in 

multiple cell death pathways. VDAC1 has a well-studied role in mitochondria-

mediated apoptosis (90). Furthermore, VDACs have been connected to an 

alternative cell death pathway ferroptosis (91). Ferroptosis is an iron-

dependent cell-death pathway that is distinct from apoptosis and does not 

require caspase activation (92). In a recent study researchers have also 

connected mNT to ferroptosis (93). While the study identifies mNT as having 

an inhibitory role when overexpressed, mNT expression is upregulated upon 

activation of ferroptosis. Furthermore, ferroptosis activation is inhibited by the 

mNT stabilizing compound pioglitazone. The transfer of iron into the 

mitochondria from mNT through VDAC may be a source of iron in this distinct 

cell death pathway. Clearly more studies in this area are needed. None-the-

less, activation of ferroptosis may be a viable treatment to induce the death of 

cancer cells (91). 

Our results presented here establish an important interaction between 

mNT and VDAC1 in the outer-mitochondrial membrane that occurs under 

oxidative conditions. This interaction is potentially part of a stress response 
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that can result in cell death by ferroptosis and may be also a potential source 

of mitochondrial iron overload during oxidative stress in type-2 diabetes. The 

interaction represents a potential therapeutic target to treat multiple diseases, 

including diabetes, both alcoholic and non-alcoholic fatty liver disease and 

cancer (30, 33, 64, 85, 86).  

Chapter 3, in part, is a reprint as it appears in “Oxidation-Dependent 

Interaction with mNT Regulates the Permeability of the Outer-Mitochondrial 

Channel VDAC1” by Lipper CH, Sohn YS, Nechushtai R, Jennings PA, which 

is being prepared for submission for publication. The dissertation author was 

the primary investigator and author of this paper. 
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Chapter 4  
 

Structure of the Human Monomeric NEET Protein 

CISD3/MiNT and its Role in Regulating Iron and ROS in 

Cancer Cells 
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Abstract 

The NEET family is a relatively new class of 3 related [2Fe-2S] proteins 

(CISD1-3), important in human health and disease. While there has been 

growing interest in the homodimeric gene products of CISD1 (mitoNEET) and 

CISD2 (NAF-1), the importance of the inner mitochondrial CISD3 protein has 

only recently been recognized in cancer. The CISD3 gene encodes for a 

monomeric protein that contains two [2Fe-2S] CDGSH motifs, we term 

Mitochondrial inner NEET protein (MiNT). It folds with a pseudo-symmetric fold 

that provides a hydrophobic motif on one side and a relatively hydrophilic 

surface on the diametrically opposed surface. Interestingly, the protein 

displays distinct backbone dynamics, unlike its homodimeric counterparts that 

face the cytosolic side of the outer-mitochondrial membrane/ER. However, like 

its counterparts, our biological studies indicate that knockdown of MiNT leads 

to increased accumulation of mitochondrial labile iron, as well as increased 

mitochondrial reactive oxygen production. Taken together, our study suggest 

that the MiNT protein functions in the same pathway as its homodimeric 

counterparts (mitoNEET and NAF-1), regulating mitochondrial iron and 

reactive oxygen homeostasis, and may be the a key player of this pathway 

inside the mitochondria. As such, it may be an attractive target for anti-cancer 

or anti-diabetic drug designs. 
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Introduction 

The NEET family comprises a unique class of iron-sulfur (Fe-S) 

proteins that harbor a 3Cys-1His cluster-binding domain (7, 39). 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 (94). The 3Cys-1His 

cluster binding site of NEET proteins houses a relatively stable [2Fe-2S] 

redox-sensing cluster that can be transferred to apo-acceptor protein(s) when 

the cluster is oxidized (16, 29, 39, 54, 63). The [2Fe-2S] clusters of NEET 

proteins can also participate in electron transfer reactions (20, 22, 23, 95). Our 

initial analysis of the unique fold and structural features of MitoNEET (mNT) 

led us to propose potential functional activities of NEETs in biology (10). 

Biological studies confirmed our initial proposals and furthermore led to the 

hypothesis that the NEETs participate in the regulation of different iron, Fe-S 

and reactive oxygen/redox reactions in cells (39, 96). Indeed, NEET proteins 

play a key role in many cellular functions, as well as in different human 

diseases (26, 29, 30, 32, 39, 96-98).  

