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Although this is the preface, I am writing it last as I reflect on this journey and remember

all of the people who supported me during these years. First, I have to thank my family: my
husband, Peter van der Geer, and my daughters Anneke and Marijke. They have put up with me
being constantly distracted, busy, and tired for far too many years. My mother, Dianna Durgin,
father, Larry Wiley, brother Eddie, Aunt Cyndi, Uncle Fred, and all the rest of my extended
family have all been so encouraging and proud, which has helped me keep going when family and
job responsibilities made it seem as though I would never find the time to finish this dissertation.
I am so fortunate to have each and every one of them in my life.
I cannot sing the praises of Gert Flik enough. None of this would have been possible if
he had not agreed to be my promoter. I have come to know him as a compassionate and
generous man with a great sense of humor. He is an immensely positive person who never
wavered in his enthusiasm for my PhD. I need to add patient to the list of his virtues, since he
was able to stay optimistic when a quick dissertation stretched into years as my timeline was
delayed by needing to work on other projects, undergo surgeries, and deal with the vast array of
medical maladies that my daughter, Anneke, has tallied up.

I wish I could have had the

opportunity to work more closely with him scientifically. Like many great meetings in history,
this one came about over drinks in a tavern. Actually, it was over wine at my kitchen table, but
close enough. I have to thank Mark Huising and Talitha van der Meulen for their inspiration in
suggesting that I contact Gert regarding my dissertation. I think we were eating Mexican food at
that meal, so to them I will extend my muchas muchas gracias!
This dissertation is the culmination of decades of scientific training. I have had the
extreme good fortune to have worked with many wonderful mentors during these years who have
taught me not only the techniques that make up the toolbox for doing research but also how to
think about science, to ask questions, and to look for connections. Craig Cary is the person who
first introduced me to research and inspired me to follow this path. He is one of the most
creative scientists that I have ever met and effervescent in his enthusiasm for understanding the
natural world. Many years have passed since our days at SIO digging for clams in sewage mud; I
still value your friendship and scientific input as much now as I did then. I thank Dan Gold for
teaching me molecular biology and that biomedical research could be just as interesting as marine
biochemistry. Most of what I do today scientifically, I learned in the laboratory of the late great
Tony Pawson. I am proud and grateful to be among those that he mentored. His brilliance and
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passion for science was eclipsed only by his boundless kindness. His tragic death was indeed a
huge loss for the scientific community and all who knew him. My next great mentor was Anne
Murphy who took me under her wing and taught me that mitochondria really were the center of
the universe. I don’t know how I had missed that for so many years! Anne is both a phenomenal
scientist and a devoted friend. I know that I can go talk to her about just about anything, and she
will listen and have sage advice. I am also very thankful for the time that I was able to spend
working with Mel Simon during the transition of his laboratory from Cal Tech to UCSD. Mel is
an amazing and mulit-faceted person who I greatly admire. You are never bored when around
Mel, the conversation moving from bacteria to biochemistry, oxygen minimum zones to
microglia, art to literature, tide pools to hiking. I appreciate all of the support and inspiration he
has given me. This brings me to Jack Dixon, my thesis mentor. It has been a privilege to work
with him for so many years. I am indebted to Jack for suggesting that I pursue a creative nontraditional approach to getting my PhD. Others have accurately described him as “the nicest
man in science”. I have to add insightful, brilliant, collaborative, and intuitive to the list of
adjectives. Jack has to live on the cutting edge of science, which makes for a stimulating lab
environment full of really smart people doing very exciting work, in other words, the perfect place
to do research.
Because research is collaborative in nature and we seem to spend so much time in the lab,
lab mates become like extended family and frequently lifelong friends. I have to thank some of
these people for their exceptional support and friendship. From the Pawson lab: Louise La Rose,
Venus Lai and Nadia Al-Alawi. From MitoKor: Amy Carroll, Amy Wright, Amy Stout, Manus
Ward, Jim Dykens, Trent Pearson, and Gary Glenn. From the Murphy lab: Anne Murphy and
Ajit Divakaruni. From the Dixon lab: Carolyn Worby, Yvonne Lee, Eric Durrant, Vinnie
Tagliabracci, Ji Zhang, and Matt Rardin.
Finally, thank you to all of my friends who have been supportive and helped to keep me
sane during these years. In addition to the ones not mentioned above, I have to thank Angie
Miner, who definitely understands the challenges of doing graduate work while parenting two
daughters and working full-time. To Joey and Janet Mishkofski I owe the debt of a lifetime of
friendship and all the love, hilarity, gentle harassment, and hospitality that comes along with it.
So, thank you all from the bottom of my heart and I look forward to the same level of
support on my next big endeavor!
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Chapter 1

General Introduction

Sandra E. Wiley
Department of Animal Physiology, Radboud University, Nijmegen, NL

Chapter One
General introduction
The rise of the eukaryotic cell more than 2 billion years ago ushered in a new era of intraand inter-cellular communication. To be successful, organisms had to be able to interpret
chemical cues in the environment, as well as ensure that intracellular compartments were able to
coordinate their activities.

The need for organellar homeostasis and communication is

exacerbated in multicellular organisms, requiring precise temporal and spatial regulation of many
cellular processes, such as transcription, translation, regulation of redox status, protein
phosphorylation, and ion flux. Defects in the ability to regulate these processes can lead to illness
or death of the organism.
The eukaryotic cell contains multiple organelles with specialized functions. The nucleus
houses the DNA and serves as the site of transcription. Translation of proteins takes place in the
cytosol on free ribosomes or at the rough endoplasmic reticulum, which is named for the high
content of attached ribosomes. In addition to serving as a docking site for ribosomes, the
endoplasmic reticulum (ER) has a plethora of roles in the cell. There are critical steps in fatty
acid and sterol synthesis and regulation that occur at the ER. The ER represents the beginning of
the secretory pathway that translates, modifies, and transports proteins to the plasma membrane,
the lysosomes, and the extracellular environment. Most secreted proteins are translated at the
rough ER and are directed to enter the ER lumen by a short sequence of amino acids at the Nterminus called a signal peptide. This secretion signal on a nascent polypeptide is recognized by
the cytosolic signal recognition particle, which targets the peptide and accompanying ribosome to
the ER membrane by binding to its receptor. The nascent protein is then threaded through the
translocon into the lumen of the ER as the protein is translated. Proteins destined to be integral
membrane proteins in compartments of the secretory pathway typically have a transmembrane
domain, a hydrophobic stretch of amino acids, followed by several positively charged amino acid
to act as a stop transfer signal (1).
The lumen of the ER is a unique environment that is finely tuned for processing proteins
destined for secretion. The ER lumen is more oxidizing than the cytosol; thus it is able to
facilitate the formation of disulfide bonds in proteins. The abundance of chaperones in the ER
lumen, such as Bip, calnexin, protein disulfide isomerase, and calreticulin, aid in the folding of
newly translated proteins.

Glycosylation of proteins also begins at the ER before proteins
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destined for secretion transit from the ER to the Golgi Apparatus (Golgi), where proteins are
further modified. Ultimately, these secreted proteins will pass through the cis, medial and trans
Golgi and onward to the plasma membrane in exocytic vesicles (2).
Beyond its role in protein secretion, the ER serves as a critical cellular storage site of
calcium. Calcium is capable of influencing many cellular processes; therefore, its temporal and
spatial localization must be tightly controlled. Proper calcium trafficking is required for the
activity of many enzymes, as well as for whole organ processes, such as muscle contraction.
Calcium dysregulation can lead to ER dysfunction (3-5). For example, because many chaperones
depend on calcium, a reduction in ER calcium levels can compromise the ability of the ER to
properly fold proteins, leading to a state of ER stress and the induction of the cytoprotective
unfolded protein response (6, 7). The unfolded protein response sets in motion a cascade of
events that results in a generalized depression of translation to decrease the protein folding load
on the ER, an increase in the production of specific proteins, primarily chaperones to aid in
protein folding, and an increase in degradation of unfolded proteins. If the ER stress is not be
remedied in a timely fashion, the unfolded protein response leads to induction of apoptosis, a
form of programmed cell death. Ultimately, the unfolded protein response involves signaling
both within the ER and between the ER and other organelles, such as the Golgi, nucleus, and
mitochondria.
Mitochondria consist of a dynamic network in the cell, undergoing constant fusion and
fission events (8). They have intimate contact sites with the ER at the mitochondrial-associated
membranes where ions, proteins, and lipids are exchanged. Thus, the organellar “health” of the
ER impinges upon the mitochondria, and vice versa (3, 5, 9, 10).
Historically, the mitochondria have been known as the powerhouse of the cell due to
their role in the production of ATP (11). Mitochondria have multiple compartments: the outer
mitochondrial membrane, the inner mitochondrial membrane, the intermembrane space between
these two membranes, and the mitochondrial matrix that is contained within the boundary of the
inner mitochondrial membrane.

Each compartment is unique with respect to the resident

proteins and the contribution of these proteins to mitochondrial function. The famed electron
transport chain and ATP synthase reside in the inner mitochondrial membrane and coordinate to
execute oxidative phosphorylation and ATP production. Because the vast majority of the ATP in
a cell is produced by oxidative phosphorylation in the mitochondria, a slight dysfunction at the
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organellar level of the mitochondria can have profound effects on the health of the cell and
organism (11).
In addition to being critical for the life of a cell, mitochondria also serve an active role as
mediators of apoptotic cell death (12). Conditions such as translocation of pro-apoptotic BCL2
family proteins to the mitochondria (13), oxidative stress (14), or calcium overload (15) can
induce release of proapoptotic proteins, such as SMAC and cytochrome c, from the
intermembrane space of mitochondria. Once in the cytosol, these proteins set in motion a
cascade of events leading to activation of caspase protease activity and culminating in cell death.
Mitochondrial dysfunction has been implicated in the etiology of many diseases,
including metabolic syndrome, diabetes mellitus type 2 (16), osteoarthritis (17), cancer (18),
neurodegenerative diseases such as Alzheimer’s Disease and Parkinson’s Disease (19), and the
aging process (20). Thus, developing pharmaceuticals to maintain mitochondrial homeostasis has
been of interest to the biomedical field for several decades (21, 22). As an example of this, I
would like to mention the efforts of Dr. Jerry Colca and colleagues to elucidate the mitochondrial
target of the thiazolidinedione drug, pioglitazone. Pioglitazone is used to treat type 2 diabetes
and is an effective insulin-sensitizer but has the deleterious side effect of weight gain due to
edema.

Pioglitazone was thought to act by binding to the nuclear receptor peroxisome

proliferator-activated receptor gamma (PPAR!) and modulation of PPAR! specific transcriptional
targets.

Colca and others have long speculated that the PPAR! mediated actions of

thiazolidinediones represent deleterious off-target effects and have touted the need to develop
PPAR-sparing thiazolidinediones as the next wave of type 2 diabetes drugs (23).
To this end, Colca and coworkers developed a radioactive pioglitazone probe that could
be cross-linked to nearby proteins in response to light to be used as a tool to identify novel
proteins that bind pioglitazone (24). They were able to capture several proteins from detergent
solubilized mitochondria isolated from bovine brain and rat liver using this probe and to identify
an unknown protein by mass spectrometry. They named this protein mitoNEET due to the
mitochondrial localization and the presence of an NEET (Asn-Glu-Glu-Thr) amino acid motif in
the sequence (23). At the time, this protein was completely uncharacterized, merely a sequence in
the database.
Our bioinformatic analysis revealed that mitoNEET was the flagship of a small family of
three proteins (25). We named the other members of this family Miner1 (mitoNEET-related-1)
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and Miner2 (mitoNEET-related-2). The defining feature of this protein family is the presence of
a CDGSH domain. This domain is named for a conserved amino acid motif CDGSH (Cys-AspGly-Ser-His) (25). It is a novel domain that, as we discovered, binds a redox-active 2Fe2S cluster
(26, 27). The focus of this thesis dissertation is the identification and characterization of the
mitoNEET protein family and the CDGSH domain (Chapters 2, 3, and 4). The role of
mitoNEET in the cell is explored in Chapter 5.

mitoNEET and Miner2 localize to the

mitochondria; however, Miner1 localizes to the ER (25, 28). Mutations in Miner1 lead to a
complex metabolic and neurodegenerative disease called Wolfram Syndrome (29-31). The role of
Miner1 in ER homeostasis and ER-mitochondria communication, particularly as it relates to the
onset of Wolfram Syndrome, is reported in Chapters 6, 7, and 8.

Finally, an initial

characterization of Miner2 is presented in Chapter 9.
During the course of this thesis, the mitoNEET family of proteins has acquired new gene
names, as well as numerous synonyms for the proteins. They are officially encoded by the CISD
(CDGSH iron sulfur domain proteins) genes: CISD1 (mitoNEET), CISD2 (Miner1), and
CISD3 (Miner2). Furthermore, these proteins have emerged as key regulators of metabolism at
the cellular and organismal levels, both through our discoveries and those of several other research
laboratories (28, 32). The mitoNEET family continues to be the focus of many drug discovery
efforts, and it continues to present us with avenues for investigations into fundamental aspects of
the basic mechanisms of ER and mitochondrial function.

We are in the infancy in our

knowledge of these proteins, and there will certainly be many more exciting discoveries to come.
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Chapter 2

MitoNEET is an iron-containing outer mitochondrial
membrane protein that regulates oxidative capacity
Sandra E. Wiley1, Anne N. Murphy1, Peter van der Geer2, Jack E. Dixon1
1

Department of Pharmacology, University of California, San Diego, La Jolla, CA, USA
2
Department of Chemistry and Biochemistry, San Diego State University,
San Diego, CA, USA

published in:
The Proceedings of the National Academy of Sciences, U.S.A. (2007)104(13):5318-5323.

***Methods focusing on cloning, expression, and purification of recombinant mitoNEET, as well as
mitochondrial subfractionation, were also published as a chapter in:
Wiley, et. al., Methods in Enzymology (2009) 456:233-46

Chapter Two

Abstract
Members of the thiazolidinedione (TZD) class of insulin-sensitizing drugs are extensively
used in the treatment of type 2 diabetes. Pioglitazone, a member of the TZD family, has been
shown to bind specifically to a protein named mitoNEET. Here, we report bioinformatic
analysis that reveals that mitoNEET is a member of a small family of proteins containing a
domain annotated as a CDGSH-type zinc finger. Although annotated as a zinc finger protein,
mitoNEET contains no zinc, but instead contains 1.6 moles Fe/mole of protein. The conserved
sequence C-X-C-X2-(S/T)-X3-P-X-C-D-G-(S/A/T)-H is a defining feature of this unique family
of proteins and is likely involved in iron binding.

Localization studies demonstrate that

mitoNEET is an integral protein present in the outer mitochondrial membrane. An aminoterminal anchor sequence tethers the protein to the outer membrane with the CDGSH-domain
oriented toward the cytoplasm.

Cardiac mitochondria isolated from mitoNEET null mice

demonstrate a reduced oxidative capacity, suggesting mitoNEET is an important iron-containing
protein involved in the control of maximal mitochondrial respiratory rates.

Introduction
Type 2 diabetes is a complex disease involving insulin resistance, decreased insulin
secretion, dyslipidemia, and altered nutrient partitioning (33).

Mitochondria play a well-

documented role in insulin secretion and the control of glucose and fatty acid oxidation (34, 35).
Insulin resistance is associated with decreased mitochondrial mass and compromised oxidative
capacity, suggesting a primary role for mitochondrial dysfunction in the pathogenesis of insulin
resistance (36-40).
One of the drugs of choice to treat type 2 diabetes is pioglitazone, a member of the
thiazolidinedione (TZD) class of insulin-sensitizers. The pharmacology of the TZDs has
traditionally been attributed to their function as agonists of the peroxisome proliferator activated
receptor gamma (PPAR!), a transcription factor involved in adipocyte differentiation and
maturation (41). There is a substantial amount of data indicating that the TZDs exert only a

18

mitoNEET is an Fe-binding OMM protein
portion of their activity via genomic effects on PPAR! and that nongenomic mechanisms are
significant and potentially relevant to their clinical effects (42). For example, the efficacy of the
TZDs does not correlate with the binding affinities for PPAR!, and these drugs can elicit
beneficial effects in the absence of PPAR! in selected tissues (42, 43). In addition, TZD effects
can occur too rapidly for PPAR!-mediated transcriptional events to be primarily responsible (43).
In an effort to identify cellular targets of pioglitazone, Colca and coworkers identified a
protein that was crosslinked to a radiolabeled photoaffinity-derivative of pioglitazone (24). This
protein had a mitochondrial association, contained the amino acid sequence Asn-Glu-Glu-Thr
(NEET), and was named mitoNEET (24). The important role of the TZDs in treating type 2
diabetes and the identification of mitoNEET as a target of pioglitazone binding prompted us to
examine this protein in greater detail.

Materials and methods
Identification of cDNAs and Construction of Mammalian Expression Plasmids
Human sequences similar to the mitoNEET protein were identified by tBLASTn and
PsiBLAST searches of the NCBI nonredundant database, and were then confirmed by BLAST
searches of the human expressed sequence tag (EST) database. Domain searches were performed
using the SMART algorithms and the NCBI Conserved Domain Search. Human cDNA clones
(Invitrogen) were obtained corresponding to the published mitoNEET sequence (MGC: 14684,
GI:37590611), to an MGC clone for a different but related protein (MGC: 40370,
GI:21619026), and a cDNA for a predicted hypothetical protein (GI:42661145). The latter two
were named Miner1 (M
M i toN
N E ET R elated 1), and Miner2 (M
M i toN
N E ET R elated 2), respectively.
Sequence alignments were performed with the MacVector Program. The open reading frames for
human mitoNEET, Miner1, and Miner2 were amplified by PCR and cloned into the
pCDNA3.1D-V5-His/Topo vector (Invitrogen). Constructs encoding either mitoNEET lacking
amino acids 1-32 ("1-32) or only amino acids 1-32 of mitoNEET fused to enhanced green
fluorescent protein (EGFP) were generated by PCR and cloned into the pCDNA3.1D-V5His/Topo and pEGFP-N1 vectors (Clontech), respectively.
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Construction of Bacterial Expression Plasmids
The portion of the human mitoNEET cDNA corresponding to amino acids 27-108 was
amplified by PCR and cloned into the pET28b-MBP-His/TEV vector (a gift from P. Ghosh,
UCSD). The resulting protein has an MBP tag, two 6X His tags, and a TEV protease cleavage
site, all amino-terminal to the mitoNEET sequence. In addition, the same portion of human
mitoNEET (amino acids 27-108) was also PCR-amplified and cloned into the pGEX-6P-2 vector
(GE Healthcare Bio-Sciences, Piscataway, NJ) to generate a GST-fusion protein.
Expression and Purification of MitoNEET Fusion Proteins in Escherichia coli
Expression of MBP-His-mitoNEET27-108 in BL21-CodonPlus-RIL cells (Stratagene, La Jolla,
CA) was induced with 0.4 mM isopropyl-1-thio-d-galactopyranoside at 37°C for 3.5 h. The
bacteria were grown in 2XYT that was supplemented with 1 mM FeCl3 1 h before induction with
isopropyl-1-thio-d-galactopyranoside. Fusion proteins were purified using nickel-agarose (Qiagen,
Valencia, CA) according to the manufacturer's protocols. Purified fusion proteins were dialyzed
against 50 mM Tris, pH 8.0, 14 mM b-mercaptoethanol, and 50 mM NaCl, and stored at 4° C
until metal analysis. Expression of GST-mitoNEET27-108 protein in BL21-CodonPlus-RIL cells
(Stratagene) was induced with 0.4 mM isopropyl-1-thio-d-galactopyranoside for 18 h at room
temperature. Recombinant protein was purified using glutathione-coupled agarose and eluted
with reduced glutathione following the manufacturer's protocols (Sigma, St. Louis, MO).
Preparation of mitoNEET Antisera
Purified GST-mitoNEET27-108 protein (see SI Methods for expression details) was dialyzed
against PBS with 1 mM DTT and used to generate a rabbit polyclonal antibody (Cocalico
Biologicals, Reamstown, PA). To remove the undesired anti-GST reactive antibodies, the serum
was initially passed through an agarose column bound to purified GST protein. This was
followed by protein A affinity purification of the IgG population from the flow-through using the
Montage kit (Millipore, Bedford, MA). The resulting antibody was tested for the ability to
specifically immunostain mitoNEET protein.
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Cell Culture and Immunocytochemistry
COS-7 cells were grown under standard conditions (American Type Culture Collection,
Manassas, VA). Cells transiently expressing mitoNEET family fusion proteins were plated on
glass coverslips, loaded with MitoTracker Red CMXRos (Invitrogen, San Diego, CA) following
the manufacturer's protocol, fixed, and immunostained (for V5-tagged proteins) as described
(44). Cells were visualized with a ´100 objective using a Leica (Nussloch, Germany) DMR
microscope with an attached Hamamatsu (Hamamatsu City, Japan) camera. Images were
pseudocolored and overlays compiled with Openlab imaging software (Improvision, Lexington,
MA).
SDS-PAGE and Immunoblotting
Proteins were separated by SDS-PAGE using NOVEX 12% precast gels (Invitrogen),
transferred to PVDF membranes, and analyzed by immunoblotting. Antibodies recognizing the
following proteins were used for mitochondrial markers: voltage-dependent anion channel and
second mitochondrial activator of caspases (EMD Biosciences, San Diego, CA); mitoNEET (gift
from J. Colca, Pfizer, St. Louis, MO); protein tyrosine phosphatase localized to the
mitochondrion 1 (2); cytochrome c and BCL2 (BD PharMingen, San Diego, CA); and
mitochondrial heat shock protein of 70 kDa (Stressgen Bioreagents, Victoria, Canada).
Antibodies to NDUFB6, Complex III FeS protein, and Complex II 30 kDa protein were from
MitoSciences. Calreticulin was used to assess mitochondrial purity (Calbiochem).

Metal Quantitation
The metal content of the purified recombinant of MBP-His-mitoNEET27-108 protein (see
Supp. Methods for expression details) was determined using a Finnigan Element inductively
coupled plasma-high resolution mass spectrometer (ICP-HRMS) by Dr. Ted J. Huston,
Department of Geological Sciences, University of Michigan, Ann Arbor.
RT-PCR and Immunohistochemistry
RT-PCR was performed with mouse cDNA samples from Clontech and primers to the
entire coding sequence of murine mitoNEET. Digital images of the PCR products after 25 cycles
were quantified by densitometry and normalized to the expression of GAPDH in the samples.
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For IHC staining, paraffin-embedded mouse tissues were immunostained as previously described
(45). Tissue slices were stained with the abovementioned Protein A purified anti-mitoNEET
antibody (1:1000) and AEC substrate. Counter staining was with Mayer’s hematoxylin. Images
were taken using a Zeiss microscope with an Axiocam HRc color camera and Axiovision software.
Electron Microscopy
Rat kidney was perfusion fixed with 4% PFA in 0.1 M phosphate buffer and then
immersion fixed overnight in 4% PFA in phosphate buffer, as previously described (46). The
tissue was embedded in 2% gelatin, cryoprotected overnight in 2.3 M sucrose, and sectioned.
Immunolabeling was performed using the anti-mitoNEET antibody at 1:125 dilution and 10 nm
gold conjugated goat anti-rabbit IgG (GE Healthcare Bio-Sciences Corp.) at 1:25 (47). Images
were captured at a magnification of 21,000x.
Purification and Subfractionation of Rat Liver Mitochondria
Mitochondria were histodenz purified from fresh rat livers as described previously (46).
Mitochondrial subfractions [outer membranes (OMM), mitoplasts, and intermembrane space
fractions] were obtained using a swell-shrink procedure and purified by sucrose gradient
ultracentrifugation (2). Submitochondrial particles and the soluble fraction were generated by
sonication and ultracentrifugation (2). Proteins (14 mg) from each fraction were separated by
SDS/PAGE and immunoblotted with antibodies to mitoNEET and to mitochondrial marker
proteins of known localization.
High Salt and Carbonate Treatment of Mitochondria
Histodenz-purified rat liver mitochondria were treated as previously described (46) with
osmotic shock followed by a wash in either high salt (200 mM KCl) or carbonate (0.1 M
Na2CO3, pH 11.5) (46, 48), and then analyzed by SDS-PAGE.
Proteolysis of Mitochondria
Mitochondria from rat hearts were purified by differential centrifugation (see Supp.
Methods), swollen by osmotic shock, and treated with trypsin for 10 min at room temperature in
an isotonic buffer (125 mM sucrose, 10 mM Tris (pH 8.0) 1 mM EGTA) with or without the
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addition of 1% Triton X-100 as described (46).

For the low pH treatment, 200 µg of

mitochondria were resuspended in 200 µl of MSHE (pH 4.6), incubated on ice for 5 min,
pelleted, and then trypsin treated for 20 min at 37° C in the buffer described above. Samples
were analyzed by SDS-PAGE and immunoblotting.
Isolation of Mouse Heart Mitochondria and Bioenergetic Analysis
Mice with targeted disruption of the mitoNEET gene on the c57bl/6 (albino) x 129 SvEv
Brd (agouti) background were acquired from Lexicon Genetics, Inc through their Omnibank
program. The mice were originally developed using their proprietary gene trap technology (49).
Mice were housed in the vivarium facility at University of Kentucky. The colony was maintained
by Dr. S. Ross. For the mitochondrial respiration studies, mice between ages 9-11 weeks of age
were used.

Cardiac mitochondria were isolated from wild type and mitoNEET-/- animals

essentially as described by Yen et al. (50) with the following modifications. Hearts were finely
minced in Hanks buffered saline supplemented with 10 mM 2,3-butanedione monoxime
(BDM), 5% FBS, 30 mM mannitol, 20 mM HEPES, 1 mM EGTA, 2 mM MgSO4. Minced
tissue was kept on ice in DMEM containing 5% FBS, 10 mM BDM, 2 mM Gln, 1.8 mM
EGTA, 30 mM mannitol, 20 mM Hepes, and 2 mM sodium pyruvate during overnight
transport to UCSD. Mitochondrial isolation was performed in medium containing 210 mM
mannitol, 70 mM sucrose, 1 mM EGTA, 0.1% BSA, pH 7.0. The proteolytic step using
Nargarse was omitted. Mitochondria (0.5 mg/ml) were suspended in 0.25 ml of basal saline
medium (125 mM KCl, 5 mM HEPES/KOH, 2 mM phosphate, 1 mM MgCl2, pH 7.4, 37°C)
supplemented with the complex I-linked substrates glutamate (5 mM) and malate (5 mM) in a
Hansatech Oxytherm electrode unit analyzed with Oxygraph Plus software (Hansatech, UK).
State 3 respiration was initiated by the addition of 80 µM ADP. Resting respiration (State 4o)
was then induced by the addition of 5 µg ml-1 oligomycin, followed by measurement of maximal
electron transport chain activity after titration with FCCP (up to 30 nM). Differences in rates
were analyzed by 2-way ANOVA with a post-hoc F-test.
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Results
MitoNEET Family Proteins Possess Unique “CDGSH-type Zinc Finger” Domains
Colca and colleagues identified mitoNEET as a target for pioglitazone binding (24).
Because there were no additional studies on mitoNEET, we began our efforts by analyzing of the
domain organization of the protein. Using the Simple Modular Architecture Research Tool
(SMART) and the NCBI Conserved Domain Search algorithms, our analysis showed that
mitoNEET contains a domain of approximately 40 amino acids (amino acids 55-93) annotated
as a “CDGSH-type zinc finger” (Fig. 2.1). Two additional cysteines flank the CDGSH sequence.
In addition to the CDGSH domain, mitoNEET has a predicted transmembrane domain
localized between amino acids 14 and 32, suggesting that it may be a membrane-anchored
protein (Fig. 2.1).

* *

*

* * *
* *

* *** *

F i g u r e 2 . 1 . A mitoNEET protein family.. Alignment of the amino acid sequences of human mitoNEET,
Miner1, and Miner2. Amino acids conserved in humans are shown in grey. Amino acids invariant across
multiple species are indicated with an asterisk. The CDGSH domains are underlined. The transmembrane
domain of mitoNEET is marked with a box.

To identify other proteins with a CDGSH domain, we performed BLAST searches using
the human mitoNEET CDGSH sequence (residues 55-93). These searches yielded two related
human proteins, which we refer to as Miner1 and Miner2 for M i toN
N E ET R elated 1 and 2 (Fig.
2.1). Both mitoNEET and Miner1 each have a single CDGSH-type zinc finger, while Miner2
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contains two of these domains (Fig. 2.1). Multiple species alignments of the CDGSH-type zinc
finger domains from mitoNEET, Miner1, and Miner2 revealed that this family contains the
consensus sequence: C - X - C - X 2 - ( S / T ) - X 3 - P - X - C - D - G - ( S / A / T ) - H .

In addition to the

invariant proline, aspartic acid, and glycine residues, this motif also contains three invariant
cysteines and an invariant histidine. Although zinc finger proteins are abundant in the genome,
this CDGSH-type zinc finger domain is unique.
The Annotated CDGSH-type Zinc Finger Protein Contains Iron
To our surprise, purified recombinant mitoNEET was strikingly red in color, as were
recombinant proteins of Miner1 and Miner2. As zinc finger proteins are not reported to be red
in color, this suggested that mitoNEET likely had an unanticipated “cofactor”. To explore this
further, mitoNEET27-108 (lacking amino acids 1-26 of the amino terminus) was expressed in
bacteria as a fusion protein with an amino-terminal MBP-His tag. The recombinant MBP-HismitoNEET27-108 was found to contain only trace amounts of zinc (0.012 mol Zn/mol protein)
when analyzed by inductively coupled plasma-high resolution mass spectrometry (ICP-HRMS)
(Table 2.1). This value was equivalent to the amount of zinc bound to the MBP-His protein
alone (when expressed without mitoNEET) and did not change significantly when the bacterial
culture media was supplemented with 5 µM ZnCl2 (data not shown). The ICP-HRMS metal
analysis detected 1.6 mol Fe/mol MBP-His-mitoNEET27-108 protein (Table 2.1), with virtually no
iron bound to the MBP-His tag when it was expressed alone (0.008 Fe/protein). Similar iron
stoichiometries were seen with GST fusion proteins of both full-length mitoNEET and
mitoNEET27-108 (data not shown). Furthermore, ICP-HRMS analysis showed that recombinant
mitoNEET contained no significant amounts of other metals, including nickel, copper,
magnesium, calcium, chromium, manganese, or copper (Table 2.I). These data reveal that
mitoNEET binds iron and that the CDGSH domain is not a zinc-finger. The fact that all three
proteins in the mitoNEET family share this domain, and all three proteins are also red, suggests
that it is highly likely that all members of the family are iron-containing proteins.
Subcellular Localization of mitoNEET, Miner1, and Miner2
To address the cellular localization of the mitoNEET family members, mitoNEET,
Miner1, and Miner2 were tagged with with the carboxy-terminal V5 epitope and transiently
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T a b l e 2 . 1 . Metal content (mol metal/mol protein) of MBP-His-mitoNEET27-108 protein determined by ICP
analysis. Data are the average of four independent protein preparations. Values for MBP-His protein were
below the limits of detection.
Metal content (mol metal/mol protein)
Metal
Iron

MBP-His-mitoNEET27-108
1.6 +/- 0.60

Zinc

0.01 +/- 0.01

Nickel

0.09 +/- 0.07

Copper

0.04 +/- 0.03

Magnesium

<0.001

Calcium

<0.001

Chromium

<0.001

Manganese

<0.001

Copper

<0.001

expressed in COS-7 cells.

Immunocytochemistry using an anti-V5 antibody showed

colocalization of mitoNEET and Miner2 with the mitochondrial marker, MitoTracker Red (Fig.
2.2A and C). In contrast, Miner1 appeared to be localized to the endoplasmic reticulum, with
strong perinuclear staining and a lacy network fanning out across the cell (Fig. 2.2B). Expression
of the mitoNEET family of proteins as carboxy-terminal fusion proteins with the enhanced green
fluorescent protein (EGFP) gave similar expression patterns (data not shown).
MitoNEET mRNA and Protein are Widely Expressed
RT-PCR analysis of mRNA from murine tissues revealed that mitoNEET is widely expressed
with the highest level of mRNA seen in the heart (Fig. 2.3A). To further explore the tissue
distribution of the mitoNEET protein, we raised polyclonal antiserum against the recombinant
protein. Immunofluorescent staining of COS-7 cells to visualize endogenous mitoNEET gave a
reticular, mitochondrial pattern that overlapped with MitoTracker Red (Fig. 2.2D).

The

mitochondrial staining was blocked by recombinant mitoNEET protein (data not shown). The
antibody did not recognize transiently-expressed V5-tagged Miner1 or Miner2 (data not shown).
This data suggests that the endogenous mitoNEET protein is also localized to the mitochondria.
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!
!
F i g u r e 2!. 2 . Localization of MitoNEET family proteins. Immunofluorescent staining of V5-tagged

mitoNEET (A), Miner1 (B), and Miner2 (C) transiently transfected for 24 hr in COS-7 cells.
MitoNEET family proteins appear green. Colocalization of mitoNEET and Miner2 with MitoTracker
Red (MR, second panel) appears yellow in the merged images. DNA is stained blue with DAPI. (D)

Immunofluorescent imaging in COS-7 cells of endogenous mitoNEET, MitoTracker Red and merged
images.

We
! also examined the expression of mitoNEET protein in various mouse tissues by

immunohistochemical (IHC) staining (Fig. 2.3B). The MitoNEET protein was present in many
tissue types, including insulin-responsive tissues such as the liver, adipose, skeletal muscle and
heart (panels 2, 3, 4, & 5), with cells lining the ducts (panel 2) and ventricles (panel 5) staining
particularly robustly. MitoNEET staining appeared to be absent in both the endocrine (islet) and
exocrine cells of the pancreas (panel 6). There was also no staining with preimmune serum (panel
1).
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A
F i g u r e 2 . 3 . MitoNEET mRNA
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and protein are widely expressed. (A)
RT-PCR analysis of mitoNEET from
mouse tissues. (B) Anti-mitoNEET
IHC staining in mouse tissues.
Preimmune serum (PI, panel 1).
Anti-mitoNEET staining (panels 26). Cells staining red are positive for
endogenous
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the

translocase of the outer membrane
(TOM) complex (51, 52). After

mediating import into the mitochondria, this targeting sequence is often, but not always, cleaved
by mitochondrial proteases (53). To determine if mitoNEET was indeed being directed to the
mitochondria by an amino-terminal signal sequence, the protein lacking the first 32 amino acids
and containing a carboxy-terminal V5 epitope tag was expressed in COS-7 cells. As expected, the
full-length protein was localized to the mitochondria (Fig. 2.4A), while deletion of the first 32
residues completely abolished the mitochondrial localization of mitoNEET (Fig. 2.4B). When
the first 32 amino acids of mitoNEET were fused to the amino-terminus of EGFP, this construct
was able to redirect EGFP from a nuclear and cytoplasmic localization (Fig. 2.4C) to the
mitochondria (Fig. 2.4D). This demonstrates that the first 32 amino acids of mitoNEET are
both necessary and sufficient to direct mitochondrial localization.
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F i g u r e 2 . 4 . MitoNEET is directed to the outer mitochondrial membrane by an amino-terminal signal
sequence. Immunofluorescent imaging of transiently expressed mitoNEET proteins in COS-7 cells: (A)
V5 tagged full-length mitoNEET, (B) V5 tagged mitoNEET lacking amino acids 1-32, (C) EGFP, and
(D) EGFP with amino acids 1-32 of mitoNEET fused to the amino-terminus. (E) Immunogold EM
staining of mitochondria in rat kidney tissue sections with either preimmune serum (PI) or antimitoNEET antibody. F. Rat liver mitochondrial subfractions were separated by SDS-PAGE and
analyzed by immunobloting using antibodies against known mitochondrial marker proteins.

The mitochondrion is a highly compartmentalized organelle in which the location of
proteins coordinating specific functions is tightly controlled. Determining the exact position of a
protein within the mitochondrion is important because the milieu of each compartment will
dictate potential interacting proteins and possible biochemical roles. To elucidate mitoNEET’s
submitochondrial localization, we first performed immunogold EM labeling of rat kidney tissue.
Ultrathin cryosections were probed with a Protein-A purified anti-mitoNEET antibody and a 10
nm gold particle-conjugated goat anti-rabbit secondary antibody. Positive staining was detected
in most mitochondria with little staining of other subcellular compartments. As shown in Figure
2.4E, gold particles could be seen decorating the perimeter of the mitochondria. We counted
1101 gold particles from numerous fields and scored them according to their proximity to the
outer mitochondrial membrane (OMM). Located “on/near” the OMM was defined as being
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within 30 nm of the OMM, which is the approximate combined length of the primary and
secondary antibodies plus the gold particle. The gold particles were partitioned as follows: 74.3%
on/near the OMM, 14.1% inside the mitochondria, and 11.6% cytosolic. These results suggest
that mitoNEET is likely located at the outer mitochondrial membrane.
To further define the submitochondrial location of mitoNEET, we separated highly
purified rat liver mitochondria into the following fractions: outer mitochondrial membrane
(OMM), mitoplasts (MP, consisting of inner membrane and matrix), intermembrane space
(IMS, soluble material between the inner and outer membranes), submitochondrial particles
(SMP, vesicles composed of inside-out mitochondrial membranes devoid of most soluble
material), and soluble (material from the matrix and intermembrane space). Equal amounts of
protein from each fraction were separated by SDS-PAGE and analyzed by immunoblotting with
antibodies against mitoNEET and marker proteins (Fig. 2.4F). MitoNEET was detected only in
the membrane-containing fractions (SMP, MP, OMM). Furthermore, it was highly enriched in
the OMM fraction, as was the Voltage Dependent Anion Channel protein (VDAC), a known
marker for the mitochondrial outer membrane (54). In our experiments, mitoNEET consistently
displayed an apparent molecular mass of 13 kDa by immunoblotting, suggesting that the aminoterminal localization sequence is not cleaved from the protein (data not shown). The calculated
molecular mass based upon amino acid composition is 12.2 kDa. Collectively, these different
approaches suggest an outer mitochondrial membrane localization for mitoNEET.
MitoNEET is an Integral Outer Membrane Protein Oriented Toward the Cytoplasm
It is possible for proteins to associate with membranes due to protein-protein or proteinlipid interactions. To determine whether mitoNEET is an integral or peripheral membrane
protein, rat liver mitochondria were first swollen by osmotic shock and then treated with either
high salt (200 mM KCl) or high pH (0.1 M Na2CO3, pH 11.5) and analyzed by SDS-PAGE and
immunoblotting.

Cytochrome c, which associates with the inner membrane, was stripped

efficiently from the mitochondria under these conditions (Fig. 2.5A) as expected (48, 55). In
contrast, mitoNEET remained associated with the mitochondrial pellet as did other known
integral membrane proteins such as BCL2 and VDAC (Fig. 2.5A). Our results suggest that
mitoNEET is an integral membrane protein, consistent with the SMART predictions that
mitoNEET possesses a single transmembrane region.
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F i g u r e 2 . 5 . MitoNEET is an integral
membrane protein oriented towards the cytoplasmic face
of the OMM. (A) Immunoblot analysis of swollen rat
liver mitochondria treated to remove peripheral
membrane proteins. Mitochondria were washed with
either 200 mM KCl (high salt) or 0.1 M Na2CO3, pH
11.5 (high pH) and the proteins remaining in the
pellets separated by SDS-PAGE and immunoblotted.
(B) SDS-PAGE and immunoblot analysis of trypsintreated rat heart mitochondria (osmotically shocked).
(C) SDS-PAGE and immunoblot analysis of trypsintreated rat heart mitochondria (low pH washed).

A protein on the outer mitochondrial membrane may be oriented toward the
intermembrane space or toward the outside of the mitochondrion where it is free to interact with
cytoplasmic proteins. It is possible to distinguish between these two orientations by determining
proteolytic susceptibility using intact versus detergent solubilized mitochondria. During the
course of this study, it became apparent that the mitoNEET protein was resistant to trypsin
!

cleavage (Fig. 2.5B) despite the fact that it contains many potential cleavage sites. We had
learned from in vitro studies with recombinant mitoNEET that the stability of the protein is
sensitive to pH (data not shown). Therefore, rat heart mitochondria were briefly incubated in an
isosmotic buffer at pH 4.6 to partially unfold the mitoNEET protein and increase susceptibility
to trypsinolysis. Subsequently, intact and 1% Triton X-100 solubilized mitochondria were
treated with trypsin and analyzed by SDS-PAGE and immunoblotting. The intermembrane
space protein SMAC, which is susceptible to digestion by trypsin, was examined to ascertain the
integrity of the outer mitochondrial membrane. With intact mitochondria, trypsin treatment
resulted in complete degradation of mitoNEET whereas SMAC was left intact (Fig. 2.5C),
confirming that the outer mitochondrial membrane was not compromised by the brief exposure
to low pH. Thus, mitoNEET is oriented on the outer mitochondrial membrane such that its
CDGSH domain faces the cytoplasm with its amino-terminus serving as a membrane anchor.
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MitoNEET Regulates Mitochondrial Oxidative Capacity
Mice with a targeted disruption of the mitoNEET gene, developed using a proprietary
gene trap technology (49), were acquired from Lexicon Genetics, Inc. The phenotypic
characterization of the mice will be described in a subsequent publication. Using mitochondria
purified from the hearts of mitoNEET wildtype

(+/+)

and null littermates, we measured Complex

I-dependent oxygen consumption to evaluate the State 3 (phosphorylating) and the maximal
uncoupler-stimulated (State 3u) respiration rates.

These rates were 36% and 31% lower,

respectively, in cardiac mitochondria from mitoNEET deficient mice when compared to
mitochondria from wild type littermates (Fig. 2.6A).

In contrast, the lack of mitoNEET

expression had no effect on rates of resting (State 4o) respiration (Fig. 2.6A). These data suggest
that the loss of mitoNEET expression results in a decrease in the maximal capacity of heart
mitochondria to carry out electron transport and oxidative phosphorylation, yet has no effect on
the basal rate of proton leak across the inner mitochondrial membrane. When examined by
electron microscopy, the morphology and numbers of mitochondria from the hearts of
mitoNEET null mice were indistinguishable from those of wildtype littermates (data not shown).
Immunoblot analysis confirmed the lack of mitoNEET expression in the null mice and revealed
similar levels of mitochondrial proteins as control mice when probing either cardiac tissue
homogenate or isolated mitochondria (Fig. 2.6B and C). Thus, the observed differences in
respiration rates are probably not due to a compromise in the quantity or structural integrity of
mitochondria in the mitoNEET null mice. This is in contrast to the mechanism of other known
regulators of maximal oxidative capacity, such as PGC-1# and 5’-AMP kinase, which appear to
operate through control of mitochondrial biogenesis (56).

Discussion
Our studies demonstrate that mitoNEET is an integral protein of the outer mitochondrial
membrane with the CDGSH domain facing the cytoplasm.

It is directed to the outer

mitochondrial membrane by an amino-terminal mitochondrial targeting sequence that possesses
all of the hallmarks of a mitochondrial signal anchor sequence (SAS). SAS proteins are anchored
to the outer mitochondrial membrane by a transmembrane domain and present a hydrophilic
domain to the cytoplasm (51, 57). They typically have a mitochondrial targeting sequence with a
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F i g u r e 2 . 6 . MitoNEET protein levels affect maximal mitochondrial oxidative capacity. (A) Respiration
rates of cardiac mitochondria from mitoNEET (+/+) (solid bar) and (-/-) (open bar) mice.. Error bars
represent the standard deviation from n=7 (+/+) and n=6 (-/-) from 3 separate preparations (p<0.01). (B)
SDS-PAGE and immunoblot analysis of purified cardiac mitochondria from mitoNEET (+/+) and (-/-)
mice. NDUFB6 is a subunit of Complex I. (C) SDS-PAGE and immunoblot analysis of purified cardiac
mitochondria from mitoNEET (+/+) and (-/-) mice using antibodies to mitochondrial proteins.

single helical hydrophobic transmembrane segment and a net positive charge following the
transmembrane segment to act as a stop transfer signal. In addition, SAS proteins possess at least
one positively charged amino acid and two or more amino acids containing hydroxyl groups
amino-terminal to the transmembrane segment (57). MitoNEET meets all of these criteria (Fig.
2.1A). Positioned with the CDGSH domain oriented towards the cytoplasm, mitoNEET is
ideally suited to communicate signals between the mitochondria and the rest of the cell.
In this study, we show that mitoNEET is the defining member of a small family of
proteins that is characterized by the presence of a unique CDGSH-type zinc finger domain. Even
though mitoNEET is annotated as a zinc-finger protein, it contains no zinc but contains 1.6 mol
Fe/mol protein. It is highly likely that the conserved sequence C-X-C-X2-(S/T)-X3-P-X-C-D-G-
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(S/A/T)-H is important in binding the iron. This sequence is conserved in all mitoNEET family
members, suggesting the possibility that all three proteins are iron-containing.
We further demonstrate that mitoNEET is a widely expressed protein that localizes to the
outer mitochondrial membrane. Using mitochondria isolated from the hearts of mitoNEET null
mice, we also demonstrated that Complex I-driven State 3 respiration is significantly altered.
Our data supports the concept that mitoNEET plays a key role in electron transport and
oxidative phosphorylation. The role that mitoNEET plays in the etiology of type 2 diabetes and
in mediating some of the effects of TZDs remains to be determined. The degree of mitoNEET
sequence conservation among vertebrates suggests that mitoNEET most likely serves an
important role in mitochondrial function. Indeed, iron-containing proteins frequently function
as dynamic redox sensitive molecules in the mitochondria, participating in critical processes such
as electron shuttling through the electron transport chain, regulation of enzymatic activity, and
synthesis of heme and iron-sulfur clusters (58, 59). Dysregulation of iron metabolism has also
been associated with diabetes (60). We are currently exploring the biochemical properties of
mitoNEET and its regulation by pioglitazone.

Acknowledgements
The authors would like to thank Timo Meerloo, Marilyn Farquhar, and Nissi Varki for their
expertise in the EM and IHC studies. We would also like to thank Carolyn Worby and Doug
Mitchell for reviewing the manuscript. Grants from the Walther Cancer Institute (to J.E.D.) and
the National Institutes of Health [grants 18024, 18849 (to J.E.D.), and R01-CA078629 (to
P.v.d.G.)] supported this work.

34

Chapter 3

The outer mitochondrial membrane protein
mitoNEET contains a novel redox active 2Fe-2S
cluster

Sandra E. Wiley1, Mark L. Paddock2, Edward C. Abresch2, Larry Gross3, Peter van
der Geer4, Rachel Nechushtai5, Anne N. Murphy1, Patricia A. Jennings3, Jack E.
Dixon1,3

Department of Pharmacology, University of California, San Diego, La Jolla, CA, USA
2
Department of Physics, University of California, San Diego, La Jolla, CA, USA
3
Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA,
USA
4
Department of Chemistry and Biochemistry, San Diego State University, San Diego, CA, USA
5
Department of Plant and Environmental Sciences, The Wolfson Centre for Applied Structural
Biology, The Hebrew University of Jerusalem, Givat Ram, Israel
1

published in:
The Journal of Biological Chemistry (2007) 282(33):23745-23749
***Methods focusing on purification of recombinant mitoNEET, as well as in vitro assays for
characterizing its redox properties, were also published as a chapter in:
Wiley, et al, Methods in Enzymology (2009) 456:233-46

Chapter Three
Abstract
The outer mitochondrial membrane protein mitoNEET was discovered as a binding target
of pioglitazone, an insulin-sensitizing drug of the thiazolidinedione class used to treat type 2
diabetes. We have shown that mitoNEET is a member of a small family of proteins containing a
39 amino acid CDGSH domain. Although the CDGSH domain is annotated as a zinc finger
motif, mitoNEET was shown to contain iron. Here we use optical and electron paramagnetic
resonance spectroscopy to show that mitoNEET contains a redox active pH labile Fe-S cluster.
Mass spectrometry showed the loss of 2Fe and 2S upon cofactor extrusion. Spectroscopic studies
of recombinant proteins showed that the 2Fe-2S cluster was coordinated by 3Cys and 1His. The
His ligand was shown to be involved in the observed pH lability of the cluster, indicating that loss
of this ligand via protonation triggered release of the cluster. MitoNEET is the first identified
2Fe-2S containing protein located in the outer mitochondrial membrane.

Based on the

biophysical data and domain fusion analysis, mitoNEET may function in Fe-S cluster shuttling
and/or in redox reactions.

Introduction
Recent studies have revealed a critical role for mitochondrial function in glucose-stimulated
insulin secretion (34). There is also a growing body of evidence implicating mitochondrial
dysfunction in the development resistance and type 2 diabetes (35).

Diabetic patients

demonstrate evidence of oxidative stress (61) and have reduced mitochondrial mass and oxidative
capacity in skeletal muscle (38, 62). Pioglitazone is a member of the thiazolidinedione (TZD)
class of insulin-sensitizing drugs frequently used to treat type 2 diabetes (63, 64). The TZD
drugs have traditionally been thought to function as ligands for the peroxisome proliferator
activated receptor gamma (PPAR!) (65, 66), although it is unclear if PPAR! is the sole target of
this family of drugs (42). Using tagged derivatives of pioglitazone incubated with mitochondrial
lysates, Colca and colleagues identified a single cross-linked 17 kDa protein (24). They named
the protein mitoNEET based on its location in the mitochondria and the presence of the amino
acid sequence Asn-Glu-Glu-Thr (NEET) near the carboxy-terminus (24).
We have shown that mitoNEET is an integral outer mitochondrial membrane protein (25).
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It is localized to the mitochondria by an amino-terminal targeting sequence, which acts as a
membrane tether resulting in the majority of the protein being exposed to the cytoplasm (25).
MitoNEET belongs to a small family of proteins whose hallmark is the presence of a unique
CDGSH domain. We refer to the other members of this family as Miner1 and Miner2 (for
M i toN
N E ET R elated 1 and 2) (25). Both MitoNEET and Miner1 have one CDGSH domain,
while Miner2 contains two. Although originally annotated as a zinc finger, the CDGSH domain,
which has the consensus sequence C-X-C-X2-(S/T)-X3-P-X-C-D-G-(S/A/T)-H, was shown to
preferentially bind iron (25). Mitochondria from the hearts of mitoNEET null mice
demonstrated reduced oxidative capacity, suggesting a critical role for mitoNEET in proper
mitochondrial function (25).
Here we investigated the properties of the recombinant mitoNEET protein. We found that
the CDGSH domain of mitoNEET harbors a redox sensitive 2Fe-2S cluster that is surprisingly
pH-labile. Although there are more than 100 families of Fe-S containing proteins, mitoNEET is
unusual in having a 3Cys-1His coordination sphere for the 2Fe-2S cluster.