Three genes encode for NEET proteins in humans: CISD1, CISD2 and 

CISD3 [encoding for mNT, NAF-1 (formerly MitoNEET related protein 1, 

Miner1) and Miner2, respectively] (7, 94). The first human NEET protein 

discovered was mNT; initially identified as a target for the antidiabetic drug 

pioglitazone (5) and at that time, annotated as a zinc finger protein (7). This 

outer-mitochondrial membrane (OMM) tethered protein that faces the cytosol, 
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defined a new class of iron-sulfur binding proteins and introduced the unique 

NEET fold; a soluble strand-swapped homodimeric two-domain (beta-cap and 

cluster-binding) structure (10, 43, 50). The strand-swapped structure has C2 

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 (7, 10-14, 43). The longevity factor protein NAF-1 (CISD2), is similar in 

structure and sequence to mNT (54% identical and 69% similar) (43), but is 

primarily localized to the cytosolic side of the endoplasmic reticulum (ER), 

OMM and the membranes that connect the ER and the mitochondria (MAM) (7, 

43). In contrast to mNT and NAF-1, the protein encoded by CISD3 resides 

inside the mitochondrial matrix and we term it MiNT for Mitochondrial inner 

NEET protein (previously assigned as MitoNEET related protein2, Miner2). 

MiNT differs from the other human NEETs as it contains 2 CDGSH cluster-

binding motifs within a single polypeptide chain (Figure 4-1A) (7, 94, 99). The 

mNT and NAF-1 proteins play key roles in regulating autophagy, apoptosis, 

and mitochondrial iron and reactive oxygen species (ROS) homeostasis (30, 

32, 39, 62, 96). In addition, they are associated with the progression of 

diabetes, obesity, neurodegeneration, heart disease and cancer (26, 32, 97, 

98, 100). A missense mutation that abolishes NAF-1 function results in a 

genetic disease in humans called Wolfram Syndrome 2 (WFS2), 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 (24, 98).  
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Figure 4-1: Domain organization of the NEET Proteins and mutation of 
the cluster-coordinating His ligand of the human NEET CISD3 protein. (A) 
Domain organization. All members 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 mitochondrial targeting sequence. (B) and (C) 
Mutation of the cluster-coordinating His ligand to Cys stabilizes the 2Fe-2S 
cluster. (B) UV-Vis absorption spectra of MiNT wild-type and H75C/H113C 
mutant proteins. (C) The relative stabilities of the 2Fe-2S 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. The stability 
of the H75C/H113C protein is greatly increased relative to that observed for 
the wild-type MiNT under these conditions. 
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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 numerous cancers as reflected by its high 

expression in human cancer cells (Figure 4-2). Indeed, MiNT is identified as 

an essential gene in high-resolution genetic vulnerability analyses in a recent 

study (101). Also, whereas most [2Fe-2S] clusters are destroyed by binding of 

nitric oxide (NO), MiNT is reported to stably bind NO (102). 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 interaction 

partners, the proteins involved in import and processing of mitochondrial 

matrix proteins, including translocases of the inner and outer membrane and 

matrix peptidases are consistent with its processing and localization. Potential 

functional partners include multiple components of the respiratory complex I, 

ribosomal RNA binding proteins and glutathione-S transferase (103).  

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 aggressive pediatric brain tumors 

(104). To begin investigating the role of MiNT/CISD3 in cancer (Figure 4-2), as 

well as to provide new drug design targets associated with MiNT and other 

NEET proteins (33), we crystallized the human MiNT, and studied its 

interactions with apo-acceptor human proteins that reside within the 

mitochondrial matrix, as well as studied its function in cancer cells. We report 

the first crystal structure of a stable form of the monomeric human MiNT (PDB  
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Figure 4-2: CISD3 (MiNT) is highly expressed in human cancer. (A) CISD3 
expression in Human cancer tissue: CISD3/MiNT expression in human cancer 
tissue was assayed using IHC (Immunohistochemistry)  with polyclonal rabbit 
anti human CISD3 - HPA053436 antibody (Sigma-Aldrich). For each cancer, 
the fraction of samples with protein expression level high, medium, low, or not 
detected are provided by the blue-scale color-coding (as described by the 
color-coding scale in the box to the right). The length of the bar represents the 
number of patient samples analyzed (max=12 patients). Adapted from 
http://www.proteinatlas.org. (B) Cross-cancer alteration summary for CISD3: 
data from cancer genomics of 164 studies (45709 samples). For each study, 
the alteration frequency is shown for gene amplification (red), gene deletion 
(blue) or gene mutation (green). For presentation purpose - 137 studies (% 
altered samples < 2%) out of 164 have been filtered out. Adapted from 
http://www.cbioportal.org. 
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ID 6AVJ). 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 mitochondrial matrix human ferredoxins, FDX1 (adrenodoxin) 

and FDX2 with high efficiency. Cellular studies of knockdown of MiNT in situ 

results in decreased mitochondrial membrane potential, as well as increased 

mitochondrial iron and ROS accumulation. MiNT’s ability to act as an efficient 

cluster transfer protein taken together with the fact that the cellular effects of 

knockdown of this mitochondrial matrix protein are similar to that observed for 

the knockdowns of the cytosolic facing NAF-1 and mNT (30), indicates that 

MiNT coordinates a complementary role in mitochondrial iron and ROS 

regulation within the mitochondrial matrix. 