Materials and methods
Construction of bacterial expression plasmids
Construction of the pET28b-MBP-His-mitoNEET27-108 plasmid, encoding amino acids 27108 of the mitoNEET protein, was previously described (25). The Asp84Asn, His87Cys, and
His87Gln mutants were generated in the pET28b-MBP-His-mitoNEET27-108 plasmid by sitedirected mutagenesis using PCR. Recombinant human mitoNEET33-108 (lacking epitope tags)
was generated by PCR and cloned into the pET21a+ vector. The Cys72Ser, Cys74Ser, and
Cys83Ser mutants of mitoNEET33-108 were generated by site directed mutagenesis and cloned into
the pET21a+ vector in frame with the C-terminal His tag. For simplicity, the tagged and
untagged proteins are collectively referred to as "-mitoNEET.
Expression and purification of "-mitoNEET fusion proteins in E. coli
Expression of wild-type MBP-His-mitoNEET27-108 and mutants in BL21-CodonPlus-RIL
was as previously described (25). The Cys/Ser mutants of !-mitoNEET were grown as above,
induced overnight at 23 °C, and purified using Ni-NTA agarose following the manufacturer’s
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protocol (Qiagen).
Growth and expression of untagged mitoNEET33-108 protein was the same as that of MBPHis-mitoNEET27-108 but the induction was extended to 7 h. The bacteria were lysed in Tb buffer
(50mM Tris-HCl pH 8.0, 0.1% #-mercaptoethanol (v/v)) and clarified by centrifugation. All
centrifugations were at 31,000 x g for 20 min. The "-mitoNEET protein was purified from the
lysate using a series of salt precipitations. After an initial 25 % (NH4)2SO4 cut, mitoNEET was
pelleted with 75% (NH4)2SO4, resuspended in Tb buffer containing 25% (sat.) (NH4)2SO4 and
cleared by centrifugation. Following dialysis against Tb buffer, the "-mitoNEET solution was
loaded onto an SP-Toyopearl 650M cation exchange column and rinsed with Tb buffer until the
eluant was free of protein. The "-mitoNEET was eluted with 0.2M NaCl in Tb buffer. At this
point, the eluant had a well-defined peak at 458nm and an optical ratio (A278/A458) of ~3-4. The
sample was dialyzed against TbN buffer (100mM Tris-HCl pH 8.0, 0.1% #-mercaptoethanol
(v/v), 50mM NaCl) for storage at 4°C. The purity of all proteins was evaluated by SDS-PAGE
and concentrations were calculated using the extinction coefficients under denaturing conditions.
The integrity of the holo-mitoNEET protein with the cluster was evaluated using UV-VIS
spectroscopy.
Optical and electron paramagnetic resonance (EPR) spectroscopy
The optical spectra of recombinant MBP-His-mitoNEET27-108 was measured from the near
UV to the near IR (250-1000 nm) on a Cary50 spectrometer (10-20 µM protein in 50 mM Tris,
pH 8.0 and 50 mM NaCl). Chemical reduction of !-mitoNEET was achieved by adding 2 mM
dithionite to the protein solution. Reoxidation of "-mitoNEET was achieved by equilibrating
with ambient O2 for 1 h. The stability of the "-mitoNEET Fe-S cluster was monitored at 458
nm. Its decomposition was measured by an absorbance decrease over time under various pH
conditions in a buffer cocktail (5 mM each of citrate, PIPES, tricine, CHES, and CAPS). The
spectra for MBP-His alone was featureless above 400 nm (data not shown). EPR spectra of
MBP-His-mitoNEET27-108 were measured in both the oxidized and dithionite-reduced states
using ~100 µM protein in 100 µl of Tb buffer in a Bruker Elexys E500 spectrometer. Following
a change in color due to addition of a few grains of solid dithionite, samples were submerged in
liquid nitrogen until analysis on a Bruker EPR spectrometer at 9 GHz and low temperature
(15°K).
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Mass spectrometry
Untagged mitoNEET33-108 (0.25 µM) was desalted by applying 20 µl of sample to a solid
phase extraction pipet tip (TopTip, Glygen) containing 30 µl of Poros20 reverse phase C18polymer resin (Applied Biosystems). The sample was washed 4 times with 100 µl of 10% MeOH
in H2O (without buffer). The mitoNEET27-108 protein was eluted using four 50 µl aliquots of
50% MeOH. The eluted protein was injected on the Hewlett-Packard 5989 electrospray mass
spectrometer (Agilent) with 50% MeOH as the flow injection solvent. Aliquots 2 and 3 gave the
maximum recovery by mass spec abundance. These fractions were combined, divided again, and
one was acidified with formic acid (2% final conc). Approximately 1 min after acidification, the
mass spectrum was acquired.
Analysis of prokaryotic genomes.
Amino acid sequences corresponding to the CDGSH domains of human mitoNEET
(AAH59168) and Miner2 (EAW60525) were used to perform protein BLAST searches on the
TIGR/CMR website (http://tigrblast.tigr.org/cmr). The genomic organization of the prokaryotic
protein hits were compared using the TIGR Genome Region Comparison feature to identify
operons or gene clusters containing CDGSH domain (CD 47973) proteins.

Domain

composition of proteins was evaluated using the NCBI Conserved Domain Search.

Results
MitoNEET binds a redox active 2Fe-2S cluster
The outer mitochondrial membrane protein mitoNEET is the charter member of a small
family of proteins containing a 39 amino acid CDGSH domain (amino acids 55-93 in
mitoNEET, Fig. 3.1A) (25). Although the CDGSH domain has been annotated as a Zn finger
in the NCBI database, our results indicated that the mitoNEET protein did not contain Zn as
expected, but instead bound iron (1.6 moles Fe/mole protein) (25). To obtain a more
discriminating view of the bound Fe, the optical absorbance spectrum of "-mitoNEET (lacking
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F i g u r e 3 . 1 . The CDGSH domain of mitoNEET binds a redox active 2Fe-2S cluster. (A) Amino acid
sequence of human mitoNEET with the Fe-S cluster ligands indicated in bold and the Asp84 with an
asterisk. The CDGSH domain is underlined with a thick line and the transmembrane with a thin line.
The N-terminal residue of the mitoNEET 27-108 constructs is indicated by the black arrow, and that of the
mitoNEET33-108 constructs by the grey arrow. (B) Optical spectra of mitoNEET (solid) and ferredoxin
from M. laminosus (dashed), showing the absorption range of FeS clusters in proteins. Spectra were scaled
to have similar values for their respective peak in the 400-500 nm range. (C) Optical spectra of
mitoNEET as isolated (solid), after reduction with dithionite (dotted) and subsequent oxidation with O 2
(dashed). (D) EPR spectrum of mitoNEET measured at 9GHz in the oxidized (dotted) and dithionitereduced (solid) states. (E) Superimposed deconvoluted mass spectra of mitoNEET before (9230.6 Da
peak) and after acidification (9056.9 Da peak) to release the 2Fe-2S cluster. The minor peaks (dotted)

measured. The MBP-His-mitoNEET27-108 and the untagged mitoNEET33-108 proteins display
represented intermediates in the degradation of the cluster.
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the N-terminal hydrophobic, membrane localizing portion of the protein, Fig. 3.1A) was
measured. The MBP-His-mitoNEET27-108 and the untagged mitoNEET33-108 proteins displayed
identical spectral properties in the visible region. For simplicity, they will be collectively referred
to as "-mitoNEET; however, details about the protein constructs used for individual experiments
are presented in the Experimental section. The "-mitoNEET spectrum had peaks at 458nm and
530 nm (Fig. 3.1B). This pattern resembled that of several types of 2Fe-2S cluster containing
proteins, such as ferredoxin (Fig. 3.1B) (67) and the Rieske FeS protein (not shown) (68). This
result was the initial indication that the mitoNEET protein may contain an Fe-S cluster.
Because many FeS cluster containing proteins are redox active and function as electron
transfer proteins (69), we tested whether "-mitoNEET could be reduced/oxidized in vitro. The
absorption spectra exhibited changes expected for the reduction of a 2Fe-2S center (68). The
peak at 458 nm showed a decrease of ~90% in the presence of the reducing agent dithionite (Fig.
3.1C). Subsequent exposure to oxygen resulted in complete recovery of the 458 nm peak
indicating re-oxidation (Fig. 3.1C). The spectral changes suggested that "-mitoNEET contained
an Fe-S cluster that can undergo oxidation/reduction.
To further elucidate the nature of the bound FeS cluster, the electron paramagnetic
resonance (EPR) spectrum of "-mitoNEET was obtained in the oxidized and reduced states (Fig.
3.1D). The absence of a signal in the oxidized state suggested that the Fe-S cluster has an even
number of Fe with paired electrons that give rise to a ground state with s=0. The spectrum
observed in the dithionite-reduced protein is indicative of a simple s=1/2, 2Fe-2S cluster with a
single unpaired electron (Fig. 3.1D), although similar results could be obtained from a 4Fe-4S
cluster (70). Collectively, these data demonstrate that "-mitoNEET binds either a 2Fe-2S cluster
or a 4Fe-4S cluster that is redox-active.
To remove the ambiguity of the Fe and S stoichiometry of the cluster, we employed the
accuracy of mass spectrometry. We also made use of the property that the Fe-S cluster of
mitoNEET was lost when acidified (see below). The deconvoluted mass spectra of "-mitoNEET
exhibited a peak at 9230.6 (± 0.2) Da (Fig. 3.1E). This is consistent with the amino acid
sequence of mitoNEET (residues 33-108), and the presence of a bound co-factor containing two
iron and two sulfur atoms. Upon acidification, the peak at 9230.6 (± 0.2) Da disappeared and
concomitantly a peak at 9056.9 (± 0.2) Da appeared (Fig. 3.1E). The difference in these masses

41

Chapter Three
(173.7 ± 0.3 Da) corresponds to that expected for the extrusion of a single 2Fe-2S cluster.
Together, these results showed that "-mitoNEET bound a single 2Fe-2S cluster.
The CDGSH domain binds the 2Fe-2S cluster with an unusual 3Cys-1His coordination
A 2Fe-2S cluster is generally bound to a protein via 4 ligands (69). The most common
coordinations are those seen in ferredoxin (4Cys) and the Rieske (2Cys-2His) proteins. To
determine the residues in "-mitoNEET that coordinate the 2Fe-2S cluster, we generated three
mutant proteins, each with a single Cys to Ser substitution (Cys72, Cys74 and Cys83) (Fig.
3.1A). In each case, the recombinant protein lacked any visible color and the absorbance in the
300-500 nm range attributed to the 2Fe-2S cluster was absent (data not shown) as expected. The
most probable candidates for the fourth amino acid ligand were His87 and Asp84 given their
conservation in CDGSH domains (Fig. 3.1A). Thus, two "-mitoNEET mutants, Asp84Asn and
His87Gln, were constructed. The His87Gln protein lacked any visible color and lacked any
optical signature of a bound 2Fe-2S cluster; whereas, the Asp84Asn protein exhibited an
absorption spectrum similar to recombinant "-mitoNEET with a spectral signature characteristic
of a 2Fe-2S cluster (Fig. 3.2A). The absence of stoichiometric Fe in the His87Gln mutant and
presence of nearly 2-fold stoichiometric Fe/mol protein in the Asp84Asn mutant were confirmed
by metal analysis (data not shown). These results indicated that Cys72, Cys74, Cys83 and His87
were the coordinating ligands of the 2Fe-2S cluster in !mitoNEET.
Protonation of His87 facilitates release of the 2Fe-2S cluster of mitoNEET
The observation that the 2Fe-2S cluster absorbance was lost under acidic conditions led
us to further investigate the stability of the "-mitoNEET protein as a function of pH. The
stability of the 2Fe-2S cluster was followed by monitoring the absorbance between 350-550 nm.
In particular, the integrity of the cluster was assessed at 458 nm, the peak attributed to the
mitoNEET 2Fe-2S cluster. When recombinant "-mitoNEET was stored at pH 8.3, there was no
detectable change in the absorption spectrum with time (data not shown). However, the 2Fe-2S
cluster of "-mitoNEET was somewhat labile at a pH of 7.0 (Fig. 3.2B). Lowering the pH
accelerated the loss of the cluster as monitored by a change in the absorption at 458nm (Fig.
3.2B). The 2Fe-2S cluster was significantly less stable at pH 4.5 compared to pH 7.0 (Fig. 3.2B).
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F i g u r e 3 . 2 . MitoNEET’s 2Fe-2S cluster is pH labile. The absorbance and stability of the Fe-S cluster of
mitoNEET was monitored at 458 nm in mutant proteins as a function of time at different pH. (A)
Optical spectra of wildtype (black), D84N (green), H87C (blue), and H87Q (violet) mitoNEET proteins.
(B) Stability of the 2Fe-2S cluster of mitoNEET at pH 7.0 (purple) and 4.5 (blue) compared to that of
ferredoxin (Fd), monitored at 420 nm at pH 4.5 (green). (C) Stability of the 2Fe-2S cluster of wildtype
(black), D84N (green), and H87C (blue) mitoNEET at pH 6.0 as a function of time.

The rate of loss of the 458nm absorption peak was accelerated at pH < 7.0 (data not shown)
indicating that a group(s) with a pKa below 7.0 is important for the stability of the cluster.

!

To better characterize the unusual lability of the 2Fe-2S cluster, we compared the stability
of "-mitoNEET, which contains a 3Cys-1His architecture, to that of a thermophilic
cyanobacterial ferredoxin, which has a 4Cys ligation. At pH 4.5, 50% of the 2Fe-2S of "mitoNEET was lost within 30 min. We refer to this as the “half-life” of the cluster. Under
similar conditions, a half-life of 7,000 min was measured for ferredoxin (Fig. 3.2B). We thought
this difference in stability, with respect to ferredoxin, was likely due to "-mitoNEET utilizing an
amino acid other than Cys as the fourth ligand to coordinate binding of the 2Fe-2S cluster.
Both Asp84 and His87 are conserved in CDGSH domains throughout evolution. To
investigate if either of these amino acids were involved in the pH lability of the cluster, we
optically monitored the stability of the 2Fe-2S cluster in the Asp84Asn mutant of "-mitoNEET
and in a His87Cys mutant. Both the His87Cys and Asp84Asn mutant proteins bound Fe at a
stoichiometry similar to the wild-type and had a spectral signature characteristic of a protein
containing a 2Fe-2S cluster (Fig. 3.2A). The Asp84Asn mutant demonstrated a pH decay profile
indistinguishable from that of the wild-type "-mitoNEET protein (Fig. 3.2C). In contrast, the
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His87Cys mutation resulted in a profound change in the half life at pH 6.0, increasing from 70
minutes for wild-type to 2,000 min for the H87C mutant (Fig. 3.2C). Thus, changing the
CDGSH domain of "-mitoNEET to a more typical 4Cys ligation center resulted in a protein
with increased stability of its 2Fe-2S cluster at low pH. This experiment indicated that
protonation of His87 upon acidification facilitates release of the 2Fe-2S cluster.
To the best of our knowledge, there are no other known examples of stable and reversibly
reducible 2Fe-2S clusters coordinated by 3Cys-1His residues. In addition, both Miner1 and 2
share the same CDGSH motif, suggesting that all members of this family are likely to have
similar residues coordinating the 2Fe-2S clusters and, consequently, similar biophysical
properties. Preliminary experiments with recombinant Miner1 and Miner2, which are also red in
color, revealed similar absorbance peaks, dithionite reducibility, and cluster lability that were
comparable to those of mitoNEET (data not shown). The fact that CDGSH domains are
conserved from bacteria to humans suggests that this unique coordination sphere for the 2Fe-2S
cluster has been maintained for millions of years.
Possible function of mitoNEET
To gain further evidence that the CDGSH domain may function in cellular redox
reactions, we applied the bioinformatics tools of domain fusion and phylogenetic analysis. This
approach involves searching for proteins or domains of interest (e.g. CDGSH domains) in
genomes of lower complexity (71) and looking for other functional domains in the same protein.
It is not uncommon for domains that interact from two separate eucaryotic proteins to be present
as orthologous domains on the same procaryotic protein. In addition, prokaryotic genes present
in operons or clusters suggest coordinate regulation and/or functional interactions. There are
numerous prokaryotic proteins similar to mitoNEET/Miner1 and to Miner2 containing either a
single or tandem CDGSH domains, respectively. Many of the CDGSH domain-containing
proteins are in gene clusters with sequences annotated as flavoproteins. Most interestingly, there
are at least 17 different species of marine alpha and gamma proteobacteria having tandem
CDGSH domains fused to a flavin-binding domain (Fig. 3.3). This domain is most similar to the
FMN-binding domain of glutamate synthase (not shown). Our preliminary conclusion is that
such fusions occur for functionally related proteins, which in this case would imply a role in redox
reactions.
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F i g u r e 3 . 3 . Models of CDGSH-FMN fusion proteins.

Schematic representation of the domain

architecture of representative prokaryotic proteins with an FMN-binding domain (rectangle, cd02802)
fused to tandem CDGSH domains (NP_800276), a rubredoxin domain (COG11773, YP_001087305), a
ferredoxin domain (COG1146, YP_012500.1), a Rieske domain (cd03474, YP_511063) or a NapF
domain (COG1145, YP_359561). Redox domains are represented as ovals.
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Discussion
Pioglitazone is an insulin-sensitizing drug used to treat type 2 diabetes (64), and
mitoNEET was originally identified as a binding target of pioglitazone. The protein consists of
little more than a mitochondrial targeting sequence with a transmembrane tether and a
cytoplasmic 2Fe-2S containing CDGSH domain. Hence, it is reasonable to expect that the
behavior of this domain in vitro will accurately reflect that of mitoNEET in vivo.
Functionally, the mitchondria from mitoNEET null heart tissue have reduced oxidative
capacity (25), although the mechanism by which mitoNEET achieves this effect is unclear. Two
possible functions are suggested by its biophysical properties; namely, that mitoNEET may
function in Fe-S cluster biosynthesis and/or as a redox protein. MitoNEET’s propensity to
release its Fe-S cluster is conspicuous and suggests a possible role for mitoNEET in cytoplasmic
Fe-S cluster assembly and/or shuttling assembled Fe-S clusters out of the mitochondria. The link
to the protonation state of His87 would provide a convenient trigger for controlled cluster
release. Although we protonate His87 by lowering the pH in vitro, we envision that in vivo
another protein or cofactor could supply the proton. While many of the proteins involved in the
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biosynthesis and shuttling of 2Fe-2S clusters are known, it is recognized that several key
mitochondrial components remain to be elucidated (72). It is possible that mitoNEET, the first
identified 2Fe-2S protein localized to the outer mitochondrial membrane, participates in these
processes.
In addition, the 2Fe-2S cluster of mitoNEET is redox active suggesting that it can play a
role in redox chemistry. Applying the bioinformatics tools of domain fusion and phylogenetic
analysis, we searched for proteins with CDGSH domains in genomes of lower complexity.
Often, domains fused into a single protein in prokaryotes are present in distinct interacting
proteins in eukaryotes (71). In addition, prokaryotic genes present in operons or clusters suggest
coordinate regulation and/or functional interactions. There are numerous prokaryotic proteins
similar to mitoNEET/Miner1 and to Miner2 containing either a single or tandem CDGSH
domains, respectively. Many of the CDGSH domain-containing proteins are in gene clusters
with sequences annotated as flavoproteins. Most interestingly, there are at least 17 different
species of marine alpha and gamma proteobacteria having tandem CDGSH domains fused to a
flavin-binding domain (Fig. 3.3). This domain is most similar to the FMN-binding domain of
glutamate synthase. Our preliminary conclusion is that such fusions occur for functionally
related proteins, which in this case would imply a role in redox reactions. Furthermore, it appears
that in some prokaryotes the CDGSH domain has been replaced in this FMN-fusion protein
with several other redox centers, including either a rubredoxin, ferredoxin, Rieske, or NAPF
domain (all of which are motifs that bind redox-active Fe-S clusters) (Fig. 3.3) (73). If one
assumes that the eukaryotic mitoNEET/Miner1 and 2 function similarly to these prokaryotic
proteins, then it is likely that mitoNEET and other members of the family have redox/electron
transport capability.
Finally, it is important to recall that mitoNEET was originally identified by crosslinking
with a pioglitazone-derived photoprobe (24). Thus, it is tempting to suggest that the interaction
with the drug could modulate the redox potential or the function of the CDGSH domain of
mitoNEET. We are currently performing studies to investigate the structure of mitoNEET, as
well as its in vivo function and its role in diabetes.
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Chapter Four
Abstract
Iron sulfur (Fe-S) proteins play critical roles in diverse cellular processes, particularly
those involving redox reactions, metabolism and bioenergetic homeostasis. In a collaborative
effort with scientists from UCSD, the Stanford Synchrotron Radiation Laboratory, and the
Hebrew University of Jerusalem, we solved the 1.5Å X-ray crystal structure of mitoNEET, the
first characterized 2Fe-2S protein localized to the outer mitochondrial membrane. Reported here
is an analysis of the structure of mitoNEET, which represents a novel protein fold that we have
named the NEET fold. It is a unique structure previously unseen in the protein structure
database. The mitoNEET molecule is a dimer formed by two protomers that are connected by
an intertwined beta cap domain, which is oriented away from the mitochondrial outer
membrane. Closer to the membrane, the individual protomers each fold into a domain that
binds a 2Fe-2S cluster, giving each dimeric mitoNEET molecule two 2Fe-2S clusters. The
structural analysis of mitoNEET supports our previous biochemical studies, which suggested that
mitoNEET possibly participates in either Fe-S cluster transfer and/or redox reactions.

Introduction
The presence of iron (Fe) represents a paradox for most organisms, being both crucial for
survival and yet extremely toxic. Iron is a required component for heme and iron sulfur (Fe-S)
cluster synthesis and functions in key processes such as oxygen transport, regulating redoxsensitive reactions, and electron shuttling in photosynthesis and oxidative phosphorylation (72,
74). Because the reactive nature of free iron leads to reactive oxygen species production and
cellular toxicity, iron must be constantly chaperoned throughout an organism and within cells.
Thus, an extensive array of proteins exists to escort iron, including iron transport proteins, iron
transfer proteins and intricate protein scaffolds that assemble Fe-S clusters. Most Fe-S clusters are
assembled in the matrix compartment of mitochondria, and many Fe-S clusters are then shuttled
out of the mitochondria for insertion into cytosolic proteins. All of the proteins involved in the
synthesis and transport of Fe-S clusters are not known; however, defects in these processes have
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been implicated in diseases such as Friedrich’s Ataxia, where oxidative damage due to excessive
mitochondrial iron accumulation results in a bioenergetic crisis and neuronal pathology (72, 74).
In addition to diseases of neuronal degeneration, the relationship between mitochondrial
dysfunction, in general, and the onset of both insulin resistance and type 2 diabetes is well
established (75).

Drugs of the thiazolidinedione (TZD) class, such as rosiglitazone and

pioglitazone, are insulin sensitizers that are used to treat type 2 diabetes and have been shown to
increase oxidative capacity and mitochondrial biogenesis (76, 77). TZDs have traditionally been
thought to function via activation of the nuclear transcription factor peroxisome proliferatoractivated receptor gama (PPAR!); however, Colca and colleagues identified mitoNEET as a
mitochondrial protein that specifically cross-linked to the TZD pioglitazone. MitoNEET was
named based on the mitochondrial localization of the protein and the presence of the amino acid
sequence Asn-Glu-Glu-Thr (NEET) (24).
MitoNEET belongs to an ancient family of proteins for which the hallmark is the
presence of a unique 39 amino acid CDGSH domain (consensus sequence C-X-C-X2-(S/T)-X3-PX-C-D-G-(S/A/T)-H) (25). Although originally annotated as a zinc finger domain due to the
presence of several conserved Cys amino acids, we determined that the CDGSH domain actually
binds a 2Fe-2S cluster (25). As such, mitoNEET is the first identified 2Fe-2S cluster containing
protein located on the outer mitochondrial membrane (25).

The absorption spectrum of

mitoNEET has a peak near 460 nm, similar to other known 2Fe-2S containing proteins. It is
redox active in vitro, being reversibly reduced by dithionite (26). We also demonstrated that the
2Fe-2S cluster is labile below pH 8.0, evidenced by the reduction of the 460 nm peak as well as
the loss of 2Fe and 2S by mass spectroscopy (26).
We previously demonstrated that mitoNEET is an integral protein of the outer
mitochondrial membrane (25). It is targetted to the mitochondria by an amino terminal signal
sequence and retained at the outer mitochondrial membrane by a transmembrane domain (TM)
(25).

The mitoNEET protein is oriented such that the amino terminus lies within the

intermembrane space and the 2Fe-2S cluster binding CDGSH domain lies within the cytoplasm
(25). Little is known about the physiological role of mitoNEET other than the observation that
mitochondria isolated from cardiac muscle of mitoNEET null mice display reduced rates of
oxidative phosphorylation (25).
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We have recently reported that this novel outer mitochondrial membrane protein folds
into a unique homodimeric structure with one 2Fe-2S cluster bound to each protomer within the
dimer (27).. Presented here is an analysis of the structural features of mitoNEET.

Materials and methods
Construction of bacterial expression plasmid and purification of mitoNEET Because the full-length
mitoNEET protein did not express to high levels due to the TM domain, the portion of the
human mitoNEET cDNA corresponding to amino acids 33-108 was amplified by PCR and
cloned into the pet21a+ vector.

Expression in E. colii BL21-CodonPlus-RIL bacteria and

purification was as previously described (25) with the time after induction extended to 18 hr at
22 ºC and the addition of a cation exchange chromatography step using HiTrap (GE Healthcare)
to achieve high quality purification. Purified material was eluted with a 0.0 – 0.3 M NaCl
gradient in 20mM Tris-HCl, pH 8 buffer. The purified mitoNEET protein was dark red in
color and had an absorbance peak of 458 nm when measured on a Cary50 spectrometer (Varian,
Walnut Creek, CA) in the near UV and visible range (250-1000 nm).
Crystallization
Initial crystallization screening was performed in collaboration with Mark Paddock at
UCSD and at Hauptman-Woodward Institute (Buffalo, New York). Several initial conditions
yielded crystals and were used as the basis for further screens. The final conditions in the
reservoir were 100mM Tris-HCl pH 8, 100 mM NaCl and 30-32% PEG3000. Samples were
frozen (77K) after a 1 min soak in 100 mM Tris-HCl pH 8 with 40% PEG3000 and sent frozen
(77K) to the Stanford Synchrotron Radiation Laboratory (SSRL) (27).
X-ray diffraction and structural determination
Frozen crystals were screened by collaborators Herbert Axelrod and Aina Cohen at SSRL
using the Stanford Automated Mounter (78) operated by Blu-Ice (79). The crystals diffracted to
1.5 Å resolution. Data from one crystal was collected at SSRL BL11-1 and was used to refine the

52

Analysis of mitoNEET structure
structure. A second Fe-MAD dataset was collected at SSRL BL9-2 and was used for initial
phasing. The structure of mitoNEET was solved using MAD phasing (80, 81) by Rachel
Nechushtai of the Hebrew University of Jerusalem and Patricia Jennings of UCSD. The data for
the coordinates of the mitoNEET structure were deposited in the Protein Data Bank (PDB
Accession Code 2QH7) and were reported in PNAS (27).. The figures depicting the structural
features of mitoNEET presented here were made with Mac PyMol.

Results
The overall structure of mitoNEET is unique
To solve the x-ray crystal structure of the mitoNEET protein, we recombinantly expressed
the cytoplasmic portion of human mitoNEET, corresponding to amino acids 33-108 (lacking the
amino-terminal targeting and transmembrane sequences). This protein crystallized in the space
group P212121. The crystal structure of mitoNEET was determined by Fe-MAD phasing (27,
80)..
The structure reveals that mitoNEET exists as a parallel homodimer. The overall surface
mesh over the backbone can be seen in Fig. 4.1A. The backbone of the structure (Fig. 4.1B)
includes amino acids Lys 42 to Lys 106 on protomer A (teal colored) and Ala 43 to Glu 107 on
protomer B (purple colored). The compact nature of the dimer is evident in the space filling
model of the protein (Fig. 4.1C).
The ribbon depiction of the mitoNEET shows several distinct features of the structure:
each protomer contains a helical turn (Met 62 to Asp 64), an alpha helix (Ala 86 to Thr 94), an
anti-parallel !-structure (Lys 68 to Tyr 71, Leu 101 to Lys104), an additional “swapping” strand
(Ile 56 to Asp 61), and eleven interconnecting !-turns and loops (Fig. 4.2). The protein folds
into two distinct domains, the “Beta Cap” domain and the “Cluster Binding” domain (Fig. 4.2).
Consistent with our previous metal and biophysical analysis of mitoNEET (25, 26), the
structure reveals the presence of two 2Fe-2S clusters within the helical cluster binding domain
(Fig. 4.2). The two 2Fe-2S clusters are a distance of approximately 16 Å apart from each other
(Fig. 4.2). The molecule would be oriented close to the outer mitochondrial membrane with the
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A

B

C

F i g u r e 4 . 1 . The overall structure of the dimeric mitoNEET. (A) Molecular rendering of the surface mesh
of a mitoNEET homodimer. (B) Depiction of the amino acid backbone of a mitoNEET dimer. (C)
Space filling model of mitoNEET dimer with a second view rotated ~90º from the initial along a vertical
axis. All structural renderings include amino acids Lys 42 to Lys 106 on protomer A (teal colored) and Ala
43 to Glu 107 on protomer B (purple colored). The 2Fe-2S clusters are represented as red (Fe) and yellow
(S) balls.

C-terminus of the cluster binding domain closest to the membrane. The TM and N-terminus of
the full-length protein were not present in this construct; however, the N-termini of the protein
depicted are visible extending below the cluster binding domain and would continue into the TM
domain in the full length mitoNEET protein (Fig. 4.2). There are over 44,200 protein structures
present in the data bases; over 650 of these structures represent bona fide Fe-S proteins.
Remarkably, when the structure of mitoNEET was compared to other proteins in the structural
databases, no similar structures were identified. Thus, the fold found in mitoNEET is novel.
This unique structural class was named the NEET fold (27).

The Beta Cap domain
The Beta Cap domain is comprised of the beta strand rich portion of the structure that is
formed by 28 amino acids within two beta sheets, each with three strands, including one strand
on each sheet that is swapped from the opposing protomer (Fig. 4.2). One three stranded sheet is
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Beta Cap
Domain

Cluster
Binding
Domain

F i g u r e 4 . 2 . The mitoNEET protein folds into two distinct domains. Ribbon depictions of a mitoNEET
dimer, colored as in Fig 1. The two 3-stranded beta sheets form a beta sandwich that is intertwined to
make up the beta cap domain. Two 2Fe-2S clusters are bound by the helical cluster binding domain, with
one 2Fe-2S cluster bound per protomer. Two views are shown, with the second rotated 90° around the
vertical axis.

made up of one strand from protomer A (Ile 56 to Asp 61) and two strands from protomer B
(Lys 68 to Tyr 71 and Leu 101 to Lys 104). The other three stranded beta sheet is comprised of
two strands from protomer A (Lys 68 to Tyr 71 and Leu 101 to Lys 104) and and one strand
from protomer B (Ile 56 to Asp 61) (Fig. 4.2).
The 2Fe-2S cluster cradle
The cluster binding domain of mitoNEET is comprised of Lys 42 to Lys 55 and Cys 72
to Asn 97 from each protomer (Fig. 4.2). Each 2Fe-2S cluster is coordinated by 3 Cys and a His.
Amino acids Cys 72 to Gly 85 fold into a coil that contains the 3 Cys ligands (Cys 72, Cys 74,
Cys 83) that cradle the 2Fe-2S cluster (Fig. 4.3). His 87 is the fourth ligand that coordinates the
2Fe-2S cluster. There is an "-helix within the cluster-binding domain (Ala 86 to Thr 94). His
87 is positioned at the N-terminus of this helix (Fig. 4.3). The innermost Fe of each 2Fe-2S
cluster is coordinated by Cys 72 and Cys 74, while the outermost Fe is coordinated by Cys 83
and His 87 (Fig. 4.3). It is of interest that His 87 is solvent accessible, since our previous studies
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Cys 83

Cys 83
Cys 72

Cys 72

His 87

His 87
Cys 74

Cys 74

Fi g u r e 4.3 . The 2Fe-2S cluster cradle reveals that His 87 is solvent accessible. Partial ribbon diagram of
mitoNEET dimer (colored as in Fig. 1) showing the 2Fe-2S cluster binding area (Lys 42 to Lys 55 and
Cys 72 to Asn 97 of each protomer). Each 2Fe-2S cluster is coordinated by Cys 72, Cys 74, Cys 83, and
His 87. Cys 83 and His 87 coordinate outermost Fe and are solvent accessible.

suggested that a proton-coupled reaction involving His 87 could result in release of the 2Fe-2S
cluster of mitoNEET (26).
Hydrophobic and charged amino acids cluster separately
The molecular representations of mitoNEET depicted highlight the packing of non-polar
aromatic, hydrophobic (Fig. 4.4 A and B) and charged (Fig. 4.5) residues. The 5 uncharged
aromatic amino acids from each protomer include Tyr, Phe, and Trp (Fig. 4.4A). The nonaromatic hydrophobic residues represent 16 amino acids from each protomer and include Ile,
Leu, Met, Pro and Val (Fig 4.4B); they cluster in the same region aromatic residues. The
hydrophobic/aromatic residues predominantly cluster in the center of the molecule (Fig. 4.4 A
and B), where they form a hydrophobic “belt” in between the beta cap and cluster binding
domains. This hydrophobic belt would presumably stabilize the individual protomers and, since
it is in the vicinity of the 2Fe-2S clusters, may influence flexibility in this part of the molecule
that has an impact on 2Fe-2S cluster binding and release.
On the other hand, the 25 charged residues (Lys, Arg, His, Glu, Asp) from each protomer
cluster at the top of the beta cap domain and at the 2Fe-2S cluster binding domain within the
protein, as opposed to being surface exposed (Fig. 4.5). This creates an asymmetry of charge
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A

B

Figu re 4. 4.

The aromatic/hydrophobic amino acids cluster into a central belt. Ribbon diagram of a

mitoNEET dimer with both strands shown in grey with a second view rotated ~90º from the initia along a
vertical axis l. The amino acid side chains of the uncharged aromatic amino acids (Tyr, Phe, Trp) are
shown in green (A), and the non-aromatic hydrophobic amino acids (Ile, Leu, Met, Pro, Val) are shown in
orange (B). Stick and dot renderings highlight the packing of these amino acids.

within the interior of the protein and results in a macrodipole.

The negative end of the

macrodipole is at the top of the beta cap domain, and the positive end lies within the cluster
binding domain (Fig. 4.5). Overall, this distribution of hydrophobic and charged amino acids
creates a mitoNEET dimer that is polar at the top and the bottom of the molecule with a
hydrophobic region separating the polar regions.
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F i g u r e 4 . 5 . The charged amino acids form a macrodipole. Ribbon diagram of a mitoNEET dimer with
both strands shown in grey with a second view rotated ~90º from the initial along a vertical axis. The
amino acid side chains of the charged amino acids (Lys, Arg, His, Glu, Asp) are shown in red (acidic: Glu,
Asp) and blue (basic: Lys, Arg, His). Stick and dot renderings highlight the localization of these amino
acids.

Discussion
There are more than 44,000 structures of proteins in the protein databases. Of these,
approximately 650 structures are of Fe-S containing proteins.

However, the structure of

mitoNEET presented here is unique among all known structures. Many redox active 2Fe-2S
binding proteins adopt a ferredoxin fold, which bears no structural similarity to the fold of
mitoNEET (27).
Similar to other known 2Fe-2S cluster proteins, the 2Fe-2S cluster of recombinant
mitoNEET can be reversibly reduced/oxidized at pH 8.0 (Fig. 4.6). This supports a role for
mitoNEET being involved in electron transfer. Such functions could include redox reactions
with metabolic intermediates, cofactors and/or proteins localized at the outer mitochondrial
membrane. As mitoNEET regulates maximal respiratory capacity in mouse heart mitochondria
(25), it is also possible that the protein acts as a sensor, adjusting oxidative capacity through
participation in a redox-sensitive signaling pathway.
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A

B
Holo
Protein

H+

Apo
Protein

?

oxidized

mitoNEET

?

reduced

FMN
Oxidoreductase

Iron Sulfur Cluster Assembly

mitochondrion

F i g u r e 4 . 6 . Model of possible roles of mitoNEET.

Schematic of ribbon diagram of a mitoNEET dimer

(colored as in Fig. 1) positioned next to the outer mitochondrial membrane (not to scale). Illustrated are
the proposed roles of the mitoNEET protein: (A) Fe-S cluster shuttling via a mechanism involving
protonation of His 87 or destabilization of the cluster binding domain or (B) redox regulation of proteins
on the outer mitochondrial membrane or in the cytoplasm.

More intriguing is the extreme lability of the 2Fe-2S clusters in mitoNEET at pH values
" 8, which is a unique feature amongst 2Fe-2S cluster proteins (26). We previously attributed this
unique quality of mitoNEET to the protonation of His87, one of the coordinating ligands for the
2Fe-2S cluster (26). Consistent with these results, His 87 is solvent accessible and resides at the
N-terminus of the helical sequence AHTKHNEET, which is predicted to have only marginal
helical content in solution (82) and that is likely stabilized by cluster binding. It is possible that
protonation of His 87 could destabilize the helix dipole facilitating cluster release/transfer. We
predict that in vivo the 2Fe-2S clusters of mitoNEET would also be less stable at physiological
pH than other 2Fe-2S proteins, as described in our recent work (26). Modulation of cluster
binding could likely be achieved under physiological conditions upon interactions with another
protein in vivo, either in a redox coupled interaction involving His 87 or such that the
conformation of the cluster binding domain is altered favoring destabilization of the His87 helix.
This would provide a convenient trigger for controlling cluster release (Fig. 4.6).
Interstingly, besides mitoNEET, the only other 2Fe-2S protein reported to utilize a 3Cys1His coorrdination of the cluster is IscU, a protein involved in forming the scaffold for Fe-S
cluster synthesis, which is structurally unrelated to mitoNEET (83, 84). This parallel, together
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with unusual lability of the 2Fe-2S cluster of mitoNEET suggests that mitoNEET might
participate in Fe-S cluster assembly and/or shuttling, perhaps by facilitating cluster transfer out of
the mitochondria and insertion into proteins in the cytoplasm. The majority of Fe-S clusters are
assembled on protein scaffolds within the mitochondrial matrix of yeast and mammalian cells.
While there is also a complement of proteins that form a cytoplasmic Fe-S cluster assembly
scaffold, the mitochondrial matrix Fe-S cluster synthesis is believed to predominate (83, 85).
Although many proteins involved in the synthesis of Fe-S clusters in the mitochondrial matrix
and their export from the matrix across the inner mitochondrial membrane have been identified
(72, 86), the proteins regulating the transport of Fe-S clusters across the outer mitochondrial
membrane and the shuttling of these Fe-S clusters to cytosolic apoproteins in yeast and in higher
organisms is unknown.

MitoNEET is uniquely positioned function in this capacity.

Its

localization on the outer mitochondrial membrane as a transmembrane dimeric protein might
enable it to receive either a 2Fe-2S cluster from within the mitochondria or one that has crossed
the outer membrane and then transfer that cluster to an apoprotein. Alternately, mitoNEET may
serve as a Fe-S cluster reservoir or storage protein (Fig. 4.6). The ability to bind and donate Fe-S
clusters is likely to be a feature of the entire mitoNEET family of proteins, all of which contain
CDGSH domains, and raises the possibility of their involvement in various pathologies that
include Fe dysregulation and oxidative stress.
The mitoNEET protein was originally identified as a potential target of the type 2
diabetes drug pioglitazone (24). Pioglitazone is a highly hydrophobic molecule that is largely
bound to serum albumin after patient ingestion of the drug and prior to cellular uptake and
binding to its intracellular targets (Takeda Pharmaceutical Company, ACTOPLUS MET patient
information sheet). The unique distribution of aromatic/hydrophobic residues in the mitoNEET
dimer (Fig. 4.4) suggests that pioglitazone might interact with mitoNEET in the hydrophobic
belt, which could alter the mobility of the cluster cradle and affect 2Fe-2S cluster binding or
release. Molecular docking experiments and/or x-ray structures of mitoNEET-pioglitazone cocrystals are needed to confirm the molecular nature of this interaction.
Although TZDs activate PPAR! receptors, data has accumulated suggesting alternative
modes of action involving mitochondria (42).

Whether the beneficial effects of TZDs on

mitochondria, including biogenesis and normalization of lipid oxidation (76, 77), are mediated
through mitoNEET is unknown. However, these structural results may have implications for

60

Analysis of mitoNEET structure
both the mechanism of TZD drug action and for future optimization of this class of diabetes
drugs.
Acknowledgements
Supported by grants 18024 & 18849 (to J.E.D.) from the NIH. We would like to thank
our collaborators for helping us to advance the biophysical characterization of mitoNEET. We
are indebted to the many people who collaborated on the project to solve the x-ray crystal
structure of mitoNEET, including Mark Paddock (UCSD), Patricia Jennings (UCSD), Rachel
Nechushtai (Hebrew University in Jerusalem), Herbert Axelrod (SSRL), and Aina Cohen (SSRL).

61

!

!

"#!

Chapter 5

mitoNEET is an iron-regulated protein that
modulates energy homeostasis

Sandra E. Wiley and Anne N. Murphy

Department of Pharmacology, University of California, San Diego, La Jolla, CA, USA

Chapter Five

Abstract
Proper iron trafficking and homeostasis is critical to the health of individual cells and
whole organisms. The cell invests considerable energy into maintaining a suite of evolutionarily
conserved proteins designed to uptake, store, and transport iron.

The mitoNEET protein

localizes to the outer mitochondrial membrane and binds a redox-active 2Fe2S cluster. It has
been shown to impact mitochondrial respiration, although the exact function of mitoNEET in
the cell is still unknown. Here, we show that mitoNEET is an iron-responsive protein that is
elevated in fibroblasts from patients with Freidreich’s ataxia, a neurodegenerative disease
involving iron dysregulation. Furthermore, we use the pSLIK lentiviral system to examine the
roles of mitoNEET and a His87Cys mitoNEET mutant in determining maximal mitochondrial
oxygen consumption.

His87 was not necessary for maximal respiration.

Experiments also

revealed a role for mitoNEET in regulating maximal rates of !-oxidation.

Introduction
The cell controls iron concentrations and trafficking through the tight regulation of
proteins involved in iron uptake, storage, and transport (86, 87). After entering the cell, a
significant amount of iron is transported to the mitochondria for the synthesis of heme and FeS
clusters (72, 74). The biogenesis of FeS clusters is orchestrated by a suite of evolutionarily
conserved proteins. FeS clusters are then inserted into mitochondrial proteins or transported out
of the mitochondria to the cytosol for incorporation into cytoplasmic proteins. FeS clusters have
been described as “nature’s modular, multipurpose structures” because their redox active nature
allows them to function in many capacities, such as catalytic centers, iron and oxygen sensors, as
well as electron shuttles and FeS cluster shuttles (59). They are frequently associated with the
generation of reactive oxygen species (ROS), as is the case with the N1 protein of Complex I of
the mitochondrial electron transport chain (ETC).
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trafficking can have devastating effects on the cell, resulting in iron overload, increased ROS, and
cell death (88). An example of this is X-linked sideroblastic anemia with ataxia (XLSA/A), which
is due to a mutation in the protein ABCB7 that transports FeS clusters from the mitochondria to
the cytosol (89). Reduced activity of FeS containing enzymes is also a hallmark of Friedreich
ataxia, a disease characterized by cardiomyopathy, neurodegeneration, and diabetes (90). It is
caused by a mutation in the mitochondrial protein frataxin, which has been shown to act as an
iron donor in the regulation of mitochondrial aconitase activity, as well as to function as a general
ferroxidase to detoxify redox active iron in yeast, thereby influencing longevity.
MitoNEET is a mitochondrial iron-binding protein (25); however, the exact function of
mitoNEET is unknown. The protein consists of little more than a mitochondrial targeting
sequence with a transmembrane domain to tether it to the outer mitochondrial membrane and
the 2Fe2S cluster-binding CDGSH domain oriented towards the cytoplasm. Thus, it is generally
assumed that the function of the CDGSH domain will represent that of the protein as a whole.
Our in vitro characterization of the CDGSH domain illuminated several possible functions for
this domain. The 2Fe2S clusters are ligated by a unique 3Cys1His amino acid combination that
is pH labile due to the His87 ligand (26, 27). Mutation of His87 to a Cys results in a CDGSH
domain that tightly binds the 2Fe2S cluster over a wide pH range, suggesting a possible role for
mitoNEET in FeS cluster shuttling in a His87-mediated proton transfer coupled reaction. The
2Fe2S cluster of mitoNEET is redox active in vitro; therefore, it is reasonable to hypothesize that
mitoNEET participates in redox reactions in the cell. Via the Fenton reaction, dysregulated iron
can lead to the production of hydroxyl radicals, a particularly damaging form of ROS (91).
Whether mitoNEET is a site of ROS generation in the cell is unknown; however, it is possible
that the reactive nature of mitoNEET’s 2Fe2S cluster functions in vivo more as a “redox sensor”,
as does that of glutaredoxin 2, or possibly even acts as a scavenger of ROS (92).
Here, we examine the role of mitoNEET in iron and energy homeostasis utilizing patient
fibroblast cell lines and cells engineered to express a doxycline-inducible shRNA to knock-down
mitoNEET expression. The specific role of His87 in contributing to mitochondrial function is
also assessed, as is the impact of mitoNEET expression on substrate utilization.
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Materials and methods
Cell culture and generation of mitoNEET constructs
Human fibroblasts from Friedreich ataxia patients were a kind gift from Coriell Institute
(New Jersey, USA) and were cultured in Eagle’s MEM with Earle’s salts and non-essential amino
acids supplemented with 10% FBS, glutamine, penicillin, and streptomycin.

Mouse myoblast

C2C12 cells, and human embryonic kidney (HEK293T) cells were cultured in DMEM with
10% FBS under standard conditions. We made use of the pSLIK lentiviral platform to generate
constructs with mouse mitoNEET directed shRNA. The pSLIK system was developed by the
Alliance for Cell Signaling at CalTech (93).

It allows for a doxycycline-inducible shRNA

expression with the option for a coordinate expression of a cDNA. Constructs were made with a
luciferase directed shRNA (Luc) as a negative control, as well as constructs that contained the
mouse shRNA for the 3’UTR of mitoNEET with a human mitoNEET cDNA sequence that was
resistant to the mouse shRNA and was cloned immediately upstream of the shRNA miR
sequence. Wildtype (WT) mitoNEET and a His87Cys mutant mitoNEET were used for reexpression. Viruses were packaged in HEK293T cells using standard conditions (93) and were
used to transduce mouse myoblast C2C12 cells, which were then selected by neomycin resistance.
Western blotting and OCR determination
Proteins were separated by SDS-PAGE using NOVEX 12% precast gels (Invitrogen,
Carlsbad, CA), transferred to PVDF membranes, and analyzed by immunoblotting as described
before (25). The antibodies used for mitochondrial markers were: anti-VDAC (Calbiochem),
anti-mitoNEET (a gift from Dr. J. Colca and Pfizer Inc.), anti-SMAC (Calbiochem), antiPTPMT1 (46), anti-mHSP70 (Stressgen), anti-cytochrome c (BD-Pharmingen), and anti-BCL2
(BD-Pharmingen). Brain tissues from patients were obtained from the Alzheimer’s Disease
Initiative Brain Bank at UCSD.

Mitochondrial oxygen consumption rates (OCR) were

monitored in whole cells and permeabilized cells using Seahorse XF24 and XF96 Extracellular
Flux Analyzers as described (28).
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qRT-PCR
RNA was prepared using the mRNAeasy kit from Qiagen. cDNA was prepared from 1
µg of RNA using the iScript kit (BioRad). The 20 µl reaction mix was diluted to 100 µl; 2 µl of
diluted cDNA was used per reaction for qRT-PCR. qRT-PCR was performed using Syber Green
on an ABI 7500 machine using primers designed and synthesized by Integrated DNA
Technologies USA.

Results
MitoNEET is iron responsive and decreased in Friedreich ataxia fibroblasts
The prevalence of FeS clusters in mitochondrial electron transfer chain proteins and the
key role mitochondria serve in FeS cluster assembly highlight the importance of iron homeostasis
for optimal mitochondrial function. Although caused by mutations specifically in the frataxin
protein, Friedreich ataxia is a disease that results in a general state of iron dysregulation with
changes in expression of several proteins involved in iron transport and homeostasis (94).
Because mitoNEET binds a 2Fe2S cluster, we first asked whether mitoNEET expression also
changed in Friedreich ataxia patients. Whole cell lysates from fibroblasts derived from healthy
control and Friedreich ataxia patients were analyzed by Western blotting with an antibody that
recognizes both mitoNEET and Miner1, a CDGSH family protein that localizes to the ER not
the mitochondria. Miner1 protein levels were largely unchanged in the Friedreich ataxia patient
fibroblasts relative to those from healthy controls; however, there was an increase in mitoNEET
protein in both Friedreich ataxia patient samples tested (Fig. 5.1A). The mitochondrial protein,
VDAC, and GAPDH were immunoblotted as loading controls. To explore the possibility the an
increase in mitoNEET is a general feature of neurodegenerative diseases, mitoNEET protein
levels in brain tissue lysates from Control, Alzheimer’s Disease, Lewy Body Variant, and
Parkinson’s Disease patients were measured by Western blotting. Samples were also blotted for
the mitochondrial protein TOM 70 as a control for amount of mitochondria. There was no
general increase in mitoNEET protein in the diseased brains relative to control brains (Fig. 5.1B).
Next, we asked whether mitoNEET gene and protein expression was directly iron
responsive. C2C12 mouse myoblast cells were treated with the iron chelating agent
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F i g u r e 5 . 1 . MitoNEET is iron responsive and increased in Friedreich ataxia. (A) Cell lysates from
fibroblast cell lines derived from healthy (Control) and Friedreich ataxia (FA) patients were normalized for
protein and analyzed by SDS-PAGE and Western blotting for mitoNEET, Miner1, VDAC, and
GAPDH. (B) Equal amounts of protein from brain tissue lysates from control, Alzheimer’s Disease (AD),
Lewy Body Variant (LBV), and Parkinson’s Disease (PD) patients were separated by SDS-PAGE.
MitoNEET and Tom 70 protein levels were determined by Western blotting. (C) C2C12 cells were
untreated (control) or treated with 50 µM DFO for 24 hrs, or DFO treated followed by a DFO washout
with normal growth media for 24 hrs. Equal amounts of protein from whole cell lysates were analyzed by
Western blotting with the indicated antibodies. (D) C2C12 cells treated as in 5.1C were analyzed by
qRT-PCR for mitoNEET mRNA levels.

desferroxiamine (DFO) to reduce cellular iron. Levels of mitoNEET mRNA and protein were
monitored by qRT-PCR and Western blotting. Levels of mitoNEET protein diminished with 24
hr of DFO treatment but returned to control levels following removal of DFO and replacement
with normal growth media for 24 hr (Fig. 5.1C). MitoNEET mRNA was significantly reduced
following DFO treatment, as was that of the iron-responsive proteins IRP-1 and ISCU (Fig.
5.1D).