 

Materials and Methods 

Protein expression and purification. CISD3 gene coding for amino 

acids 36-127 (with no tag) was subcloned into pET24a plasmid between NdeI 

and XhoI. CISD3 (36-127) H75C/H113C mutant protein was synthesized by 

Integrated DNA Technologies and subloned into the same plasmid. Plasmids 

were transformed into BL21 (DE3) RIL CodonPlus cells (Agilent) and grown in 

LB medium at 37 °C. Protein expression was induced with 0.25 mM IPTG at 

18 °C for 16 hours. Cells were lysed by sonication in buffer containing 50 mM 

Tris-HCl, 50 mM NaCl, 5mM DTT at pH of 8.0, followed by incubation with 
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DNAse I for 20 minutes. Lysed cells were centrifuged for 30 min. at 35,000 x g. 

Untagged CISD3 WT and mutant were purified by two consecutive ion-

exchange chromatography steps on a 5 ml HiTrap SP HP column followed by 

size exclusion chromatography on a HiPrep 26/60 Sephacryl S-200 HR 

column. 

 Apo-mFd was expressed and purified as described previously (105). A 

plasmid containing human FDX1 gene coding for amino acids 61-184 with a 

C-terminal TEV-cleavable His-tag was obtained from Addgene (plasmid 

39055). The human FDX2 gene coding for amino acids 53-183 was 

synthesized by Integrated DNA technologies and inserted into pET24a vector 

between NdeI and XhoI sites with a C-terminal His tag. Both FDX1 and FDX2 

were expressed in BL21 (DE3) RIL CodonPlus cells (Agilent) and expressed 

and isolated as described for mFD (105) with the addition of TEV cleavage for 

His-tag removal from FDX1. Apo-FDX1 and apo-FDX2 were prepared from the 

holo- form by denaturation in 5 M guanidine HCl, 10 mM EDTA, 50 mM Tris 

and 5 mM DTT at pH 8.0 with a 10 minutes of incubation in a 42 °C water bath. 

Denatured protein was refolded by dialysis in 25 mM Tris, 100 mM NaCl, 2 

mM EDTA and 2 mM DTT pH 8.0, followed by further purification on a 5 ml 

HiTrap Q anion exchange column. 

Analytical sixe exclusion chromatography. 200 ul samples of CISD3 

WT, mutant and a SEC standard mixture (Bio-Rad) were injected onto a 

Superdex 75 10/300 column (GE Healthcare). The running buffer consisted of 

50 mM Tris and 150 mM NaCl, pH 8.0 at room temperature. 
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Crystallization. Crystals of CISD3 H75C/H113C mutant protein were 

prepared by sitting drop vapor diffusion. 3 ul of reservoir solution containing 

100 mM bis-tris propane pH 8.5, 2.5 M ammonium sulfate and 3% v/v 

polyethylene glycol 400 were added to 3 ul of 750 uM protein. Single crystals 

appeared after 2 days of incubation at 20 °C. Crystals were cryoprotected in 

reservoir solution with the addition of 10% glycerol and frozen at 77 K. 

X-ray data collection and structure determination. Diffraction data 

were collected using a Micromax-007HF copper rotating anode X-ray source 

with Varimax HF optics (Rigaku) and a Platinum 135 CCD detector (Bruker). 

Data were processed and scaled using APEX3 software (Bruker). The 

structure was determined by molecular replacement using the structure of a 

homolog from the bacterium Magnetospirillum magneticum (PDB ID 3TBN) as 

an initial search model. A partial model was built using the Autobuild program 

in the Phenix software package 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 350-700 nm on a Cary 50 

spectrophotometer (Varian). Stability of the [2Fe-2S] cluster of WT CISD3 and 

H75C/H113C mutant protein were determined by monitoring the decrease in 

absorbance of the [2Fe-2S] cluster at 458 nm as a function of time at 37 °C in 

buffer composed of 50 mM bis tris propane and 100 mM NaCl at pH 8.0. Data 

were normalized and plotted with Kaleidagraph (Synergy Software). 
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For cluster transfer measurement, 60 µM apo-FDX1, FDX-2, or mFd 

was incubated in 50 mM bis tris propane 100 mM NaCl 1 mM EDTA 2 mM 

DTT at pH 8.0 at 37 °C for one hour. Temperature was adjusted to 25 °C and 

15 µM CISD3 was added to start the transfer reaction. The ratio of the 

absorbance at 420 nm to 458 nm was used to monitor transfer progress. Data 

were normalized and fit to a single exponential rise. 