MitoNEET gene expression displayed a substantially greater reduction with DFO

treatment for 24 hr than did the protein. The difference in the degree of reduction likely
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represents a rapid gene expression response but a slower rate of protein turnover.

Thus,

expression of mitoNEET was sensitive to cellular iron homeostasis in both a pharmacologicallymanipulated cell line model and a pathological disease scenario.
His87 mediated FeS transport is not required for mitoNEET regulation of OCR
We previously demonstrated that mitochondria isolated from the cardiac muscle of mice
with the mitoNEET gene deleted (KO) had lower maximal oxygen consumption rates (OCR)
relative to mitochondria from wildtype (WT) mice (25). We postulated that the ability to
transfer iron or FeS clusters would be critical to mitoNEET’s role in regulating mitochondrial
OCR and important for the OCR phenotype observed in the mitochondria from KO mouse
heart tissue. To test this, we utilized the pSLIK inducible shRNA lentivirus platform developed
by the Alliance for Cell Signaling (93) to engineer stable C2C12 cell lines that would express
mitoNEET targeted shRNA upon doxycycline (dox) treatment (Fig. 5.2A). Constructs were
designed to knock-down (KD) endogenous mouse mitoNEET mRNA with an shRNA targeting
the 3’-UTR (untranslated region) of mitoNEET. In addition, constructs were engineered that
contained the human mitoNEET cDNA (WT or His87Cys) immediately following the shRNA
to allow for simultaneous expression of the shRNA and the cDNA upon dox induction. The
His87Cys mutant, which is unlikely to undergo proton-coupled FeS cluster transfer, was
specifically chosen to assess the importance of cluster transfer for mitoNEET function. Despite
the high degree of protein sequence identity, the over-expressed human mitoNEET cDNAs that
contained only the coding sequence were resistant to the mouse mitoNEET-directed shRNA that
targeted the 3’UTR. Western blot analysis revealed that mitoNEET proteins were expressed to
similar levels after dox treatment (Fig. 5.2B), and qRT-PCR analysis confirmed that endogenous
mouse mitoNEET was reduced with a concomitant increase in human mitoNEET mRNA (Fig.
5.2C).
Consistent with the results from the mitoNEET KO mice, shRNA knock-down of
mitoNEET in C2C12 myoblast cells resulted in a reduced maximal OCR when intact cells were
monitored in the Seahorse XF24 Extracellular Flux Analyzer (Fig. 5.2D). This OCR defect could
be reversed with concomitant expression of WT human mitoNEET (Fig. 5.2D). Importantly,
expression of the His87Cys mitoNEET protein also rescued the OCR decrease (Fig. 5.2D).
Since the His87Cys mutant does not readily release its FeS cluster yet can still rescue KD
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F i g u r e 5 . 2 . Role of His87 in mitoNEET regulation of OCR in C2C12 cells. (A) Schematic of pSLIK
lentiviral constructs for tetracycline-inducible knockdown of endogenous mitoNEET (mNT) and
simultaneous expression of either WT mitoNEET (mNT/WT) or a His87Cys (mNT/HC) mitoNEET
mutant. A luciferase (Luc) directed shRNA construct was used as a control. The Tet transactivator
(rtTA3) and neomycin (Neo) are expressed from the same construct driven by a constitutively active
ubiquitin promoter (Ub). (B) C2C12 pSLIK stable cell lines were treated with doxycycline (dox) for 4
days (0.2 µg/ml Dox on days 0 and 2) to induce shRNA and cDNA expression. Cell lysates were analyzed
by Western blotting for mitoNEET and Miner1 (as a control). (C) Cells were dox treated as in 5.2B and
were analyzed by qRT-PCR for mouse and human mitoNEET gene expression.

(Mm mitoNEET

***ANOVA p<0.0001 for WT vs NT, NT/WT, NT/HC, n=3; Hs mitoNEET *** ANOVA p<0.0001 for
Luc, NT vs NT/WT,NT,HC, n=3) (D) Luc, NT, NT/WT, and NT/HC C2C12 cells were induced
with Dox as in 5.2B and analyzed in a Seahorse XF24 to determine whole cell OCR. Maximal FCCP
uncoupler-stimulated rates are shown.

phenotype, it is unlikely that FeS transfer by mitoNEET is responsible for the observed decrease
in OCR. This suggests a role for mitoNEET beyond direct FeS cluster shuttling.
Although our results do not support a direct role for mitoNEET in FeS cluster transfer for
impacting OCR, it has been proposed that mitoNEET might function to transport either iron or
FeS clusters into the mitochondria and potentially affects the levels of FeS binding proteins
within the mitochondria, consequently impacting OCR. MitoNEET could dictate changes in
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F i g u r e 5 . 3 . Analysis of mitochondrial FeS binding proteins in C2C12 cells.
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(A) Mitochondria were

isolated from WT and mitoNEET KD C2C12 cells that were dox treated as in Fig. 5.2B. Equal amounts
of mitochondrial proteins were analyzed by Western blotting for the indicated proteins. (B) Cells were
dox treated as in 2B and were analyzed by qRT-PCR for iron-containing proteins: Miner1, ferredoxin
(FDX), iron-responsive element-binding protein-1 (IRP1), and iron-sulfur cluster assembly enzyme
(ISCU).

intra-mitochondrial FeS protein levels in several ways. Two scenarios seem most likely. The FeS
proteins might need to bind their FeS cluster for proper folding or protein stability, or
mitoNEET might play a role in the direct import of these proteins into the mitochondria. Since
the vast majority of FeS binding proteins ligate the clusters with 4 Cys, which are prone to
oxidation and disulfide bond formation, and proteins are generally thought to pass through the
mitochondrial translocator protein complexes in an unfolded state, mitoNEET might function in
a redox capacity to help keep Cys residues reduced and proteins unfolded for transport into the
mitochondria. To further explore a role for mitoNEET in regulating the import of proteins into
mitochondria, we utilized the C2C12 Luc control and mitoNEET KD pSLIK cells to examine
the levels of a variety of intra-mitochondrial proteins, including several FeS proteins (CII 30 kDa,
CIII FeS, and NDUFS3). Reduction of mitoNEET protein did not result in significant changes
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in the levels of these proteins (Fig. 5.3A). Similarly, mitoNEET KD did not change the gene
expression of the iron-containing proteins that were analyzed by qRT-PCR (Fig 5.3B).
Although these results do not conclusively rule out a direct role for mitoNEET in FeS
cluster/iron transport or mitochondrial protein import in all cell types under all cellular
conditions, they certainly do not support a direct role for mitoNEET functioning in these
capacities. Therefore, the true molecular mechanism of the mitoNEET protein and how it
influences mitochondrial OCR remains to be elucidated.
mitoNEET alters substrate preference in C2C12 cells
To further explore the nature of the respiratory defect observed upon mitoNEET knockdown, we measured the impact of cellular stresses upon OCR in the context of mitoNEET
deficiency. Because mitoNEET is a redox active protein as well as an iron-binding protein, we
chose to evaluate oxidative stress and iron depletion models. Luc control and mitoNEET pSLIK
knockdown C2C12 myoblast cells were treated with dox for 6 days and seeded into Seahorse
XF24 plates, after cells attached and flattened, buthionine sulfoximine (BSO, 8 mM) was added
overnight to induce oxidative stress. BSO promotes oxidative stress by interfering with the
synthesis of glutathione, a major redox regulator in the cell. To induce stress from iron depletion,
cells were plated in Seahorse plates, allowed to adhere overnight and treated with 100 µM DFO
for 4 hr. Both BSO and DFO treatment resulted in a reduction of whole cell maximal FCCP
uncoupler-stimulated OCR in the Luc control cells; however, neither of these cellular stressors
resulted in a significant change in the already depressed OCR of mitoNEET (Fig. 5.4A). It is
possible that depletion of mitoNEET results in a general redox and iron stress to the cells that
mimic BSO and DFO treatment.
Because mitoNEET is located on the outer mitochondrial membrane where it is might
interact with transporters or channels that import substrates into the mitochondria to drive the
electron transport chain, the impact of BSO and DFO treatment upon substrate preference was
also investigated. Whole cell OCR measured as in Fig. 5.4A reflect the cell utilizing its preferred
endogenous substrates that it is synthesizing or has stored. Thus these rates are a mixture of
oxygen consumption from glycolysis-driven substrates as well as !-oxidation of fatty acids. To
dissect this, C2C12 pSLIK cells were dox treated and plated as in Fig. 5.4A, followed by
incubation before the Seahorse OCR analysis with either vehicle control or 80 µM etomoxir for
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F i g u r e 5 . 4 . MitoNEET alters !-oxidation preference.

(A) Whole cell OCR of control (Luc) and

mitoNEET shRNA KD C2C12 (miRNT) cells was measured using the Seahorse XF24 after 6 days of dox
induction. BSO (8 mM) and DFO (100 µM) treatment were for 18 hr and 4 hr, respectively. Maximal
state 3 FCCP uncoupler-stimulated rates are shown. (n=4) Asterisks denote ANOVA results relative to
Luc (untreated) cells, *p=0.05, **p<0.05, **p<0.01. No significant differences amongst any miRNT cells.
(B) Maximal FCCP-induced OCR of cells treated as in (A) with and without 30 min pretreatment with
etomoxir (Etmx, 80 µM) to inhibit fatty acid oxidation. Blue bars represent OCR utilizing endogenous
substrates. Red bars represent the rates with etomoxir treatment (ie, non-fatty acid oxidation). (n=4).
(C) Contribution of substrates (fatty acids and glycolytic/other) to total maximal OCR, expressed as % of
total OCR.

30 min to inhibit fatty acid oxidation. Etomoxir inhibits carnitine palmitoyltransferase I, an
outer mitochondrial membrane enzyme that plays a critical role in fatty acid oxidation by
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catalyzing formation of palmitoylcarnitine in a reaction involving the transfer of acyl groups from
long-chain fatty acyl-CoA to carnitine. This is followed by movement of the acyl carnitine into
the mitochondria where it can serve as a substrate for !-oxidation to fuel the electron transport
chain. The OCR measured after etomoxir inhibition of !-oxidation reveals the portion of the
OCR that is not due to utilization of fatty acids as substrates. This analysis revealed that the Luc
control C2C12 cells rely more heavily upon !-oxidation than do the mitoNEET KD cells (Fig
5.4 A and B). Although the whole cell endogenous OCR in the mitoNEET KD cells were lower
than the Luc cells, the rates with etomoxir present were actually higher than the Luc control cells
(Fig 5.4B), which is also reflected in the decrease in the mitoNEET KD cells of the relative
contribution of !-oxidation to the total OCR (Fig 5.4C). Furthermore, both BSO and DFO
treatment of Luc cells resulted in a decrease in endogenous and !-oxidation rates, which approach
the relative % !-oxidation observed in the mitoNEET KD cells. Therefore, it appears that the
change in substrate preference (ie, decrease in !-oxidation and increase in glycolytic substrates)
observed in the mitoNEET KD cells mirrors that induced by oxidative stress and iron depletion.
Taken together, these data suggest that the decrease in overall whole cell endogenous OCR
observed when mitoNEET is deficient appears to be due to a specific decrease in !-oxidation.

Discussion
Iron regulation is critical to mitochondrial function and cellular health. Mitochondria
play a key role in cellular iron homeostasis by serving as hubs for the synthesis of the majority of
the FeS clusters in the cell.

Dysregulation of mitochondrial iron homeostasis can lead to

inhibition of mitochondrial biogenesis, increased production of reaction oxygen species, damage
to proteins and membranes, and ultimately cell death.

For example, mutations in the

mitochondrial protein frataxin leads to the neurological disease Friedreich’s ataxia and generalized
iron dysregulation. Fibroblasts from Friedreich’s ataxia patients displayed altered levels of the FeS
protein mitoNEET. In addition, mitoNEET mRNA and protein levels in C2C12 cells were
sensitive to depletion of cellular iron with DFO, demonstrating that mitoNEET is an ironresponsive gene.
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Because many components of the electron transport chain are iron-binding proteins, irondepletion with DFO has been shown to have a profound effect on mitochondrial biogenesis and
mitochondrial function. DFO treatment results in reduced mitochondrial biogenesis as well as
reduced OCR (95), as one might anticipate. Similarly, reduction of the FeS cluster-binding
mitoNEET protein using the pSLIK lentivirus system resulted in a decrease in whole cell OCR in
C2C12 cells.
Despite the reduction in OCR, mitoNEET KD in C2C12 cells did not result in an
overall decrease in the mitochondrial or cytosolic iron-binding proteins tested.

This is an

important detail because the CDGSH domain of mitoNEET localizes to the cytosolic face of the
outer mitochondrial membrane with only a few amino acids protruding into the intermembrane
space that might be able to directly interact with electron transport chain components. Thus, it is
highly unlikely that mitoNEET is directly modulating electron transport chain proteins to affect
maximal OCR. If mitoNEET functions indirectly to alter OCR, it might be by regulating
transport of a necessary regulatory component into the mitochondria. This component could be
something such as a protein, iron, or respiratory substrates.
The 2Fe2S cluster of mitoNEET is ligated by an unusual 3Cys1His amino acid
arrangement. There have been extensive in vitro studies on the role of His87 in determining the
pH lability of mitoNEET’s 2Fe2S cluster. It is clear that protonation of mitoNEET His87 in
vitro results in release of the 2Fe2S cluster, leading to the hypothesis that mitoNEET functions to
transport iron or FeS clusters either into or out of the mitochondrion. As mentioned, we did not
detect a change in the abundance of mitochondrial proteins tested, including iron-binding
protein components of electron transport chain complexes.

Likewise, knock-down of

endogenous mouse mitoNEET with simultaneous expression of human His87Cys mitoNEET
did not result in OCR that differed from cells over-expressing WT human mitoNEET.
Therefore, the ability of mitoNEET to readily release its 2Fe2S clusters was not required for the
electron transport chain to function at maximal capacity.
Importantly, when we began to dissect the respiratory defect in the mitoNEET KD cells
by altering the available oxidizable substrates, we made a significant discovery. The end product
of glycolysis is pyruvate, which is shuttled into the mitochondrial matrix by the MPC
(mitochondrial pyruvate carrier) complex to ultimately provide reducing equivalents for the
electron transport chain. Alternatively, mitochondria can utilize fatty acids as substrates to run
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the electron transport chain, a process termed !-oxidation. We found that C2C12 cells lacking
mitoNEET had similar maximal OCR when !-oxidation was inhibited with etomxir; however,
they were not as efficient at utilizing endogenous substrates to fuel the electron transport chain.
These results suggest that the differences in whole cell OCR that we observed between Luc and
mitoNEET KD cells was due to differences in the portion of the total OCR that was contributed
by !-oxidation and that mitoNEET protein is critical for maximal !-oxidation. We anticipate
that this would be a widespread phenomenon that would apply to many cell types; however, the
intrinsic differences in the ability of different cell types to synthesize, store, and oxidize fatty acids
would be likely to fine tune the magnitude of the influence of mitoNEET on total OCR. That is
to say, our data would lead us to predict that the more a cell relies upon !-oxidation, the greater
the decrease in whole cell OCR if the mitoNEET protein is missing. Although these data do not
allow us to pinpoint an exact function for mitoNEET at this juncture, they raise some intriguing
possibilities, such as a potential role for mitoNEET in regulating fatty acid transport into
mitochondria or in affecting cellular lipid homeostasis by an as yet undefined mechanism. These
are important avenues for future research into the cellular role of mitoNEET and are likely to
shed light on potential roles of mitoNEET in the development of medically relevant conditions of
altered lipid homeostasis, such as obesity, non-alcoholic fatty liver disease, and type 2 diabetes.
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Chapter Six
Abstract
Miner1 is a redox-active 2Fe2S cluster protein. Mutations in Miner1 result in Wolfram
Syndrome, a metabolic disease associated with diabetes, blindness, deafness, and a shortened
lifespan. Embryonic fibroblasts from Miner1 -/- mice displayed ER stress and showed hallmarks
of the unfolded protein response. In addition, loss of Miner1 caused a depletion of ER Ca2+
stores, a dramatic increase in mitochondrial Ca2+ load, increased reactive oxygen and nitrogen
species, an increase in the GSSG/GSH and NAD+/NADH ratios, and an increase in the
ADP/ATP ratio consistent with enhanced ATP utilization.

Furthermore, mitochondria in

fibroblasts lacking Miner1 displayed ultrastructural alterations, such as increased cristae density
and punctate morphology, and an increase in O2 consumption. Treatment with the sulfhydryl
antioxidant N-acetylcysteine reversed the abnormalities in the Miner1 KO cells, suggesting that
sulfhydryl reducing agents should be explored as a treatment for this rare genetic disease.

Introduction
Wolfram Syndrome (DIDMOAD) is an incurable disease characterized by a range of
endocrine and neurological symptoms, including diabetes insipidus, diabetes mellitus, blindness
due to optic atrophy, and sensorineural deafness. Wolfram Syndrome is also associated with an
increased incidence of psychiatric disorders and a significantly shortened life span, averaging only
30 years (96, 97). Two unrelated genes have been shown to be mutated in Wolfram Syndrome
(31, 98). These genes, originally designated as WFS1 and WFS2, have since been demonstrated
to encode the wolframin and Miner1 proteins.
Mutations in Wolframin (WFS1), the first gene linked to Wolfram Syndrome, are
responsible for the majority of Wolfram Syndrome cases.

Recently, single nucleotide

polymorphisms (SNPs) of the WFS1 gene have also been implicated in the pathogenesis of noninsulin dependent diabetes mellitus (NIDDM) (99).

WFS1 encodes a 100 kDa integral

membrane protein of the ER that lacks known catalytic domains (100). Although there is some
evidence that WFS1 is involved in Ca2+ homeostasis and influences the stability of the ER stress
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sensor ATF6 (101-103), the exact function of WFS1, its regulation, and the molecular
mechanisms linking its function to Wolfram Syndrome and NIDDM are far from resolved.
WFS2 encodes the Miner1 protein (aka: ERIS, CISD2). We previously identified a small
family of proteins with high sequence similarity that includes mitoNEET, Miner1, and Miner2
(25). The current names for the genes encoding these proteins are CISD (C
C DGSH I ron S ulfur
D omain) 1, 2, and 3, respectively. CDGSH domains are characterized by the presence of a CysAsp-Gly-Ser-His motif. MitoNEET and Miner1 each contain a single carboxy-terminal CDGSH
domain, while Miner2 possesses tandem CDGSH domains. In addition to the CDGSH domain,
there is a predicted hydrophobic sequence at the amino-terminus of Miner1. The CDGSH
domain binds a redox active 2Fe2S cluster that is coordinated by an uncommon arrangement of 3
Cys and 1 His (26). The structures of the CDGSH domains of mitoNEET and Miner1 are
virtually identical (27, 104).

The molecules exist as dimers with a unique fold. The His that

ligates the 2Fe2S cluster is surface exposed and exquisitely sensitive to protonation if the pH is
less than 7.0, resulting in release of the 2Fe2S cluster, a unique property among FeS clusterbinding proteins. This feature has led to the speculation that this family of proteins may be
involved in FeS cluster assembly or their mobilization within the cell; alternatively, it may
function in a redox capacity, as has been found for other 2Fe2S cluster proteins. Our initial data
suggested that Miner1 with a C-terminal EGFP tag localized to the ER (25). However, a recent
study concluded that Miner1 is predominantly a mitochondrial protein (30).
In an effort to locate a previously mapped longevity gene linked to human chromosome
4q (105), Tsai and colleagues generated mice in which the Miner1 (Cisd2) gene is deleted (30).
These mice have a complex and dramatic phenotype and, indeed, appear to be a remarkable
model of early aging, in addition to recapitulating many of the features of Wolfram Syndrome.
Within 3 weeks after birth, pups lacking Miner1 show signs of optic and sciatic nerve atrophy.
These mice develop normally for a short period and then proceed to display sarcopenia, thinning
of the subcutaneous fat, hair loss, hair graying, osteopenia, lordokyphosis, and significantly
shortened lifespan. Although Cisd2 KO mice are not overtly diabetic, their glucose tolerance is
impaired.
Our understanding of the biological function of CDGSH domain proteins is still in its
infancy.

The phenotype of the Cisd2 KO mice suggests that Miner1 is crucial for the

maintenance of multiple organ systems throughout the body, including the pancreas, skin,
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musculoskeletal and nervous systems. Miner1 appears to be at the nexus of metabolism and
lifespan control. Insights into the functions of Miner1 will not only provide knowledge regarding
the etiology of Wolfram Syndrome, but should also shed light on an important new regulatory
protein linking metabolic disease and aging.
Given the importance of ER/mitochondrial interactions to metabolic regulation, we have
used mouse embryonic fibroblasts (MEFs) derived from Miner1 WT and KO mice to investigate
the role of Miner1 in maintaining proper ER function and ER-mitochondrial communication.
Miner1 KO cells displayed a dramatic reduction in ER Ca2+ and profound mitochondrial Ca2+
loading. Although mitochondrial respiratory capacity was increased in the KO cells, there was an
increase in the ADP/ATP ratio and impaired cell proliferation. Miner1 deficient cells also
displayed signs of oxidative stress and initiation of the unfolded protein response (UPR).
Remarkably, treatment with the antioxidant N-acetylcysteine (NAC) reversed many of the
molecular abnormalities caused by Miner1 deletion. Current treatments for Wolfram Syndrome
focus on managing the diabetic symptoms; however, none of these reverse the degenerative course
of the disease.

Our data suggest that a potential therapeutic approach utilizing sulfhydryl

antioxidants, such as NAC, could more effectively target the underlying cause of the disease.

Materials and methods
Cell culture and reagents.
Miner1 (Cisd2) WT and KO MEFs were immortalized using a retroviral vector
expressing T antigen. Miner1 (Cisd2) WT and KO MEFs were obtained from the Tsai lab in
Taiwan (30). Cells at passage 2 were immortalized using the pBabepuro SV40 tT retrovirus
expressing T antigen, which had been packaged in HEK293T cells with gagpol and VSVG
packaging plasmids. MEFs were maintained in a humidified incubator at 37°C with 5% CO2.
Cells were initially cultured in DMEM with high glucose (Gibco) supplemented with 20% FBS,
5 mM Gln, and 1 µg/ml puromycin. After 3 passages, the cells were cultured in DMEM with
10% FBS, 5 mM Gln, 100 units/ml penicillin, and 100 mg/ml streptomycin (Gibco).
HEK293T cells were also cultured in this media. HEK293T cells were transfected with plasmids
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encoding either Miner1-GFP (106) or GFP using Fugene (Roche). Cells were harvested for
microsomal isolation or fixed for immunofluorescent staining 24-48 h post transfection.
Construction of cell lines to modulate levels of Miner1 and mitoNEET wereconstructed
as follows. WT and KO MEFs expressing shRNA to either luciferase (Luc) or mitoNEET (mNT)
were created by transducing cells with pSLIK shRNA-containing lentiviruses as described (93)
and stable populations selected as neomycin resistant pools. mitoNEET over-expressing WT cells
were created by transfection with pcDNA3.1+ plasmid encoding the human mitoNEET CDS
using Xtreme Gene9 (Roche); stable populations were selected as neomycin resistant pools.
Miner1 “rescue” cells were created by lentivirus-mediated transduction of Miner1 KO cells.
Stable populations were selected as neomycin resistant pools

Transient transfections of

HEK293T and COS7 cells were performed using Fugene (Roche). Cells were harvested for
microsomal isolation or fixed for immunofluorescent staining 24-48 h post transfection. Unless
stated, all chemicals were from Sigma-Aldrich.
Tissue/cell fractionation and manipulation.
For subcellular fractionation of rat liver into crude mitos, pure mitos, ER, MAMs, and
cytosolic/soluble enriched samples, the protocol of Wieckowski was followed (107).

Equal

amounts of protein from each fraction were separated by SDS-PAGE and analyzed by Western
blotting.

Mitochondria and ER enriched fractions were prepared from fresh rat livers as

previously described (25). Treatment of rat liver microsomes with high salt (200 mM KCl), high
pH (100 mM Na2CO3, pH 11), and trypsin was done as previously described (25). For isolating
mitochondria from Miner1 WT and KO MEFs, cells were lysed using nitrogen cavitation (10
min at 9,000 psi), and the mitochondria purified by differential centrifugation as described (25).
Microsomes from HEK293T cells transiently transfected with Miner1-EGFP were isolated as
follows: cells were lysed in STKM buffer (0.2 M sucrose, 0.05 M tris/HCl, pH 7.5, 0.05 M KCl,
0.005 M MgCl2), subjected to nitrogen cavitation, centrifuged at 3,500 x g to pellet nuclei, then
the supernatant centrifuged at 9,000 x g to pellet the mitochondria and ER-associated MAMs,
after which the supernatant was centrifuged at 100,000 x g to pellet the microsomes. The
microsomes were then treated with trypsin as previously described (25).
Western Blots and immunofluorescence analysis.
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In general, cells were lysed in PLC lysis buffer (44), insoluble material cleared with a
15,000 x g centrifugation (15 min, 4°C), and protein concentrations of the supernatants
determined with the Bradford Protein Assay reagent (Bio-Rad). Equivalent amounts of proteins
were separated on either NUPAGE gels (Invitrogen) or mini-PROTEAN gels (BioRad),
transferred to PVDF and subjected to Western blotting with primary antibodies, HRPconjugated secondary antibodies (Amersham) and ECL detection. For CHOP detection, cells
were lysed in RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP40, 0.5% deoxycholate, 0.1%
SDS, 10% glycerol, 0.4 mM EDTA, 100 mM NaF, 500 µM Na vanadate, 10 mM NaPPi). All
lysis buffers included Complete Protease inhibitors (Roche). The antibodies used for Western
blotting were: SMAC, p-PDH, PDH (EMD Biosciences) (108); Complex I-8 kDa subunit,
NDUFB6, CII-30 kDa, ATP Synthase alpha (MitoSciences); Bip, IRE1, CHOP, calnexin (Cell
Signaling); GFP (Clontech); GAPDH (Ambion); SERCA2 (Santa Cruz Biotechnology); antiglutathione (Virogen); tubulin (Sigma-Aldrich).