Structure-based molecular dynamics simulations. A structure-

based model (SBM) (106-109) of CISD3 H75C H113C was prepared, using 

the SMOG-2 software tool (110). All heavy atoms 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 (107, 110). Iron was assigned a reduced mass of 4, and all iron-

sulfur connections were treated as covalent bonds, represented by harmonic 

potentials. The model was simulated using a customized version of gromacs 

4.5 (109, 111). Four independent runs were started from the crystal structure 

and propagated in the folded state. A constant reduced temperature of 0.91 T* 

was maintained using a Langevin thermostat with a time constant of 2 ps. (kBT 

= 1 at T = T*) Each run was propagated for 200 million steps with a step size 

of 2 fs, giving an overall simulation time of 1.6 µs. Principal component 

analysis (PCA) of the trajectories was carried out using the gromacs tools 

g_govar and g_anaeig, and results were visualized using matlab and VMD 

(112). 
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Cell culture and fluorescence microscopy. MDA-MB-231 cells were 

grown as described in (30). Plasmid for suppressing MiNT expression 

[shRNA-MiNT/CISD3] was pGFP-RS vector. Genjuice (EMD Millipore) was 

used for transfection (30). Stable cell lines were obtained by FACS sorting. 

MDA-MB-231 cells were cultured in glass-bottom microscope dishes for 

assessing MMP and mitochondrial iron and ROS using confocal microscopy 

Nikon A1R with GaAsP detectors and 4 lasers (30, 62). Mitochondrial 

membrane potential was measured with TMRE (tetramethylrhodamine ethyl 

ester) (30). Accumulation of mitochondrial labile iron (mLI) was determined by 

RPA (rhodamine B-[(1,10-phenanthrolin-5-yl) aminocarbonyl] benzyl ester) 

(30). Mitochondrial ROS accumulation was determined with mitoSOX RedTM 

(Invitrogen, M36008) (30). The iron chelator DFP (ferriprox; 1,2-dimethyl-3-

hydroxypyridin-4-one; Apo Pharma) was used to determine the dependency of 

MMP, mLI and mROS on iron levels in cells (29, 30). 

 

Results 

The NEET family of [2Fe-2S] proteins have been the focus of many 

structural/spectroscopic and biological studies since the unusual mNT/CISD1 

was first implicated in diabetes (5), however CISD3 has remained largely 

uninvestigated until now. As MiNT (CISD3) resides inside the mitochondria 

where iron accumulates under stress conditions and its expression is linked to 

cancer progression, we sought to investigate the structure/function properties 

of this structurally distinct (on the domain motif level, Figure 4-1) important 
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protein. Bioinformatics studies indicate that MiNT carries two [2Fe-2S] cluster 

motifs on a single polypeptide chain that share the NEET hallmark CDGSH 

motif  (Figure 4-1A). 

MiNT is a monomeric protein harboring two-2Fe-2S clusters. We 

expressed and purified wild-type MiNT.  This protein was used for functional 

studies (see below), however it was not amenable to our crystallization 

conditions. Based on our extensive knowledge of mNT and NAF-1 stability (10, 

43, 54, 55), we mutated the coordinating His ligands to Cys (H75C, H113C), 

as our experience with mNT and NAF-1 indicate that these mutations 

significantly increase the [2Fe-2S] cluster stability with no effect on the global 

fold (54, 55). A comparison of the UV-VIS spectra of wild-type and His to Cys 

mutant 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 (Figure 4-1B) (39, 55). The cluster stability can be 

assessed by the time-dependent change of the absorption peak at 458 nm, as 

described previously (9). The change to a 4Cys coordination for each of the 

[2Fe-2S] clusters significantly enhances the stability of MiNT (Figure 4-1C), 

making it suitable for crystallization under our conditions (see below). 

Interestingly, wild-type MiNT is significantly less stable than mNT and NAF-1 

under the same conditions, with the clusters being lost for CISD3 with a half-

life of ~110 minutes at 37 °C and pH 8 (Figure 4-1C). For comparison, the 

cluster half-lives of mNT and NAF-1 are ≥10,000 minutes and ≥1000 minutes, 

respectively (43). We analyzed the oligomeric state of both wild-type and the 
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stable mutant form of MiNT by analytical size exclusion chromatography 

(Figure 4-3); 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 for X-ray structure determination in our 

current studies. MiNT (H75C, H113C) proteins crystallized in the monoclinic 

space group C121, with unit cell parameters a= 91.406 Å, b=52.250 Å, 

c=78.951 Å, α=90°, β=108.673°, γ=90°. X-ray diffraction data was collected on 

a single crystal that diffracted to 1.9 Å on our home source (Table 4-1). The 

protein structure was determined by molecular replacement (PDB 3TBN). The 

asymmetric unit contained three copies of the protein in the crystal but the 

protein is monomeric in solution (Figure 4-3). 

 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 (Figure 4-4A). 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, C71) followed by a short 5-residue α-

helical segment that contains the mutant fourth ligand (H75C). A loop region 

connects this helical segment to the second pair of beta-strands. Cluster-

binding domain-2 (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,  
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Figure 4-3: Both mutant and wild-type MiNT are monomeric. Analytical 
size exclusion chromatography was used to determine the oligomeric state. 
The molar mass of MiNT (36-127) is 10.3 kDa. 
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Table 4-1: Data collection and refinement statistics 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Values in parenthesis are for the highest resolution shell 
  

PDB code 6AVJ 
Data collection  

Wavelength (Å) 1.54178 
Unit cell dimensions  

a, b, c, (Å) 91.406, 52.25, 78.951 
α, β, γ, (°) 90, 108.673, 90 

Space group C 1 2 1 
Resolution 34.238 - 1.896 (1.964 - 1.896) 
Total reflections 197668 (7912) 
Unique reflections 27910 (2593) 
Completeness (%) 99.36 (93.58) 
Redundancy 7.1 (3.05) 
I/σ(I) 11.9 (2.3) 
Rmerge 0.111 

Refinement  
Rwork / Rfree 0.169 / 0.196 
Average B-factor (Å2) 22.5 
Rotamer outliers (%) 0 
Clashscore 2.54 
Ramachandran  

Favored (%) 98.15 
Allowed (%) 1.85 
Outliers (%) 0 

RMS deviations   
Bond length (Å) 0.0138 
Bond angle (°) 1.75 
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Figure 4-4: Structural organization of monomeric MiNT highlights the C2 
pseudo-symmetry and the asymmetric surface. (A) MiNT contains a four-
stranded beta-cap domain comprised of two antiparallel hydrogen-bonded 
stranded sheets that dock to form the 4-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) A close-up of the cluster-coordinating ligands as 
well as the hydrogen-bond network that connects the two-clusters across the 
pseudo-symmetric 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 tenfold.   
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C109) for the cluster. The other cluster ligand, Cys113 (H113C), resides within 

a short 3-residue helical segment. This helix is disrupted by a helix-breaking 

Ser115, which uses its side chain hydroxyl to hydrogen bond to the main chain 

backbone of the preceding T111 and the following V118 and induces a sharp 

turn that is followed by a perpendicular 5-residue alpha-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 

(10, 43). 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 side-chain of Lys101 from CBD2 forms hydrogen bonds with the 

carbonyls of cluster-coordinating Cys ligands (C60 and C98) from each cluster, 

as well as with Gln68 from CBD1. 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 

communication between the [2Fe-2S] clusters across the pseudo-symmetric 

dyad axis (Figure 4-4B).  

 The overall domain organization of MiNT is similar to the dimeric form 

of the NEET proteins mNT and NAF-1, 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 inter-

protomer swapped strand, while MiNT has only four beta-strands with no 

swapping across the symmetry axis. Additionally, the MiNT fold has C2 
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pseudo-symmetry (because of the differences in amino acid composition of 

each side) while the dimeric NEETs have true C2 symmetry (10, 43). In 

contrast to the backbone fold, the side-chains on the surface of each side of 

MiNT/CISD3 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] ligand, 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 (Figure 4-4C). The homodimeric mNT and 

NAF-1 proteins each have a symmetric 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 (10, 43).  

Simulations of native-state dynamics. A structure-based model 

(SBM) (106-108) of MiNT was generated from our crystal structure of MiNT 

(H75C, H113C). SBM interactions are assigned based on the insight from 

energy-landscape theory that native-state protein interactions are uniquely 

favorable, and must possess the property of minimal frustration in order to 

make the protein foldable (106). The resulting simple model enables efficient 

simulations of folding and functional native-state dynamics (107, 113-116). 

Here we used an all-atom representation (107) that explicitly included the 

[2Fe-2S] clusters. We simulated the dynamics of folded MiNT at constant 

temperature. Principal Component Analysis (PCA) (117, 118), for the set of 

CA atoms, [2Fe-2S] cluster atoms, and coordinating Cys SG atoms was used 
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to extract the robust, slow component of the dynamics from the simulated 

trajectories. Figure 4-5 shows the components of the first eigenvector of the 

covariance matrix. The corresponding displacements from the average 

structure are shown as green arrows in Figure 4-4D, 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-C2 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 C2 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, corresponding 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 Figure 4-5B, 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 including the human cytosolic Anamorsin 

(63) as well as ferredoxin from Mastigocladus laminosus (mFd) (15, 16). 

Humans have two [2Fe-2S] cluster-binding ferredoxins (FDX1/adrenodoxin 

and FDX2) that are both localized to the mitochondrial matrix (119). Because 

MiNT is also localized to the matrix, we wanted to determine if it could donate  
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Figure 4-5: PCA of simulation trajectories shows asymmetrical dynamics 
for MiNT. [2Fe-2S] cluster atoms are placed in the sequence directly after 
their last coordinating cysteine residue. All iron (black) and sulfur (yellow) 
atoms are marked by symbols on the abscissa. (A) Components of the first 
eigenvector. [2Fe-2S] cluster atoms are placed in the sequence directly after 
their last coordinating cysteine residue. All iron (black) and sulfur (yellow) 
atoms are marked by symbols on the abscissa. (B) rms displacements of the 
first eigenvector. The symmetrical region of the first domain is highlighted in 
red; the corresponding region of the second domain is marked in blue. Values 
for each domain are repeated as open symbols, shifted to the position of their 
respective partners for comparison, and indicate significantly higher 
fluctuations for the C-terminal cluster-binding region. 
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its [2Fe-2S] clusters to these important proteins (17, 119-121). These studies 