The anti-Miner1/mitoNEET antibody was

produced by our laboratory. It was made in rabbits against a recombinant Miner1 CDGSH
domain protein. For this, the cDNA encoding amino acids 57-135 of human Miner1 was cloned
in frame with a C-terminal 6x His tag into the pET21 vector (EMD Biosciences). Expression
and purification was as previously reported for the mitoNEET antibody production (25).
For immunofluorescence analysis, cells were plated on glass coverslips, fixed with 3.7%
paraformaldehyde (PF) and immunostained as described (25). For cells labeled with MitoTracker
Red (Invitrogen), following manufacturer’s protocol, the cells were incubated with ice cold 100%
methanol for 3 min following the PF fixation. The antibodies used for immunostaining were:
calreticulin (EMD Biosciences), cytochrome c (BD Pharmingen), V-5 epitope (Invitrogen).
DAPI (Invitrogen) was used to stain DNA. Cells were imaged with a Leica DMR microscope
and a Hamamatsu camera. Images were processed with OpenLab Software.
Real-time PCR and statistical analyses.
mRNA was isolated using the RNeasy miniprep kit with on-column DNAse treatment
(Qiagen). cDNA synthesis was performed with the iScript kit (Bio-Rad) using 1 µg of input
RNA. QRT-PCR reactions (40 µl) were run in triplicate on an ABI 7500 using Syber Green
Master Mix (ABI) and analyzed using the ddCT method.
expression (mean fold induction + SE).

Data are expressed as relative

Primers used for qRT-PCR were: Bip (for: 5’-
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TCATCGGACGCACTTGGAA-3’, rev: 5’-ATTGTGGAAGTACGTGAGCTC-3’), CHOP
(for: 5’-CCACCACACCTGAAAGCAGAA-3’, rev: 5’-GTTGTCGCCAGTCTCTTCG-3’),
tXBP1 (for: TGGCCGGGTCTGCTGAGTCCG, rev: GTCCATGGGAAGATGTTCTGG),
GAPDH (for: CACCATCTTCCAGGAGCGAG, rev: CCTTCTCCATGGTGGTGAAGAC).
Students T-tests and ANOVAs with Tukey post-tests were performed using Prism Graph
Pad Software. N values represent number of separate experiments. Values of p<0.05 (*) were
considered statistically significant [p<0.01 (**); p<0.001 (***)]. All data are presented as mean ±
standard error of the mean (S.E.M.) unless otherwise specified.
Ca2+ assays.
ER Ca2+ stores were interrogated in situ following 2 µM thapsigargin (Tg)-induced Ca2+
release using the cell-permeable fluorescent ratiometric dye Fura2-AM (Invitrogen) and a FLEXStation (Molecular Devices) in a 96 well plate format (30,000 cells/well plated the day before)
with 3-6 replicates per experiment.

ER Ca2+ release via the IP3 receptor was triggered by

treatment with 100 µM histamine. The procedure and analysis was as per manufacturer’s
instructions

and

as

described

by

the

AfCS

Web

site

(http://www.signaling-

gateway.org/data/ProtocolLinks.html. Procedure Protocol PP00000211). For the Ca2+ traces, a
representative experiment is shown. Data are expressed as mean of replicate wells + SE.
To assess the Ca2+ content of mitochondria and other intracellular Ca2+ stores, Ca2+ was
monitored in the incubation medium in the presence of digitonin-permeabilized cells using the
membrane-impermeable fluorescent dye Calcium Green 5N (0.5 µM) (109).

An LS-50B

spectrofluorometer (Perkin-Elmer) was used to monitor dye fluorescence (!EX=506, !EM=531).
For an experimental run, MEFs were digitonin-permeabilized as follows: 107 cells were pelleted
from ~ 1 ml aliquot (200 g, 2 min), washed with 1 ml of medium containing 250 mM sucrose, 2
mM potassium phosphate and 20 mM HEPES-KOH, pH 7.0, pelleted again and permeabilized
by resuspending in 0.5 ml of incubation medium (125 mM KCl, 2 mM potassium phosphate, 20
mM HEPES-KOH, pH 7.0, 1 mM MgCl2, 5 mM glutamate and 5 mM malate) supplemented
with 0.5 µl of 10% digitonin (0.01% final concentration). The final concentration of cells was
5x106 digitonin-permeabilized MEFs/ml.
Mitochondrial Ca2+ uptake and Ca2+ release were detected as a fluorescence decrease upon
addition of permeabilized cells and as a fluorescence increase upon addition of Ca2+-releasing

83

Chapter Six
agents, respectively. Mitochondrial Ca2+ is selectively released through a reversal of the uptake
mechanism (Ca2+ uniporter) upon addition of agents that depolarize mitochondria. We used a
combination of uncoupler (1 µM FCCP) and respiratory inhibitor (0.5 µM antimycin A, AntA)
(110). To completely empty all intracellular stores, including ER, we used alamethicin (Alm, 80
µg/ml), which forms large non-selective pores in phospholipid membranes.
The amount of released Ca2+ was calculated based upon calibration of the fluorescent
signal by additions of known concentrations of CaCl2 to the medium (sequential additions of
CaCl2 starting from 5 µM and doubled with each subsequent addition up to 2560 µM total).
Mitochondrial respiration, ATP, cell proliferation, and redox measurements.
The Seahorse XF24 Extracellular Flux Analyzer was used to determine OCR as a measure
of mitochondrial respiratory function. When confluent, the Miner1 KO MEFs tended to lift off
of the Seahorse plates due to the mixing during the run. To circumvent this problem, cells
(100,000/well) were adhered to the Seahorse plates using Cell-Tak (BD Biosciences) immediately
before analysis. Whole cells were analyzed in unbuffered DMEM supplemented with 10 mM
glucose, 10 mM pyruvate, and 2 mM glutamine (111). Oligomycin (1 µM) was used to inhibit
the ATP Synthase; FCCP (carbonylcyanide-p-trifluoromethoxyphenylhydrazone) was titrated
(0.6-1.2 µM) to measure maximal uncoupler-stimulated OCR; Rotenone (100 nM) and
antimycin A (2 µM) were used to inhibit all mitochondrial respiration and monitor nonmitochondrial oxygen consumption. OCR in mitochondria isolated from WT and Miner1 KO
MEFs that were spun onto assay plates was performed in the Seahorse XF24 (10 µg/well) with
specific oxidizable substrates (either 10mM glutamate/10mM malate or 10 mM succinate/2 µM
rotenone, which supply reducing equivalents to Complex I and Complex II of the ETC,
respectively) following the protocol previously described (112). For antioxidant treatment, WT
and KO cells were treated with 5 mM NAC in cell culture dishes for 48 hrs, after which they
were harvested, adhered to Seahorse plates using Cell-Tak, and immediately analyzed. OCR
replicates varied from 3 to 6 per experiment. OCR replicates varied from 3 to 6 per experiment.
ADP/ATP ratios were determined using the fluorescent ApoSensor ADP/ATP Ratio kit
(BioVision).

Relative ATP levels were also assessed using CellTiter Glo (Promega).

Cell

proliferation was assessed by EdU incorporation into DNA using the Click-iT EdU Imaging kit
(Invitrogen). Cells were labeled for 2 hrs with EdU (Invitrogen), followed by Alexa Fluor-488
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azide, and visualized utilizing fluorescent microscopy. Images were captured at identical camera
settings, followed by analysis with Image J software. Data from 3 experiments are represented
with 30 – 70 cells measured per experiment (p< 0.0001).
NAD+/NADH ratios were measured using an NAD/NADH Assay Kit (Abcam). ROS
was imaged in live cells using the Image-iT LIVE Green ROS detection kit (carboxy-H2DCFDA)
(Molecular Probes). Nitric oxide (NO) was imaged using the NO-specific fluorescent probe
(NO-ON) (Strem Chemicals). Released nitrite, a stable oxidation product of NO, was measured
using the Griess Assay; media was collected from WT and KO MEFs 2 days post-confluence and
assayed. Total reduced thiols were measured using the Fluoro Thiol Detection Kit (Cell
Technology, Inc.). GSH/GSSG ratios were determined using the Glutathione Assay kit (Cayman
Chemical); both were normalized to protein concentration. All assays were performed following
the manufacturers’ instructions.
For oxidized PTP blots, cells were lysed in PLC lysis buffer with 3 mM DTT, cleared of
insoluble material, and lysates were analyzed by SDS-PAGE with an antibody recognizing the
sulfonic acid oxidation state of the active site cysteine (R&D Systems). Samples were prepared
and analyzed as previously reported (113). Briefly, WT and Miner1 KO MEFs were lysed in an
NEM (N-ethyl-maleimide) containing buffer to alkylate all of the reduced cysteines. Following
this, any partially oxidized cysteines were fully oxidized to the sulfonic acid state using oxidants,
followed by immunoprecipitation with the OX-PTP antibody and analysis by mass spectrometry.
EM and morphometric analysis.
Cell growth, preparation and EM analysis were as previously described; ImageJ (NIH)
was used to perform morphometric analysis of mitochondrial volume and cristae/OMM surface
area as previously described (111).

Results
Miner1 is an integral membrane protein that localizes to the ER and MAMs facing the cytosol
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The conflicting conclusions regarding the localization of Miner1 (ER versus
mitochondria) may stem from the considerable physical contact between the mitochondria and
the ER (114).

Mitochondria-associated ER membranes (MAMs) consist of ER and

mitochondrial proteins and represent regions of direct physical contact between the two
organelles, typically rich in proteins involved in Ca2+ signaling and lipid biosynthesis (115, 116).
Because the ER, mitochondria, and MAMs perform very distinct functions, defining the exact
localization of Miner1 within the cell is an important and necessary first step toward
understanding its role in Wolfram Syndrome.
To this end, we isolated microsomal (ER) fractions, MAMs, and mitochondria from rat
livers and evaluated them by Western blotting with antibodies recognizing marker proteins to the
various fractions: Miner1, ER (calnexin), MAM (FACL4), cytosol (tubulin), and mitochondria
(Complex I 8 kDa protein). Our data revealed that Miner1 was most abundant in the ERenriched fractions and was not detected in highly purified mitochondria (MP) (Fig. 6.1A). It is
noteworthy that there was a substantial amount of Miner1 present in the MAM fraction. To
confirm the ER localization, we used fluorescence microscopy. C-terminally tagged Miner1EGFP displayed a strong perinuclear localization that extended into a lacy reticulum present
throughout the cell (Fig. 6.1B). This pattern is typical of ER proteins such as calreticulin (Fig.
6.1B). We have previously reported that Miner1 does not colocalize with the mitochondrial
marker MitoTracker Red (25).
While we have clearly established that Miner1 localizes to the ER, it remains unknown
how it is anchored there and whether the CDGSH domain is present in the ER lumen or the
cytoplasm.

To distinguish integral from peripheral membrane proteins, microsomes were

subjected to high salt and alkaline washes.

Miner1 remained associated with microsomal

membranes under these conditions, as did the ER integral membrane protein IRE1 (Fig. 6.1C).
This is in contrast to Bip, a peripheral membrane-associated protein of the ER lumen. This
establishes Miner1 as an integral membrane protein of the ER, which is consistent with the
Octopus program predictions of a transmembrane (TM) domain between amino acids 37-57 in
human Miner1 (117). We performed trypsinolysis on freshly prepared microsomes containing
Miner1-EGFP with a trypsin cleavage site in the linker region between the two proteins. The
integrity of the full-length Miner1-EGFP protein was monitored by anti-GFP Western blotting.
In the absence of detergents, Miner1-EGFP was susceptible to trypsinolysis, as was the IRE1
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protein, an integral ER membrane kinase with the bulk of the protein facing the cytosol, in
contrast to the luminal protein disulfide isomerase (PDI) (Fig. 6.1D). Taken together, our data
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define Miner1 as an integral ER membrane protein with the CDGSH domain oriented towards
the cytosol.

Miner1 KO MEFs show signs of ER stress and UPR
Wolfram Syndrome has been linked to mutations in both WFS1 and CISD2 (Miner1). It
has been reported that deletion of Wfs1 results in ER stress and the initiation of the UPR (102,
118). Thus, we hypothesized that deletion of the Miner1 gene would also lead to an induction of
the UPR and that this is a common thread in the etiology of Wolfram Syndrome.
Taking advantage of the recent development of a Miner1 (Cisd2) KO mouse, we
immortalized early passage primary mouse embryonic fibroblast cells (MEFs) from mutant
embryos and WT littermates. There was no detectable Miner1 protein in the KO MEFs (Fig.
6.2A). However, the abundance of mitoNEET, the related CDGSH family protein localized to
the outer mitochondrial membrane, was markedly increased in the KO MEFs. This possibly
represents a compensatory upregulation, which might imply similar functions for the CDGSH
domains in these family members. ER stress and UPR induction in Miner1 WT and KO MEFs
were investigated on multiple levels. There are three major signaling arms of the UPR, which are
mediated by the proteins PERK, IRE1, and ATF6 (119). The mRNA levels of the ER stress
pathway proteins Bip (an IRE1 target gene) and CHOP (a pro-apoptotic PERK target gene) were
increased significantly in Miner1 KO cells, compared with WT controls (Fig. 6.2B); Bip and
CHOP protein levels also were increased (Fig. 6.2C). The greater than 3-fold increase in Bip
mRNA and the 5.5-fold increase in CHOP mRNA are comparable to or greater than those
reported for Wfs1 deficient islets, MIN6, and INS1 cells (118, 120). To query activation of the
ATF6 arm of the UPR, XBP1 gene expression was analyzed, revealing an increase in the Miner1
KO MEFs (Fig. 6.2B). Thus, Miner1 KO cells showed changes in gene and protein expression
consistent with activation of the UPR.
Another hallmark of cells undergoing ER stress and the UPR is an expansion of the ER to
increase the capacity to process the accumulated unfolded proteins (121). Immunofluorescence
staining of WT and KO cells using an antibody to the ER protein calreticulin revealed that the
KO cells were larger and that they displayed an increase in the density of the reticular staining
pattern throughout the cell (Fig. 6.2D), suggesting ER expansion. Electron microscopy of the
KO cells showed areas of ER with what appeared to be a swollen lumen (Fig. 6.2E). Together,
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F i g u r e 6 . 2 . Deletion of Miner1 leads to ER stress. (A) Western blot analysis of whole cell lysates from
wildtype (WT) and Miner1 knockout (KO) MEFs (20 µg protein). (B) qRT-PCR of the ER stress
markers Bip (t-test, n=6, p<0.0001), CHOP (t-test, n=6, p<0.0001), and total XBP1 (t-test, n=3,
p=0.0013), Mean ± SE. (C) Western blot analysis of whole cell lysates from Miner1 WT and KO MEFs
(15 µg protein). (D) Immunofluorescent staining of WT and KO MEFs using an anti-calreticulin (ER,
green) antibody and DAPI (nucleus, blue). Insets are 300% enlargements of small boxes (positioned over
plasma membrane and subplasmalemmal area). Scale bars are 10 µm. (E) Electron micrographs of WT
and KO MEFs revealing swollen ER in KO cells. Normal versus distended portions of the ER are marked
with a red asterisk in the images of WT and KO, respectively.

these data demonstrate that MEFs lacking the Miner1 protein do indeed show signs of ER
stress/UPR, suggesting this is a common feature in the development of Wolfram Syndrome.

Miner1 deletion results in dysregulation of Ca2+ homeostasis
ER stress occurs when the demand for ER protein folding exceeds the capacity. Because
many ER chaperone proteins are Ca2+ dependent, alterations in the Ca2+ concentration of the ER
lumen can lead to ER stress (122). Given the ER stress observed in the Miner1 KO MEFs, we
used the Ca2+ sensitive fluorescent dye Fura-2-AM to investigate whether a lack of Miner1 protein

89

Chapter Six

A

B
1000

WT
KO

1000
800
600

Peak Ca2+ (nM)

Ca2+ nM

1200

Tg

400
200
0

0

100

Time (sec)

500

0

200

D

600

WT
KO

500
Ca2+ nM

Intracellular Ca 2+ Pools
(nmol/5x106 cells)

C

400

Hist

300
200
100
0

0

100

**
WT

15

10

5

75
50
25
0

KO

Mito Ca2+
(%Total)

***
WT

Mit o

**

KO

**
WT

Time (sec)

T o tal

***

0

200

***

KO

F i g u r e 6 . 3 . Miner1 deletion results in dysregulation of Ca2+ homeostasis. (A) Miner1 wildtype (WT) and
knockout (KO) MEFs were treated with 2 µM Tg to induce Ca2+ release from the ER lumen. Ca2+ was
measured in the cytoplasm of live cells using Fura2-AM. Mean ± SE of 6 replicates from a representative
experiment. (B) Peak Ca2+ release (maximum minus basal) in WT and KO MEFs after 2 µM Tg
treatment in experiments performed as in (A). (t-test, n=3, p=0.0012). Mean ± SE. (C) Ca2+ release in
WT and KO MEFs via the IP3 receptor after treatment with 100 µM histamine (Mean ± SE of 6 replicates
from a representative experiment). (D) Quantification and distribution of intracellular Ca2+ pools in WT
and KO MEFs, assessed using Calcium Green 5N. (ANOVA, n=3) ***KO total>WT total (p<0.0001).
**KO mito>WT mito (p<0.0001). Inset shows mitochondrial Ca2+ (as a % of total) for each cell type (ttest, n=3, p=0.0002). Graphs show Mean ± SE.

leads to Ca2+ dysregulation. There was a lower basal level of cytosolic Ca2+ in Miner1 KO cells,
and significantly less Ca2+ was released from the ER in response to thapsigargin (Tg), an inhibitor
of the ER sarco-endoplasmic reticulum Ca2+ ATPase (SERCA) (Fig. 6.3A). The peak response
(Max signal – basal) was 65% lower in the KO cells relative to the WT (Fig. 6.3B). These data
are similar to the changes observed in WFS1 knock down cells (103).. The inositol triphosphate
(IP3) receptor is a major ER Ca2+ efflux channel. To assess agonist-induced Ca2+ release, cells were
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treated with histamine to stimulate the production of IP3 and the opening of IP3-dependent Ca2+
channels. Interestingly, ER Ca2+ release in response to histamine was more profound in the KO
than in WT cells (Fig. 6.3C), possibly indicating that the cells lacking Miner1 are primed for ER
Ca2+ efflux.
In addition to the ER, mitochondria play a dominant role in cellular Ca2+ handling.
Mitochondria rapidly sequester Ca2+ via the mitochondrial Ca2+ uniporter. The mitochondrial
uptake of ER-released Ca2+ is facilitated by the localization of the ER Ca2+ efflux channels to sites
where the ER and mitochondria physically interact.
To test the model that Ca2+ released by the ER due to the absence of Miner1 accumulates
in the mitochondria, digitonin-permeabilized Miner1 WT and KO MEFs were analyzed
fluorimetrically using the Ca2+-sensitive dye, Calcium Green 5N, and agents that induce the
release of Ca2+ from the mitochondria (FCCP and antimycin A). Subsequently, the total release
of Ca2+ from all internal stores was achieved by the addition of alamethicin (Alm), followed by
pulses of Ca2+ to serve as an internal calibration curve. As predicted, there was a dramatic increase
in mitochondrial Ca2+ content in cells lacking Miner1 (Fig. 6.3D). In fact, the total cellular Ca2+
content, determined using Calcium Green and Alm, in the Miner1 KO cells was 6.3 fold greater
than in WT cells, due primarily to this increase in mitochondrial load. Even more striking was
the alteration in the relative contribution of the separate Ca2+ stores to the total pool. In WT
cells, the majority of the total Ca2+ measured was present in non-mitochondrial pools, whereas in
Miner1-deficient cells, the mitochondrial Ca2+ pool represented 60% of the total (Fig. 6.3D
inset). Our data establish Miner1 as a key determinant in regulating not only ER, but also
mitochondrial and total cellular Ca2+ homeostasis.

Miner1 KO MEFs show altered mitochondrial function and ultrastructure
The significant increase in mitochondrial Ca2+ loading seen in Miner1 KO cells prompted
us to investigate various aspects of mitochondrial physiology. Several matrix dehydrogenases are
stimulated by Ca2+. In particular, the pyruvate dehydrogenase complex (PDH) is regulated by a
Ca2+-dependent phosphatase that counteracts inhibitory phosphorylation on the PDH E1!
subunit. WT and Miner1-deficient cells were analyzed by Western blotting with phosphospecific antibodies to two E1! phosphorylation sites on PDH, pSer 293 and pSer 300, whose
phosphorylation is inversely correlated with activity (108, 123). We observed a substantial
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reduction in Ser 293 and Ser 300 phosphorylation in Miner1 KO cells (Fig. 6.4A), consistent
with the observed increase in the Ca2+ levels in the mitochondrial matrix (Fig. 6.3D) and possibly
substrate flux through PDH.
Immunofluorescence staining for the mitochondrial marker cytochrome c revealed a similar
reticular pattern in many WT and Miner1 KO MEFs; however, the KO population had more
cells that displayed a punctate mitochondrial pattern (Fig. 6.4B).

Given the elevated

mitochondrial Ca2+ load and punctate morphology, we anticipated that mitochondrial respiratory
function might have been compromised. Unexpectedly, when O2 consumption rates (OCR)
were measured, Miner1 deficient MEFs displayed a significantly higher OCR relative to WT
MEFs, for both FCCP-stimulated maximal rates, as well as basal rates of respiration (Fig. 6.4C).
To determine if this reflected an increase in the amount of mitochondria per cell, lysates were
prepared from the same number of cells from both KO and WT MEFs and analyzed for
abundance of mitochondrial proteins. Although we did not observe a general increase in the
levels of mitochondrial proteins in Miner1 KO cells, we did detect an increase in several
components of the electron transport chain (ETC) (Fig. 6.4D). To eliminate the complications
inherent in monitoring whole cell OCR in different cell populations in which mitochondrial
mass may differ, we isolated mitochondria from WT and Miner1 KO MEFs and directly assayed
O2 consumption using the Seahorse XF24 instrument, following the manufacturer’s published
protocol (112). As detected using whole cells, the OCR of isolated mitochondria from Miner1deficient MEFs was significantly higher than that of WT cells (Fig. 6.4E).
Despite the enhanced respiratory capacity, the ADP/ATP ratio in the Miner1 KO cells was
higher than in controls (Fig. 6.4F), and the DNA synthesis levels in Miner1 KO cells were lower
than in WT cells (Fig. 6.4G). The difference in OCR between the basal rate and oligomycininduced rate represents the amount of oxygen consumption that is utilized for ATP production in
the cell (124). Although the rates of respiration after addition of oligomycin were similar in both
cell types (indicating a similar level of proton leak), the magnitude of the decrease in response to
the ATP synthase inhibitor was much greater in the KO cells (Fig. 6.4C), which suggests
enhanced ATP utilization or production.

However, the combination of enhanced ATP

production but increased ADP/ATP ratio is most consistent with an enhanced rate of ATP
utilization. Together, these data indicate that the mitochondria of Miner1-deficient cells have an
increase in maximal OCR, possibly associated with Ca2+-stimulated increase in substrate flux
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F i g u r e 6 . 5 . Mitochondria lacking Miner1 have increased cristae density and other ultrastructural changes.
(A) Mitochondrial volume density (volume of mitochondria/volume of cytoplasm) in WT and KO MEFs
was determined from EM micrographs, no significant difference.

(B) Cristae abundance (cristae

area/OMM area per mitochondrion) was increased in KO MEFs. Measurements made from multiple EM
micrographs (t-test, n=20, p=0.033). Mean ± SE. (C) Example EM micrographs from Miner1 KO MEFs
demonstrating mitochondrial extensions and areas devoid of cristae (marked with asterisk). (D) EM
micrograph of KO mitochondria devoid of cristae. Quantitation of % mitochondria devoid of cristae in
WT and KO cells, based on EM micrograph analysis (t-test, p=0.037).

through PDH and the TCA cycle, combined with an increase in ETC components per
mitochondria. Furthermore, the bioenergetics data suggest an enhanced energy demand in the
Miner1 KO cells.
Given the elevated Ca2+ load in the Miner1 KO cell mitochondria, it was surprising that
the mitochondria did not appear damaged on a functional level. To analyze further the structural
integrity and abundance of the mitochondria, we employed electron microscopy (EM) and
morphometric analysis. Miner1 KO cells did not contain an increased volume of mitochondria
per cell (Fig. 6.5A), but the relative surface area of mitochondrial cristae was increased (Fig.
6.5B). Because ETC complexes reside in the cristae of the IMM, the EM data are consistent with
the increased abundance of ETC components detected by western blot and the increased maximal
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respiratory capacity. In addition, we observed increased numbers of mitochondria containing
extensions with either very few or no cristae and small mitochondria devoid of cristae in the
Miner1 KO cells (Fig. 6.5 C and D), possibly representing damaged mitochondria destined for
mitophagy.
Miner1 KO MEFs display higher levels of mitoNEET protein relative to controls.
Because mitoNEET is a bona fide mitochondrial protein, it is conceivable that the phenotype
observed in the Miner1 KO MEFs was the result of mitoNEET overexpression. To investigate
this possibility, we generated Miner1 WT and KO MEF cells with a doxycycline-inducible
mitoNEET shRNA (or luciferase shRNA controls), as well as Miner1 WT MEF cells stably
overexpressing mitonNEET to levels observed in Miner1 KO cells, and analyzed them for
mitochondrial parameters and ER stress. Reduction of mitoNEET protein in Miner1 KO MEFs
had no effect on Bip or CHOP mRNA levels, phosphorylation of PDH, nor mitochondrial
morphology (Fig. 6.6 A-D). Likewise, overexpression of mitoNEET in Miner1 WT cells did not
result in significant changes in Bip or CHOP mRNA levels, PDH phosphorylation, or oxygen
consumption rates (Fig. 6.7 A-D). This data does not support a causative role for elevated
mitoNEET expression in the development of the observed phenotype in the Miner1 KO MEFs.
Thus, it would appear that the loss of Miner1 at the ER creates a situation that impinges on
the mitochondria, likely as a function of ER-mitochondrial communication and altered Ca2+
homeostasis.