were carried out with the wild-type MiNT at 25°C, to allow for easy monitoring 

of the transfer reaction with UV-Vis absorption spectroscopy. Wild-type MmNT 

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:458 nm) to track the progress of the transfer from 

holo-MiNT to each apo-ferredoxin (15, 16). The transfer reaction is very fast; 

the first spectra collected after the ~5-10 second dead-time between addition 

of CISD3 to apo-ferredoxin and the first spectrum collected was more than 

40% complete for transfer to FDX1 and more than 30% complete for FDX2 

(Figure 4-6). MiNT can transfer to FDX1 and FDX2 with a half-time of transfer 

of ca. 10 min and 15 min respectively. MiNT can also transfer to mFd with a 

transfer half-time of <10 min (Figure 4-7). In contrast, both mNT and NAF-1 

transfer much more slowly to ferredoxin with a half-time between 100 and 200 

min at 37 °C (15, 16). 

Suppression of CISD3 expression impairs mitochondrial function 

and enhances mitochondrial iron and ROS accumulation. To determine 

the role CISD3 plays in mitochondria, we suppressed its expression in human 

breast cancer (MDA-MB-231) cells using shRNA. Suppression of CISD3 

expression resulted in a decrease in mitochondrial membrane potential 

(measured with tetramethylrhodamine ethyl ester; TMRE), indicating that 

CISD3 is important for mitochondrial function (Figure 4-8). Suppression of 

CISD3 expression further resulted in enhanced accumulation of mitochondrial  
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Figure 4-6: MiNT donates its 2Fe-2S clusters to human mitochondrial 
ferredoxins. The 2Fe-2S cluster transfer from holo-MiNT to human apo-FDX1 
and apo-FDX2 were monitored by UV-Vis absorption spectroscopy. Spectra 
from select time points of the transfer to apo-FDX1 (A) and 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 transfer to apo-FDX1 (B) and apo-FDX2 (D). 
The traces shown were obtained with 15 µM MiNT (30 µM 2Fe-2S clusters) 
and 60 µM apo-FDX1 or apo-FDX2 at 25°C. 
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Figure 4-7: MiNT donates its 2Fe-2S clusters to Mastigocladus laminosus 
ferredoxin (mFd). The 2Fe-2S cluster transfer from Holo-MiNT to 
mitochondrial matrix apo-FDX1 and FDX2s were monitored by UV-Vis 
absorption spectroscopy. (A) Spectra from select time points of the transfer to 
mFD. (B) Transfer progress as determined by the ratio of absorbance at 420 
nm to 458 nm vs. time is shown for transfer to apo-FDX1 (The traces shown 
were obtained with 15 µM MiNT (30 µM 2Fe-2S clusters) and 60 µM apo-mFd 
at 25°C. 

 

  



 

  

97 

 
Figure 4-8: Impaired mitochondrial function and enhanced mitochondrial 
iron and ROS accumulation in cancer cells with suppressed expression 
of CISD3. (A) Decreased mitochondrial membrane potential (MMP) in MDA-
MB-231 cancer cells with suppressed CISD3 expression. Top, confocal 
microscopy images of control cells (transformed with scrambled vector), and 
two different cell lines with suppressed expression of CISD3 [CISD3(-)A and 
CISD3(-)D], stained with the MMP indicator TMRE (0.1µM). 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 µM) for 16 hr is shown to prevent the effect 
of CISD3 suppression on MMP. (B) Enhanced accumulation of mitochondrial 
labile iron (mLI) in cancer cells with suppressed CISD3 expression. Left panel, 
bar graph showing a decrease (quenching) in RPA fluorescence (indicative of 
high mLI levels) in two different cell lines with suppressed expression of 
CISD3 [CISD3(-)A and CISD3(-)D], compared to control. Pretreatment with 
DFP (100 µM) for 60min is shown to prevent the effect of CISD3 suppression 
on mIL. Right panel, a 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. (C) Enhanced accumulation of 
mitochondrial ROS (mROS) in cancer cells with suppressed CISD3 expression 
compared to control. mROS was measured following 60 min incubation with 
mitoSOX (5 µM). Pretreatment with DFP (100 µM) for 60min is shown to 
prevent the effect of CISD3 suppression. 
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labile iron (mLI; measured with B-[(1,10-phenanthrolin-5-yl aminocarbonyl] 

benzyl ester; RPA), as well as in a buildup of mitochondrial ROS levels 

(mROS; measured with the fluorescent superoxide indicator mitoSOX), 

demonstrating that CISD3 is essential for maintaining mitochondrial iron and 

ROS homeostasis (Figure 4-8). Interestingly, all of the above measured 

alterations in mitochondrial metabolism, due to suppression of CISD3 

expression, could be corrected by the addition of the iron chelator deferiprone 

(DFP), demonstrating that CISD3 suppression affected mitochondrial function 

primarily through increasing the levels of labile iron (Figure 4-8). The outcome 

of suppressing CISD3 expression in cells (Figure 4-8) was similar to the 

effects of suppressing mNT and/or NAF-1 in breast cancer cells (19, 30), 

suggesting that all three NEET proteins are involved in maintaining 

mitochondrial iron and ROS homeostasis in mammalian cells.    

 

Discussion 

Cellular iron levels are tightly controlled in order to prevent toxic iron 

and subsequent unregulated ROS accumulation. We discovered that the 

NEET family proteins are key regulators of iron and ROS homeostasis (30, 39, 

50, 96). An open question to be addressed was whether MiNT was also 

involved in Fe-S biology and disease mechanisms (94). We now show that 

MiNT transfers [2Fe-2S] clusters to the inter-mitochondrial matrix protein 

acceptors FDX1 and FDX2. Both FDX1 and FDX2 function in assembly of Fe-

S clusters. Each receives electrons from ferredoxin reductase (FDXR) and 
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supplies those electrons for iron-sulfur cluster assembly on ISCU (120, 121). 

In addition to Fe-S cluster biosynthesis, FDX1 and FDX2 are also essential for 

heme biosynthesis (119, 120). FDX1 also supplies electrons used for 

steroidogenesis and bile synthesis (119). Knockdown of FDX1, FDX2 or FDXR 

results in mitochondrial iron accumulation (119, 120), a similar phenotype to 

what we observed for MiNT knockdown (Figure 4-8). 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 (Figure 4-9).  

  Both mNT and NAF-1 are upregulated in breast cancer cells and 

knocking down either of their protein levels reduced tumor growth and caused 

accumulation of iron and ROS in the mitochondria.  We have shown that these 

proteins can be targeted with small molecule anti-cancer compounds that 

cause release of their [2Fe-2S] clusters (33). Like the other NEETs, MiNT 

levels are upregulated in breast cancer (Figure 4-2), as well as other cancers 

including ependymoma (104), lymphoma and liver cancer (Figure 4-2, The 

Human Protein Atlas) (122). In this study we knocked down CISD3 and 

observed a similar accumulation of iron and ROS in the mitochondria. 

Together this shows that CISD3 is another possible target for development of 

anti-cancer drugs that affect its ability to regulate iron levels. 
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Figure 4-9: MiNT provides a link between Ferredoxin Reductase (FDXR) 
and Ferredoxins (FDX1 and FDX2) in the mitochondrial matrix. MiNT 
provides [2Fe-2S] clusters produced inside the mitochondria by the ISC 
system to FDX1 and FDX2. MiNT can provide parallel routes linking the ISC to 
mitochondrial matrix processes. Matrix produced clusters are important for cell 
metabolism, maintenance and proliferation. 
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 Our structural analysis of MiNT revealed that its overall structural 

architecture resembles that of NAF-1 and mNT in their homodimeric forms. 

Thus, although MiNT is a monomer, it maintained the overall “NEET-fold” 

containing two main domains: a beta-cap and two cluster binding domains 

(Figure 4-4). However, in contrast to mNT and NAF-1, the two cluster binding 

domains of MiNT are not symmetric, suggesting that the two different clusters 

of MiNT could have different functions, or that their intermolecular coordination 

plays an important role in MiNTs function. Although MiNT and the bacterial 

homolog (mmCISD) show a high degree of conservation (99), important 

differences could be found between these two proteins. MiNT contains longer 

beta-strands in the beta-cap region as well as additional helical content. There 

is an alpha-helical region on the c-terminus of MiNT that is absent in mmCISD 

as well as an additional short helical region in CBD1. Furthermore, the 

surfaces are very different as MiNT has an asymmetric 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 suggests that MiNT functions in the same 

pathway as its homodimeric counterparts (mitoNEET and NAF-1), regulating 

mitochondrial iron and ROS homeostasis, and may be a key player of this 

pathway inside the mitochondria. As such, it may be an attractive target for 

anti-cancer or anti-diabetic drug designs. 

Chapter 4, in part, is a reprint as it appears in “Structure of the Human 

Monomeric NEET Protein CISD3/MiNT and its Role in Regulating Iron and 
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ROS in Cancer Cells” by Lipper CH, Karmi O, Sohn YS, Darash-Yahan M, 

Lammert H, Song L, Liu A, Mittler R, Nechushtai R, Onuchic JN, Jennings PA, 

which has been submitted for publication. The dissertation author was the 

primary investigator and author of this paper. 
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Chapter 5  
 

Future Directions 
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Since the initial discovery of mNT, we have learned much about the 

biological function of this important family of proteins. While we have made 

progress unraveling the molecular mechanisms of NEET protein involvement 

in the regulation of iron homeostasis, many questions more questions still 

remain unanswered. 