Lack of Miner1 leads to a more oxidized intracellular milieu
The only defined functional domain in the Miner1 protein is the CDGSH domain,
which binds a redox-active 2Fe-2S cluster, leading to the speculation that Miner1 is involved in
redox regulation. To determine if Miner1 can affect the redox status of the cell, we monitored a
variety of redox-sensitive processes.
Many redox reactions in the cell are coupled to the NAD+/NADH redox pair. There was
an increase in the NAD+/NADH ratio (Fig. 6.8A), indicative of a more oxidized milieu in the
KO cells. To detect levels of cellular ROS production in Miner1 WT and KO MEFs, we utilized
the cell-permeable indicator carboxy-H2DCFDA.

The fluorescence in WT cells was faint;

however, Miner1 KO cells exhibited a robust fluorescence signal (Fig. 6.8B), suggesting increased

95

Chapter Six

B

GAPDH
shRNA

shRNA

WT WT KO KO
Miner1
mitoNEET
pS293-PDH

luc mNT luc mNT

D
CHOP

15

5
0

shRNA

***
WT
Luc

KO
Luc

2.5

***

0.0

WT
Luc

KO
Luc

KO
mNT

100

***

10

***

5.0

Mitochondrial Morphology

Cells (%)

Relative Expression

C

Bip

7.5

Relative Expression

A

reticular

***

punctate

50

***
0

KO
mNT

WT
Luc

KO
Luc

KO
mNT shRNA

F i g u r e 6 . 6 . Analysis of mitoNEET knockdown in Miner1 KO MEFs. (A) Western blot analysis of WT
and Miner1 KO MEF cell lines expressing an shRNA to either mitoNEET (mNT) or luciferase (Luc)
control. Cell extracts (30 µg protein) were blotted for each. Reduction of mitoNEET in Miner1 KO cells
does not change pS293-PDH levels. (B and C) qRT-PCR analysis of cells described in (A), (t-test, n=3 for
each.) Knockdown of mitoNEET in Miner1 KO cells does not alter mRNA levels of UPR marker genes
relative to KO Luc cells. Asterisks signify p<0.001 for WT Luc versus KO Luc. (D) Mitochondrial
morphology determined from anti-cytochrome c immunofluorescent analysis.

(ANOVA, n=3

experiments, 80-200 cells WT and KO per experiment. Reduction of mitoNEET in Miner1 KO cells
does not change mitochondrial morphology relative to KO Luc cells. Asterisks signify p<0.001 for WT
Luc versus KO Luc. For B,C,D, there is not a significant difference between KO Luc and KO mNT
shRNA samples. Thus, elevated mitoNEET protein levels in Miner1 KO cells do not appear to be
responsible for phenotype observed in the KO cells.

ROS production in the KO cells. NO levels were imaged in live cells loaded with the NOspecific fluorescent dye NO-ON. Miner1 KO MEFs exhibited markedly increased fluorescence
compared with controls, indicating substantially increased NO production (Fig. 6.8C). We also
used the Griess assay to measure nitrite concentrations in the cell culture media. In agreement
with the results of live fluorescence imaging, the Griess assay also revealed an increase in NO
production in Miner1-deficient MEFs (Fig. 6.8C). Thus, Miner1 KO MEFs exhibit multiple
signs of reactive oxygen and nitrogen-mediated stress.
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Many proteins critical to ER-mitochondrial signaling, such as Ca2+ channels and
phosphatases, have redox sensitive cysteines, whose oxidation state can regulate activity (113, 125,
126). In addition, the oxidation status of the cysteine-containing tripeptide glutathione, a major
antioxidant in the cell, reflects the level of oxidative stress (127). To probe the general oxidation
state of total thiols in the cell, lysates from WT and KO MEFs were assayed using the redoxsensitive fluorescent dye, Fluorothiol. Miner1 KO MEFs displayed a decrease in total reduced
thiols (Fig. 6.8D), reflecting a shift towards a more oxidized state of protein thiols. Direct
measurement of oxidized glutathione (GSH/GSSG) (after deproteination) also confirmed the
more oxidized status of KO MEFs (Fig. 6.8D).
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Shift towards oxidized environment in Miner1 KO cells.

(A) NAD+/NADH ratios

(normalized to WT) in wildtype (WT) and Miner1 knockout (KO) MEF lysates (t-test, n=4, p<0.0001).
Mean ± SE. (B) Live cell imaging of WT and KO MEFs after labeling with the Image-iT LIVE Green
ROS indicator and co-staining with nuclei with DAPI (blue).

Intensity of green fluorescence is

proportional to amount of ROS in cell. Dashed lines mark nuclei in WT. (C) Brightfield (left panels) and
fluorescent (right panels) images of WT and KO MEFs after labeling with NO-ON. Intensity of green
fluorescence is proportional to amount of NO in cell. Images were captured at identical camera settings
for B and C. Graph at right reports Griess Assay quantitation of NO 2 in WT and KO MEF cell culture
media (t-test, n=4, p=0.008). Mean ± SE. (D) Left panel is FluoroThiol assays with WT and KO MEF
lysates to quantitate total reduced thiols per g of protein (t-test, n=3, p=0.0393). Right panel is graph of
GSH/GSSG ratios in WT and KO cells (t-test, n=3, p=0.0005). Mean ± SE. (E) Western blot analysis of
WT and KO WCL with antibody to oxidized active site cysteine of PTPs. (F) Non-reducing SDS-PAGE
and Western blots of SERCA2 immunoprecipitates from WT and KO whole cell lysates.

PVDF

membranes initially blotted with an antibody to glutathione adducts on proteins (Glut-prot), then
stripped and probed for total SERCA2.

Members of the protein tyrosine phosphatase (PTP) CX5R family play critical roles in
signaling throughout the cell, including in the ER and mitochondria. Dysfunction of several

98

Miner1 regulates redox status, UPR, and Ca2+
members of this family have been implicated in both diabetes and aging (128, 129). PTPs
possess an essential redox-sensitive cysteine in their active site that, when oxidized, results in
enzyme inactivation. This oxidation can be reversible (sulfenic acid) or irreversible (sulfinic and
sulfonic acid). Because the oxidative shift in the Miner1 KO cells was subtle, we specifically
examined the oxidation state of CX5R PTPs to determine if the oxidative stress in the KO cells
would be sufficient to affect the activity of this important class of signaling molecules. WT and
Miner1 KO MEFs were lysed in degassed buffer containing reducing agents, cleared of insoluble
material, and analyzed by Western blotting with an antibody specific to the sulfonic acid
oxidation state of the catalytic cysteine of many PTPs (OX-PTP). There was an increase in the
number of reactive bands in the Miner1 KO lysates (Fig. 6.8E). We also investigated the
oxidation state of specific PTPs using a recently developed mass spectrometry technique (113),
which also revealed an increase in PTP oxidation (expressed as % oxidized, Table 6.1). The
spectrum of PTPs that were oxidized suggests that a number of different signaling networks are
likely to be affected in Miner1 deficient cells.
The primary proteins mediating both ER Ca2+ influx (SERCA) and efflux (IP3R and the
ryanodine receptor, RYR) channels contain redox-sensitive cysteines that affect channel activity
(125, 130, 131). In addition to the cysteine oxidation states mentioned above, redox-active
cysteines in SERCA can be oxidatively modified by adduction with glutathione (glutathionylated)
in response to elevated NO, which alters its activity. Oxidation of the IP3 receptor and RyR
channels are reported to increase their channel activity, resulting in Ca2+ leak from the ER.
SERCA2 immunoprecipitation, followed by anti-glutathione Western blotting, revealed increased
levels of glutathione adducts in the KO cells (Fig. 6.8F). These data suggest that cells lacking
Miner1 display multiple signs of oxidative stress.

Antioxidant treatment reverses stresses induced by lack of Miner1
As lack of Miner1 results in oxidative stress; we asked whether antioxidant treatment
might reverse the anomalies observed in Miner1 KO MEFs. To test this possibility, WT and
Miner1 KO MEFs were treated for 48 h with antioxidants and evaluated for ER stress responses
and mitochondrial function. Treatment with 5 mM NAC for 48 h resulted in an amelioration of
many of the anomalies detected in the Miner1 KO MEFs. There was virtually none of the pro-
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Relative % Oxidized PTPs
PTP
WT
% ox
Ptpn1
2.6
Ptpn2
0.0
Ptpn4
0.0
Ptpn9
0.0
Ptpn11
2.2
Ptpn12
4.5
Ptpn14
0.0
Ptpn21
9.1
Ptpn23
100.0
PtpraD1
12.2
PtpraD2
98.9
PtpreD1
15.2
PtpreD2
42.1
PtprfD2
21.3
PtprkD1
82.5
PtprsD1
0.0

KO
% ox
3.5
0.0
5.5
0.0
2.4
13.0
10.7
55.5
100.0
8.1
83.7
25.8
44.6
12.9
100.0
0.0

Total
Intensity
2.25 x 107
2.51 x 107
1.56 x 106
1.20 x 106
2.25 x 107
4.74 x 106
1.59 x 106
3.52 x 106
5.95 x 106
2.78 x 106
1.31 x 107
4.04 x 106
4.07 x 106
1.08 x 106
5.85 x 106
9.26 x 106

Significant
Change
*
*
*
*
*
*

*
*

T a b l e 6 . 1 . Oxidation of Catalytic Cysteines in PTPs. Relative oxidation of various PTPs (expressed as a
% of total) in WT and Miner1 KO MEFs as detected by Mass Spectrometry following
immunoprecipitation with an OX-PTP antibody. Only PTPs with a total intensity > 1.0 x 106 are shown.

apoptotic CHOP protein detected in NAC-treated KO MEFs and a reduction in the amount of
Bip protein (Fig. 6.9A), suggesting that the ER stress resulted from an oxidative stress.
Our data are consistent with a model of oxidative stress inducing Ca2+ leak from the ER,
which is sequestered into the mitochondria, thereby stimulating dephosphorylation of PDH. We
used PDH phosphorylation as a surrogate monitor of mitochondrial Ca2+ load. While pS293 was
substantially reduced relative to WT in the untreated KO cells, pS293-PDH was returned to the
levels observed in the WT cells after NAC treatment (Fig. 6.9B).

We also examined

mitochondrial homeostasis at the level of morphology and function. NAC treatment resulted in
a return to a reticular morphology in the KO mitochondria (Fig. 6.9C). After NAC treatment,
the increased respiration rates observed in the KO cells were restored to levels virtually the same
as those in WT cells (Fig. 6.9D). These experiments strongly suggest that oxidative stress lies at
the root of the ER and mitochondrial changes caused by Miner1 deficiency, and importantly that
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F i g u r e 6 . 9 . Anti-oxidant treatment mitigates stresses induced by Miner1 deficiency. (A and B) Western
blot analysis of whole cell lysates from wildtype (WT) and Miner1 knockout (KO) MEFs with and
without 5 mM NAC for 48 h (15 µg protein). (C) Quantitation of anti-cytochrome c immunofluorescent
analysis of reticular or punctate mitochondrial morphology. WT and KO MEFs were untreated or treated
with 5 mM NAC for 48 h. (n=3 experiments. 80-200 cells scored per experiment. Reticular and punctate
morphology % compared by ANOVA (asterisks denote p<0.0001, * WT reticular > KO reticular, **WT
punctate < KO punctate, NAC treated WT & KO samples do not differ from WT untreated). (D)
Representative Seahorse experiment of OCR (2 x 106 cells) of WT and KO MEFs that were untreated or
treated with 5 mM NAC for 48 h prior to the experiment.

sulfhydryl antioxidant treatment could be a rational therapeutic approach for treating this
syndrome.
Re-expression of Miner1 partially rescues the Miner1(-/-) MEF phenotype
To support that the observed ER and mitochondrial changes in the Miner1 KO cells was
due to lack of Miner1 protein, we re-expressed Miner1 protein in the Miner1(-/-) cells and
probed for reversal of the aberrant phenotype. Miner1 cDNA was introduced into the KO cells
using lentivirus transduction and neomycin-resistant pools of cells (referred to as KO-M1+ cells)
were used to analyze ER and mitochondrial parameters. The level of Miner1 exogenous
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F i g u r e 6 . 1 0 . Characterization of Miner1 re-expression in KO cells.
Miner1 wildtype (WT) and Miner1 knockout (KO) MEF cell lines, including KO (Miner1 -/-) MEFs
exogenously re-expressing Miner1 (KO-M1+). (A) Western blot analysis of cell extracts (30 µg protein).
(B) Characterization of mitochondrial morphology, as in Fig 6.9C. (ANOVA, n=3 experiments. 80-200
cells scored per experiment (asterisk denotes p<0.0001, WT punctate < KO punctate; KO/M1 punctate
does not differ from WT). (C) Oxygen consumption rates (OCR) were measured in a Seahorse XF24.
Basal and maximal FCCP-stimulated rates relative to WT basal are shown. (t-test, n=6, asterisk denotes
p<0.0001, *WT basal < KO basal, **WT FCCP < KO FCCP; KO/M1 values do not differ from WT).
(D) Mitochondrial and total Ca2+ measured as in Fig 6.3D. Values reported are raw Ca2+ measurements.
Average contaminating Ca2+ was 9.52 nmol. (ANOVA, WT & KO, n=5; KO-M1+, n=3; *WT mito <
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(cps/RFU). KO and KO-M1+ relative to WT (ANOVA, n=3). WT > KO (p=0.0275), WT > KO-M1+
(p=0.0312). (F) ER Ca2+ release after treatment with 2 µM Tg, expressed as peak responses (Ca 2+ – basal
Ca2+) (ANOVA, n=3) WT > KO (p=0.0004), KO-M1+ > KO (p=0.0087). (G) qRT-PCR analysis of ER
stress markers. Bip, CHOP, and total XBP1 expression were monitored (ANOVA, n=3). Bip: **WT <
KO & KO-M1+ (p<0.0001); CHOP: **WT < KO (p=0.0005), WT < KO-M1+ (p=0.0023), *KO-M1+
< KO (p=0.0486); tXBP1: **WT < KO (p=0.0002), *WT < KO-M1+ (p=0.0085).
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expression obtained was substantially less than in WT cells; however, it was sufficient to rescue
the mitochondrial parameters measured. PDH phosphorylation in the KO-M1+ cells was similar
to that in WT cells, as were mitochondrial morphology, oxygen consumption rates, and
mitochondrial Ca2+ load, measured by Calcium Green fluorescence as in Fig. 3D (Fig. 6.10 A-D).
Although the mitochondrial homeostasis was normalized, relative ATP levels in the KO-M1+
cells remained lower than in WT cells (Fig. 6.10E). There was also less than complete rescue of
ER homeostasis, presumably due to the incomplete replenishment of Miner1 protein levels. The
ER Ca2+ content of the KO-M1+ rescue cells was significantly elevated compared to KO;
however, the level was not as great as that in WT cells, although not statistically different from
WT (Fig. 6.10F). Indicators of ER stress revealed a partial rescue, consistent with modest rescue
of Miner1 protein levels. There was a reduction of CHOP protein in the KO-M1+ cells, but
mRNA levels of Bip, CHOP, and tXBP1 remained elevated (Fig. 6.10 A and G).

Discussion
Wolfram Syndrome was long thought to be a disease of reduced ATP supply, suggesting
mitochondrial dysfunction. This view was based in part on bioenergetic deficits detected in
patients with this disease. In addition, the tissues affected tend to be those with high energetic
demands (132). The data presented here suggest that the metabolic dysfunction in WFS2 arises
not from a primary mitochondrial defect, but as an indirect consequence of altered Ca2+
homeostasis at the ER caused by an alteration of the sulfhydryl redox status. We and others have
previously demonstrated that a recombinant CDGSH domain protein expressed in E. coli is
redox active in vitro (26). However, data supporting a redox role for Miner1 in cells has been
lacking. In the current study, we have established the ability of Miner1 to influence the general
redox status in the cell. Miner1 deficient cells displayed changes in NAD+/NADH ratio, NO
production, GSH/GSSG ratio, protein glutathionylation, and oxidation of sufhydryl groups,
including those in CX5R phosphatases. We found that Miner1 KO MEFs have a more oxidized
cytoplasmic environment and show signs of oxidative stress. The orientation of the Miner1
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CDGSH domain on the cytoplasmic face of the ER is consistent with a role in regulating
cytoplasmic redox status, and Miner1 KO cells exhibit a general increase in sulfhydryl oxidation.
The catalytic Cys of the PTP CX5R family of phosphatases is exquisitely sensitive to sulfhydryl
oxidation, resulting in inactivation of the enzymes. Thus, these phosphatases can be viewed as
protein sentinels reflecting the cellular redox status. The increase in oxidation of catalytic Cys in
phosphatases detected in the mutant MEFs is likely to have wide-ranging effects on signaling by
reversible phosphorylation.
In addition to redox regulation of phosphatase activity, the oxidative environment of the
Miner1 KO MEFs could lead to oxidation of regulatory cysteines on ER Ca2+ transporters and
channels. Oxidative modifications of ER Ca2+ transporters have been shown to affect transport
activity and lead to a decrease in Ca2+ in the ER lumen, resulting from alteration of the activity of
SERCA and increased leak via RYR or IP3 receptors (125). We observed an increase in SERCA2
glutathionylation in Miner1 deficient cells, suggesting that the decrease in ER Ca2+ levels may be
caused by changes in SERCA2 transport activity. Oxidation of IP3 receptors may also contribute
to the Ca2+ dysregulation observed in the Miner1 KO cells. As a redox-active protein anchored to
the ER and enriched in MAMs, Miner1 is in a prime location to directly interact with these
transporters and keep them in a reduced state.
Because many of the folding chaperones in the ER are Ca2+-dependent, decreased ER Ca2+
content has been linked to ER stress and induction of the UPR. We found that MEFs derived
from Miner1 KO mice also display the hallmark signs of ER stress/UPR. Miner1-deficient MEFs
exhibit elevated levels of the folding chaperone Bip and the pro-apoptotic protein CHOP, as well
as an expanded ER network.
Enhanced Ca2+ leak from the er as a result of oxidative protein modification can explain
the increased mitochondrial Ca2+ load that we observed in Miner1 KO cells and the increase in
dephosphorylated PDH. Oxidation of RYR Ca2+ channels have been associated with increased
Ca2+ leak from the ER, increased mitochondrial Ca2+ loading, and increased muscle wasting in
mice (130). Sarcopenia was also observed in the Miner1 KO mice (30). Enhanced ER Ca2+ leak
would also predict the elevated ADP/ATP ratio and the enhanced rate of ATP utilization we
observed in the rates of endogenous O2 consumption (133). These findings, along with a
decreased growth rate, are consistent with an underlying mechanism of enhanced futile Ca2+
cycling.
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There is precedent for altered mitochondrial Ca2+ loading, morphology, and function
caused by changes in ER protein function. Expression of a truncated isoform of SERCA1 results
in ER Ca2+ leak, mitochondrial Ca2+ loading, changes in mitochondrial morphology, and
increased ER-mitochondrial contacts (134). Similarly, mutations in presenilin2, an
intramembrane protease that is localized to the ER and that is linked to the onset of Alzheimer’s
Disease, influences ER-mitochondrial Ca2+ cross-talk and physical contacts (115). Consistent
with these paradigms of ER-mitochondrial Ca2+ dysregulation, we found that Miner1 KO MEFs
have altered mitochondrial structure. Surprisingly, mitochondria isolated from Miner1 KO
MEFs demonstrated much higher respiratory capacity than WT mitochondria, in contrast to the
mitochondria isolated from muscle of Miner1 KO mice, which showed virtually no ADPstimulated respiration (30). It is possible that immortalization of the MEFs in culture promotes
tolerance and adaptation to the mitochondrial Ca2+ loading and elevated ROS, perhaps via a
compensatory increase in cristae area and expression of ETC components. We predict that an
electrically excitable cell type, such as a neuron or myocyte, would not tolerate this form of Ca2+
dysregulation and would be more likely to suffer from mitochondrial dysfunction.

The

phenotype of a recently reported second mouse model of Miner1 deficiency is significantly milder
than the mouse established by Chen and colleagues (30) (the source of our fibroblasts) and lacks
features present in the human disease (135). However, the increase in cristae density that we
observe in the fibroblasts is recapitulated in skeletal muscle myocytes of the mouse established by
Chang and coworkers (135).
Wolfram syndrome patients present with diabetes mellitus and diabetes insipidus, which
result from compromised production of insulin by the pancreas and of vasopressin by the
pituitary, respectively. Both of these are secretory organs that place a tremendous demand on the
ER for protein folding. The chronic ER stress created by Miner1 deletion is likely to overwhelm
the protein folding and secretory capacity of these organs in the short term, and ultimately lead to
organ failure. The blindness and deafness observed in Wolfram Syndrome is of neuronal origin,
and the chronic oxidative stress, mitochondrial Ca2+ loading, and lower ATP levels that we
observed could lead to chronic dysfunction or death of electrically excitable cells. The sarcopenia
observed in Miner1 KO mice could reflect low ER Ca2+ levels in muscle. Lastly, oxidative stress
has been correlated with both aging and the diabetic state (136, 137). Thus, our cell culture
model has enabled us to develop a mechanistic model for the manifestations of Wolfram
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Syndrome observed in human patients and knockout mice (Fig. 6.11).
Our studies form the basis of a new paradigm for the function of Miner1 and the etiology
of Wolfram Syndrome. We conclude that Miner1 is a redox protein that resides in the ER and
that regulates the UPR and mitochondrial function. Consequently, our data suggests that the
defects observed in Miner1 MEFs stem from oxidative stress, which can be mitigated by
treatment with antioxidants. Indeed, application of the sulfhydryl antioxidant NAC reversed
many of the mitochondrial and ER stress-related anomalies observed in the Miner1 KO cells,
hence antioxidant treatment represents a potentially promising therapeutic strategy for treating
this currently incurable disease.
Figure 6.11.
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Abstract
Miner1/CISD2 mutations results in the development of Wolfram Syndrome, a
neuroendocrine disease associated with diabetes mellitus, diabetes insipidus, blindness, deafness,
ER stress, and a shortened lifespan. The pancreatic !-cell line INS1 832/13 was used to
investigate the role of Miner1 in mediating !-cell function and stress. Knockdown of Miner1 in
INS1 cells required extended treatment with siRNA, yet did not induce ER stress, nor was
Miner1 required for induction of ER stress. Miner1 depletion resulted in reduced ATP and
glucose-stimulated insulin secretion, suggesting that an energetic deficit is an early event in the
development of Wolfram Syndrome.

Introduction
Most cases of type 1, or juvenile onset, diabetes mellitus result from an autoimmunemediated death of pancreatic ! cells. However, Wolfram Syndrome (or DIDMOAD) patients
present with juvenile onset of both diabetes mellitus and diabetes insipidus that does not appear
to have an autoimmune etiology (96). Wolfram Syndrome patients develop many endocrine and
neurological symptoms that are hallmarks of this incurable disease, including blindness due to
optic atrophy, sensorial deafness, psychiatric disorders, a shortened lifespan, and the
aforementioned diabetes.
Wolfram Syndrome is caused by mutations in either the gene encoding the wolframin
(WFS1) protein or in the gene encoding the Miner1 (CDGSH iron sulfur domain 2 - CISD2)
protein (31, 138). These proteins both localize to the endoplasmic reticulum (ER) (25, 28, 100).
WFS1 is a 100 kDa protein with eleven transmembrane domains and no obvious catalytic
domain. In contrast, Miner1 is a 15 kDa protein with a single transmembrane pass and a Cterminal CDGSH domain. The CDGSH domain, which is also present in the mitoNEET
(CISD1) and Miner2 (CISD3) proteins, binds a redox-active 2Fe2S cluster (25, 104). Mice with
the Miner1 (Cisd2) gene deleted recapitulate many of the features of Wolfram Syndrome (30).
The mice showed impaired glucose tolerance despite the general resistance to diabetes of the
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background strain.

To date, there is no data to suggest that WFS1 and Miner1 function in the

same signaling pathways; however, given their shared disease pathology, such a signaling network
interaction might be anticipated.
In the pancreatic ! cell, the ER plays an essential role in the folding of proteins, such as
insulin, that are destined for secretion from the cell. ER stress occurs when the ER protein
folding homeostasis is tipped such that the demand exceeds the capacity. Decreased ER Ca2+
content can lead to ER stress and the induction of the cytoprotective unfolded protein response
(UPR) (15). If the cell does not regain ER homeostasis, apoptosis is activated. In the case of the
pancreas, this represents a dire situation, for death of ! cells would lead to an inability to secrete
insulin and the development of type 1 diabetes. Biochemcal studies implicate WFS1 as a negative
regulator of ER stress (120). Furthermore, ER stress and UPR have been detected in both
humans and mice with WFS1 mutations (118). We have recently demonstrated that Miner1 null
mouse embryonic fibroblasts (MEFs) exhibit signs of ER stress and UPR (28). Because these
MEFs also display Ca2+ dysregulation, increased reactive oxygen species (ROS), and reduced ATP
levels, all of which can induce and be induced by ER stress in a positive feedback loop, it is
virtually impossible to gain temporal clarity of the most proximal cellular events resulting from
Miner1 depletion in this system.
A role for the Miner1 related protein, mitoNEET, in regulating insulin resistance and
obesity has recently been reported (32). Little is known regarding the function of Miner1 in
diabetes relevant cell types, or how Miner1 might influence signaling pathways critical to the
onset of diabetes . To explore this, we have used the pancreatic ! cell line INS1 832/13 and
acute Miner1 knockdown to assess the role of Miner1 in mediating ER stress and glucosestimulated insulin secretion (GSIS).