We have found that the cytosolic NEETs, mNT and NAF-1 can transfer 

their [2Fe-2S] clusters to the cytosolic acceptor protein, Anamorsin. mNT can 

supply clusters unidirectionally to NAF-1, but how mNT receives its [2Fe-2S] 

clusters is still an unanswered question. Ferecatu et al. found that mNT 

received its clusters downstream from the mitochondrial ISC system and is not 

dependent on the CIA system, suggesting that its clusters are assembled in 

the mitochondria by ISC (18). Glutaredoxin 3 (GLRX3) is a cytosolic protein 

with two [2Fe-2S] cluster-binding domains that each coordinate the clusters 

with the help of two glutathione molecules. It is also able to transfer its clusters 

to Anamorsin (123). It is not known how Fe-S clusters are transported out of 

the mitochondria, but a compelling hypothesis is that [2Fe-2S] clusters 

transiently bound to four glutathiones are transported out of the mitochondria 

and delivered to GLRX3. Glutathione-bound clusters have been shown to form 

in vitro (124) and are proposed to be transported across the inner-

mitochondrial membrane by the transporter ABCB7 (125, 126). Glutathione-

[2Fe-2S] cluster complexes can reconstitute apo-GLRX3. GLRX3 is a good 

candidate for transferring mitochondrially assembled [2Fe-2S] clusters to mNT, 

which can then transfer them to NAF-1. We can monitor this potential transfer 
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using UV-Vis spectroscopy as we have previously (15, 16, 63). We can also 

monitor the transfer by NMR spectroscopy as apo- and holo-mNT have distinct 

15N-HSQC spectra (18). It would also be of interest to investigate the binding 

of apo-GLRX3 to VDAC1 (and other isoforms), as this would be a likely path 

for glutathione-bound [2Fe-2S] clusters across the outer-mitochondrial 

membrane. These studies could be complemented by cellular knockdown 

using experiments using shRNA to suppress expression of GLRX3. Similar 

studies using knocking down expression of proteins involved in mitochondrial 

ISC system caused a significant decrease in mNT proteins level as analyzed 

by western blot (18). If GLRX3 is responsible for supplying [2Fe-2S] clusters to 

mNT, we would expect a similar decrease in protein level because the apo-

protein is not very stable. The supply of clusters from ISC to GLRX3 to mNT 

fits with the proposed role of mNT as a storage reservoir of [2Fe-2S] clusters 

ready for rapid supply when required by changing needs of the cell. 

 In chapter 4 we show that MiNT can transfer [2Fe-2S] clusters to both 

human mitochondrial ferredoxins. The transfer was measured by UV-Vis 

spectroscopy. The transfer is very fast, and greater than 30% complete in the 

dead time between mixing the sample and initiating the first scan. Recently 

fluorescent probes were developed to analyze Fe-S cluster transfer between 

multiple protein partners (52). The apo-protein is labeled with a fluorophore 

that is quenched upon coming into close proximity to iron. Stopped flow 

fluorescence spectroscopy allows for rapid mixing and measurement of fast 

kinetics. The fluorescent labeling combined with stopped flow kinetics will 
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allow for the measurement of the rapid early phase of transfer with high 

sensitivity. Because of the initial fast transfer followed by slower phase, it will 

be interesting to determine if this is due to different rates of transfer from each 

cluster-binding domain. Mutational studies can also be done to selectively 

inhibit transfer form a single cluster. This can be done by mutation of the 

coordinating His ligand of a single MiNT cluster-binding domain, as the 

equivalent mutation in both mNT and NAF-1 inhibits the transfer. 

 The NEETs are important drug targets in multiple diseases. mNT was 

initially discovered as a novel target of the insulin sensitizing compound 

pioglitazone (5). Binding to pioglitazone prevents stabilizes the oxidized [2Fe-

2S] cluster from release and inhibits cluster transfer (10, 16). Pioglitazone also 

binds to PPARγ, which can cause negative side effects, including peripheral 

edema. Development of NEET specific compounds that either stabilize or 

destabilize have therapeutic potential for several diseases. Cluster 

stabilization would be beneficial in conditions where oxidative stress is high to 

prevent iron accumulation and mitochondrial dysfunction. Alternatively 

targeting the NEET [2Fe-2S] cluster with destabilizing compounds is a 

potential cancer treatment (33). We have recently shown that gambogic acid 

derivative cluvenone compounds bind to both mNT and NAF-1 and can both 

stabilize and destabilize with only a difference of a single hydroxyl group 

between them (33). The destabilizing cluvenone compound MAD28 causes 

mitochondrial iron accumulation and is cytotoxic to cultured cancer cells (33). 

While computational docking studies have been done on these compounds 
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(33), as well as TZDs (127, 128), there is no experimental structural data for 

the binding. Co-crystallization with either TZD compounds or cluvenone 

compounds would allow us to better understand how each affects cluster 

stability and provide a starting point for structure based drug design to develop 

molecules with improved properties. 
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