Materials and methods
Cell culture and siRNA treatment
INS1 832/13 cells were cultured in RPMI media (Gibco) supplemented with 10% FBS, 1
mM Na pyruvate, 10 mM HEPES, 2 mM Gln, 50 µM !-mercaptoethanol, and
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pennicillin/streptomycin. Cells were maintained in a humidified incubator at 37°C with 5%
CO2.

Knockdown of Miner1 siRNA was achieved using Amaxa nucleofection (Lonza),

nucleofector solution V, program T-20. For the optimized protocol, 2x106 cells were used per
100 µl nucleofection reaction with 2.5 µl of 20 mM siRNA following the manufacturer’s
protocols for the initial siRNA treatment on day 0. Each 100 µl reaction was plated into a single
well of a 6 well plate. On day 3, all cells from a single well were harvested, pelleted, and used in a
single 100 µl Amaxa reaction with siRNA as above. Two reactions were pooled and plated into a
single 10 cm culture dish. Cells were analyzed on day 7 after the initial siRNA nucleofection.
siRNA duplexes were obtained as individual components of the ON-TARGETplus Rat Cisd2
siRNA smart pool from GE Dharmacon (USA). Sequences for the individual siRNAs tested are
(1)

CAAAGUGGUGAACGAAAUA,

(2)

CAGAAGGAUAGCUUGAUUA,

and

(3)

AGACCUGAAUCUUACGAAA.
Western blotting
Cells were lysed in PLC lysis buffer (25) with protease inhibitors; lysates were cleared of
insoluble material, and equal amounts of protein were analyzed on NUPAGE 4-12% gels with
MES buffer (Life Technologies). Gels were transfered to PVDF membranes and Western blots
were performed with antibodies to various proteins: Miner1/mitoNEET (Chapter 5), p-PERK,,
pThr172-AMPK, and pSer79-ACC (Cell Signaling), actin (Sigma). HRP-conjugated secondary
antibodies (Amersham) and chemiluminescence was used to visualize proteins.
RNA isolation and qRT-PCR
mRNA was isolated using the RNeasy miniprep kit with on-column DNAse digestion
(Qiagen). cDNA synthesis was performed using 1 µg RNA and the iScript cDNA Synthesis kit
(Bio-Rad), and qRT-PCR was performed using Syber Green PCR Master Mix (ABI). Primers for
qRT-PCR were designed and synthesized by Integrated DNA Technologies (USA).
XBP1 splicing assay and UPR induction
XBP-1 is spliced during the UPR, resulting in removal of a PST1 restriction site in the
mRNA. To analyze the extent of XBP-1 splicing, mRNA is prepared, cDNA synthesized, and a
473 bp fragment spanning the splice site is PCR amplified and analyzed by agarose gel
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electrophoresis, with or without PST1 digestion, which produces fragments of 290 bp and 183
bp (139). Tunicamycin (Tn, 5 ug/ml) and thapsigargin (Tg, 0.1 µM) (EMD Chemicals) were
used to induce UPR.
ATP measurements and GSIS
Cells were plated in 6 well or 96 well plates 24 hr before the experiment and either
cultured in normal growth media (NGM) or in low glucose (3mM) standard assay buffer (SAB:
114 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.16 mM MgSO4, 20 mM HEPES [pH7.2],
25.5 mM NaHCO3, and 0.2% BSA) for 2 hr, followed by a fluid change into high glucose
(15mM) SAB for 2 hr and analysis (140). ATP levels were determined with the Cell Titer Glo
Luminescent Assay (Promega) and the luminescent signal (cps) normalized to DNA content RFU
(relative fluorescence units of propidium iodide stain). Cells were plated in 96 well plates and
analyzed with a Victor plate reader (Perkin Elmer). Cells were plated in 6 well plates for glucosestimulated insulin secretion assays (GSIS) and treated with LGM and HGM media, as described.
Media was collected and insulin content measured with the Insulin (Rat) Ultra-sensitive EIA kit
(ALPCO).

Results
Miner1 knockdown in INS1 cells requires extended siRNA treatment
It has been reported that deletion of WFS1 and Miner1 can result in ER stress and the
initiation of the UPR in some cell types. Thus, we hypothesized that depletion of Miner1 protein
in a pancreatic ! cell would also lead to an induction of the UPR, as a common feature in the
etiology of Wolfram Syndrome. To investigate this, Miner1 was knocked down in the pancreatic
! cell line INS1 832/13, using siRNA and Amaxa nucleofection. An initial time course, of 2, 3,
and 4 days, did not reveal any significant reduction in the amount of Miner1 protein after 4 days
post transfection with either 30 nM or 300 nM of pooled siRNAs (Fig. 7.1A). This time course
represents a traditional paradigm for siRNA-mediated protein depletion and would support a
conclusion that the siRNAs utilized were ineffective.
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F i g u r e 7 . 1 . Miner1 knockdown in INS1 832/13 cells requires extended siRNA treament. INS1 832/13
cells were treated with a scrambled control (scr) or Miner1 siRNA, lysed and equal amounts of protein
analyzed by SDS-PAGE and Western blotting. (A) Time course of siRNA induced knockdown (KD) of
Miner1 in INS1 cells using a pooled siRNA mixture at 30 nM and 300 nM for 2 d, 3 d, or 4 d. scr =
scrambled control siRNA. Blots were probed with an antibody recognizing Miner1 and mitoNEET,
which run as a doublet with Miner1 being the upper band. (B) INS1 cells were treated with individual
siRNAs (siRNAs 1, 2, and 3), alone or in combination (500 nM) for 3 days, then retreated with siRNA
and analyzed at day 7. Blots were probed with antibodies recognizing Miner1, and mitoNEET. (C) Cells
treated as in (B) were harvested 4 days after a single siRNA treatment and analyzed for Miner1 mRNA
levels by qRT-PCR.

Our previous experience with mitoNEET, which shares a high degree of sequence and
structural similarity to Miner1, indicated that mitoNEET protein has a long half-life. Assuming
that this also might be the case for Miner1, we devised a protocol for extended siRNA treatment
to successfully obtain reduction of Miner1 protein. Because the concentration of siRNA per cell
becomes depleted as cells divide, multiple rounds of siRNA treatment were employed during this
extended protocol. Cells were treated with 500 nM individual or pooled siRNAs using Amaxa
nucleofection on day 0 and plated. On day 3, cells were harvested and retreated with siRNA as
on day 0 with continued culture. Cells were harvested on day 6, counted and replated at
appropriate densities for desired experiments and ultimately analyzed on day 7. This protcol
resulted in robust knockdown of Miner1 protein (Fig. 7.1B). It is important to note that
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although there was no change in Miner1 protein levels after 4 days with a single siRNA treatment
(Fig. 7.1A), the Miner1 mRNA was significantly reduced at this time point (Fig. 7.1C). It has
become all too common to report only quantitation of mRNA levels by qRT-PCR to validate
siRNA-mediated knockdown. These results highlight the fact that it is crucial to establish
reduction of both protein and mRNA in this type of knockdown experiment.
Acute Miner1 knockdown in INS1 832/13 cells does not lead to ER stress
Using the extended siRNA treatment protocol with the most effective siRNA, the onset of
ER stress/UPR was examined by a variety of methods. Upon induction of the UPR, the PERK
kinase becomes autophosphorylated on Thr 980. PERK phosphorylation was monitored by
Western blotting using a phospho-Thr980 specific antibody. Cells were treated with thapsigargin
(Tg), an inhibitor of the ER sarco-endoplasmic reticulum calcium ATPase, as a positive control
for UPR induction. The thapsigargin-treated control cells showed robust PERK phosphorylation;
however, none was detected in the Miner1 KD cells (Fig. 7.2A). Furthermore, there was a
significant reduction in the levels Miner1 mRNA after Tg treatment (Fig. 7.2B), demonstrating
that Miner1 is not an UPR-inducible gene.
The mRNA for the XBP1 protein is actively spliced in response to activation of the UPR.
Compared to PERK phosphorylation, monitoring XBP1 splicing by RT-PCR is a more sensitive
method for detecting UPR (139). XBP1 splicing (Fig. 7.2 C and D) was easily detected in INS1
832/13 cells in response to tunicamycin (Tn, a glycosylation inhibitor) and Tg, as expected (Fig.
7.2D). However, there was no obvious XBP1 splicing in the Miner1 siRNA treated INS-1
832/13 cells (Fig. 7.2E).
Perhaps the most sensitive method for detecting ER stress and UPR is to monitor
expression of UPR target genes, such as the ER chaperone Bip and the proapoptotic CHOP. The
mRNA for both of these UPR sentinels was elevated in Miner1 null MEFs (28). In contrast,
analysis of the gene expression of Bip and CHOP in INS1 832/13 cells by qRT-PCR did not
reveal any differences between Miner1 knockdown and control cells (Fig. 7.3 A-C). These
experiments suggest that acute deletion of Miner1 in INS-1 832/13 cells does not lead to the
initiation of the UPR and that the connection between Miner1 and Wolfram Syndrome is
mechanistically distinct from that of WFS1. Alternatively, the cells may require an even longer
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Figure 7.2.

Effect of Miner1 levels on UPR induction in pancreatic ! cells. INS1 832/13 cells were

treated with scrambled control or Miner1 siRNA as in Fig. 1B and analyzed for induction of the UPR. (A)
Western blot analysis with antibodies recognizing phospho-PERK, Miner1, and mitoNEET. Control cells
stimulated with 0.5 µM thapsigargin (Tg, 1 h) were included as a positive control for PERK
phosphorylation. (B) WT cells were treated with Tg as in (A) and analyzed by qRT-PCR. (C) Schematic
of XBP-1 splicing assay for induction of UPR. XBP-1 is spliced during the UPR, resulting in removal of a
PST1 restriction site in the mRNA. mRNA is prepared, cDNA synthesized, and a 473 bp fragment
spanning the splice site is PCR amplified and analyzed by agarose gel electrophoresis, with or without
PST1 digestion. us = unspliced, sp = spliced. (D) Agarose gel electrophoresis of RT-PCR XBP-1 splicing
assay. INS-1 832/13 cells were treated for 6 hr with tunicamycin (Tn, 5 ug/ml) or thapsigargin (Tg, 0.1
µM) to induce the UPR. Half of the 473 bp PCR product was digested with PST1, producing fragments
at 290 bp and 183 bp. us = unspliced, sp = spliced. (D) RT-PCR for XBP-1 was performed on scrambled
siRNA control (-) and Miner1 KD cells (M1). Control cells stimulated with 0.5 µM thapsigargin (Tg, 1
h) were included as a positive control for XBP-1 cleavage. Half of the samples were digested with PST1
and the products analyzed by agarose gel electrophoresis.
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F i g u r e 7 . 3 . Miner1 knockdown does not lead to induction of UPR genes. INS1 832/13 cells were treated
with scrambled control or Miner1 siRNA as in Fig. 7.1B. (A) Western blot analysis of whole cell lysates to
demonstrate Miner1 KD. (B-C) qRT-PCR was performed on control and Miner1 KD cells to assay for
induction of the UPR target genes Bip and CHOP.. n = 3.

timeframe of Miner1 depletion to develop ER stress, suggesting that it might be a secondary
effect of loss of Miner1.
Miner1 depleted cells display reduced ATP and decreased insulin secretion
During glucose-stimulated insulin secretion (GSIS) from the pancreatic ! cell, the rise in
glucose stimulates mitochondrial ATP production, leading to an increase in the ATP/ADP ratio,
which sets in motion a cascade of events that leads to Ca2+ influx and translocation of secretory
granules and their insulin cargo to the plasma membrane and insulin release (141, 142). We
have recently described profound Ca2+ dysregulation in MEFs derived from Miner1 gene
knockout mice, as well as changes in mitochondrial bioenergetics and ATP/ADP ratios (28).
Reduced ATP in pancreatic ! cells lacking Miner1 could lead to less insulin secretion and the
development of the diabetic state in Wolfram Syndrome.
AMP kinase (AMPK) is a sentinel of the energy status in the cell and becomes
phosphorylated on Thr172 and activated in response to changes in, among other things, the
AMP/ATP ratio in the cell. The phosphorylation status Thr172 of AMPK was monitored in
siRNA scrambled control and Miner1 depleted INS1 832/13 cells by Western blotting with
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phospho-specific AMPK antibodies. There was no significant difference in the pAMPK levels in
control and Miner1 KD cells cultured in normal growth media (Fig. 7.4A). Therefore, we
examined AMPK phosphorylation under a GSIS experimental paradigm. Low glucose treatment
resulted in an increase in AMPK phosphorylation in all cells; however, the Miner1 KD cells had a
greater increase in pAMPK relative to control cells, possibly suggesting a faster decrease in the
ATP supply in the cells lacking Miner1 under low glucose conditions (Fig. 7.4A). For the GSIS
paradigm, cells were incubated with low glucose for 2 hr, followed by a stimulation with high
glucose for 2 hr. High glucose stimulation resulted in a similar decrease pAMPK signal in both
cell types (Fig. 7.4A). Using a luminescent assay, ATP levels were measured directly in cells
grown in normal growth media, low glucose media, and high glucose media stimulation, as
above. The ATP signal was normalized to DNA content. Under basal normal growth media
conditions, the depletion of Miner1 resulted in approximately a 35% decrease in the relative ATP
in the cells (Fig. 7.4B). This was surprising, given the relative similarity of the pAMPK signal in
normal growth media cultured cells. Low glucose treatment resulted in a decrease in both cell
types (40% in control cells and 46% in Miner1 KD), with lower relative ATP in the Miner1 KD
cells.

The glucose responsiveness of the cells was confirmed by Western blotting for

phosphorylation of acetyl Co-A carboxylase (pSer79-ACC), an AMPK target protein involved in
fatty acid synthesis, and was similar in control and Miner1 KD cells (Fig. 7.4C).
The pancreatic ! cell has the singular critical role of insulin secretion. Failure to perform
leads to diabetes. To assess the role of Miner1 in GSIS, control and Miner1 KD INS1 832/13
cells were analyzed for GSIS under the low glucose/high glucose paradigm described above.
Insulin secreted into the media was measured in triplicate by ELISA and expressed as fold change
over basal (Low glucose). Cells lacking Miner1 had approximately 25% lower fold increase in
GSIS, relative to control cells (Fig. 7.4D), suggesting an important role for Miner1 in the
maintenance of proper ! cell function.

Discussion
Mutations in either the gene for WFS1 or Miner1 result in the development of WS and
type 1 diabetes. Recently, single nucleotide polymorphisms (SNPs) of the WFS1 gene have also
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F i g u r e 7 . 4 . Miner1 knockdown cells demonstrate reduced ATP levels and decreased insulin secretion. (A)
Control and Miner1 KD INS1 832/13 cells were treated under conditions to induce glucose-stimulated
insulin secretion (GSIS), preincubation with low glucose media (3 mM, LG) followed by stimulation with
high glucose media (15 mM, HG) for 2 h, or maintained in normal growth media (NG). Cells were lysed
and equal amounts of protein analyzed by Western blotting with antibodies to Miner1, mitoNEET,
phospho-Thr172 AMPK, and actin. ( B)) ATP in control (scr) and Miner1 KD (M1) INS1 832/13 cells in
normal growth media (NG) or under GSIS conditions of low (LG) and high (HG) glucose. ATP levels
are expressed as luciferase cps/RFU (relative fluorescence units) of propidium iodide nuclear stain. n=6,
p<0.05. ( C)) Cells treated as in (B) were lysed and equal amounts of protein analyzed by Western blotting
with antibodies against phospho-Ser79 ACC to demonstrate responsiveness to changes in glucose
concentrations. ( D)) Insulin secretion in INS1 832/13 control and Miner1 KD cells (from cells in 7.4A),
expressed as fold increase of glucose stimulation relative to basal. n=4, p<0.05.

been correlated with an increased incidence of type 2 diabetes (143). The role of Miner1 in
diabetes relevant tissues has not been investigated previously on a molecular or biochemical level.
An important tool for these studies is the ability to modulate levels of Miner1 protein. We have
designed a week-long, multi siRNA treatment paradigm to reliably reduce the levels of Miner1
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protein in INS1 832/13 cells, allowing us to analyze the contribution of Miner1 to pancreatic !
cell function.
Proper Ca2+ handling is critical for glucose-stimulated insulin secretion from the
pancreatic ! cell (33, 141). The rise in glucose stimulates mitochondrial ATP production,
leading to an increase in the ATP/ADP ratio, which, in turn, stimulates opening of the plasma
membrane ATP-dependent potassium (K-ATP) channel and membrane depolarization (144).
This depolarization is followed by a wave of Ca2+ influx into the cell that triggers translocation of
secretory granules and their insulin cargo to the plasma membrane and insulin exocytosis.
Although the exact mechanism remains to be defined, there are reports that WFS1 is involved in
Ca2+ homeostasis in that Xenopus oocytes over-expressing WFS1 displayed increased Ca2+ channel
activity (101). We have recently described profound Ca2+ dysregulation in MEFs derived from
Miner1 gene knockout mice, which was correlated with general oxidative stress in the cells and
specific oxidative modifications of ER Ca2+ channels (28). The Miner1 deleted MEFs also
displayed changes in mitochondrial bioenergetics and ATP/ADP ratios, that were attributed to a
secondary effect of the ER Ca2+ dysregulation and UPR. Here, we report that Miner1 also plays a
role in maintaining ATP levels in a diabetes revelvant model, the INS1 832/13 pancreatic ! cell
line, as cells lacking Miner1 protein had a significant reduction in relative ATP concentrations.
Miner1 KD INS1 cells cultured in low glucose media had an increase in AMPK phosphorylation,
further suggesting an energetic deficit in these cells.
A reduction in ER Ca2+ leads to an accumulation of unfolded proteins in the ER, as many
ER chaperone proteins are Ca2+ dependent. This induces dissociation of the chaperone Bip from
the three major UPR sentinel proteins (PERK, IRE1, and ATF6) positioned at the ER membrane
and propagtion of UPR signals to generally inhibit protein translation, specifically upregulate
transcription and translation of UPR target genes involved in protein folding, degradation of
misfolded proteins, and induction of apoptosis. WFS1 is reported to negatively regulate ER stress
signaling by recruiting ATF6 to the E3 ubiquitin ligase HRD1, enhancing the ubiquitinmediated proteasomal degradation of ATF6. WFS1 deficient mice and patients with WFS1
mutations display downregulation of HRD1 and upregulation of ATF6 and ER stress signaling.
MEFs lacking Miner1 also develop profound signs of ER stress, including upregulation of Bip
and CHOP mRNA and protein, leading to the speculation that ER stress is a common and early
event in the etiology of the diabetes associated with Wolfram Syndrome.
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In stark contrast to these studies, we do not detect any signs of UPR in INS1 832/13 cells
after reduction of Miner1 by siRNA treatment. This was the case when multiple UPR signaling
arms were interrogated, including PERK phosphorylation, XBP-1 splicing, and levels of Bip and
CHOP mRNA. A possible explanation for the discrepant results could be intrinsic differences in
susceptibility to UPR in the various cell types used in this study versus the others, perhaps INS1
832/13 cells are more resistant to the induction of the UPR. It is also possible that the UPR
effects are not manifested over the time course of these experiments but require an extended
chronic reduction of Miner1 to be visible.
The hallmark of the pancreatic ! cell function is its ability to secrete insulin in response to
glucose stimulation. This process is sensitive to many factors, such as general energetic status of
the cell and proper ER protein folding capactiy. While Miner1 KD INS1 832/13 cells did not
demonstrate signs of ER stress, there was a decrease in the relative concentration of ATP. INS1
832/13 cells with Miner1 depleted also had reduced GSIS compared to control cells, revealing a
role for Miner1 in proper pancreatic ! cell function.
Collectively, these results imply that one of the initial events following loss of Miner1
function is an energetic deficit, not ER stress, as previously postulated. The energetic deficit in
the Miner1 KD INS1 832/13 cells was not sufficient to result in a basal increase in AMPK or
ACC phosphorylation. However, GSIS, a proces closely linked to the energetic status of the cell,
was decreased in the absence of Miner1. Thus, Miner1 appears to be a new therapeutic target for
diabetes. Strategies aimed at maintaining or increasing Miner1 expression potentially could help
preserve pancreatic ! cell function.
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Abstract
Mutations in either WFS1 or CISD2/Miner1 cause Wolfram Syndrome, resulting in
diabetes mellitusin early childhood. Polymorphisms of WFS1 have also been associated with
susceptibility to type 2 diabetes, a condition frequently accompanied by dyslipidemia and
steatosis. Furthermore, ER stress has been linked to steatosis. Both WFS1 and Miner1 KO cells
display profound ER stress, suggesting a potential for dyslipidemia. Thus, we investigated the
role of Miner1 in regulating lipid homeostasis. Mouse embryonic fibroblasts from Miner1
knockout mice displayed an increase in lipid droplet formation, altered gene expression of
enzymes involved in de novo fatty acid synthesis, and a relative decrease in mitochondrial !oxidation, suggesting that reduced levels of Miner1 protein could also potentiate steatosis.

Introduction
Recently, there has been an increasing appreciation for the critical roles of mitochondrial
and ER function in maintaining cellular and organismal health (15, 145, 146).

Indeed,

mitochondrial and ER dysfunction have been implicated in a variety of pathologies, including
metabolic syndrome, non-alcoholic fatty liver disease (NAFLD), diabetes, Alzheimers Disease,
cancer, and Wolfram Syndrome (16, 18, 19, 28, 147).
Wolfram Syndrome is a neuroendocrine disorder with a variety of symptoms presenting
in childhood, including diabetes mellitus, diabetes insipidus, blindness due to optic atrophy, and
sensorial deafness (96, 97). Mutations in either the WFS1 or WFS2/CISD2 genes lead to
Wolfram Syndrome.

These genes encode the wolframin and Miner1/CISD2 proteins,

respectively (31, 98). Wolframin (WFS1) is a 100 kDa multipass ER membrane protein with
roles in regulating the unfolded protein response (UPR) and Ca2+ homeostasis; whereas, Miner1 is
a single pass 15 kDa ER membrane protein of the CISD (CDGSH Iron Sulfur Domain) family
with its redox-active Fe-S cluster binding domain oriented toward the cytoplasm (28). Miner1 is
present throughout the ER, including specialized contact sites between the mitochondria and ER
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called MAMs (mitochondria associated membranes), which are enriched in proteins involved in
Ca2+ and lipid homeostasis (28).
There are over 30 mutations in WFS1 reported to lead to the development of Wolfram
Syndrome (148). In addition, SNPs in WFS1 have been correlated with an increased incidence
of Type 2 Diabetes (T2D), which is generally associated with mitochondrial dysfunction, insulin
resistance, and hepatic steatosis (99, 149).

There have also been reports of alterations in

mitochondrial ultrastructure and function in T2D patients (150). In addition, lipotoxicity and
steatosis are associated with increased lipid droplet formation, a decreased ability to oxidize free
fatty acids, ER stress, and oxidative stress (146, 147).
Loss of Miner1 in mice recapitulates many of the features of Wolfram Syndrome,
including blindness, insulin resistance and a shortened lifespan (30). On a cellular level, lack of
Miner1 in mouse embryonic fibroblasts (MEFs) results in oxidative stress and Ca2+ dysregulation
that impinges upon both the ER and mitochondria, leading to ultrastructural and functional
changes in both organelles (28). Treatment of MEFs with the antioxidant N-acetyl cysteine
reverses much of the ER and mitochondrial dysfunction, suggesting that oxidative stress is at the
root of this disease (28). Possible roles of Miner1 in T2D and NAFLD/hepatic steatosis are
currently unknown.
Here we explore the potential involvement of Miner1 in lipid homeostasis by
investigating Miner1 wildtype (WT) and knockout (KO) MEFs for alterations at the
transcriptional and cellular levels.

Materials and methods
Cell culture and lipid staining
Wildtype (WT) and Miner1 knockout (KO) mouse embryonic fibroblasts (MEFs) were
cultured as described in Chapter 6 (28). Oil Red O was used to stain cellular triglycerides in cell
monolayers following established protocols (151).

Images were captured with an Olympus

inverted microscope fitted with an Olympus DP12 color camera and 20x objective.

To

fluorescently label neutral lipids and phospholipids, MEFs were grown on glass coverslips and
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stained with LipidTox Red and LipidTox Green following manufacturer’s instructions (Life
Technologies). Positive control cells were treated for 48 h with 30µM of either cyclosporine A or
propranolol to induce accumulation of neutral lipids or phospholipids, respectively, following the
LipidTox instructions. Images were captured with a Leica DMR microscope with a Hamamatsu
black and white camera with identical camera settings for WT and KO cells. Images were
managed with Openlab imaging software.
SDS-PAGE and Western blotting
Cells were lysed in PLC lysis buffer (Chapter 2) containing protease inhibitors. Lysates
were cleared of insoluble material and equal amounts of protein were separated on 4-12%
NuPAGE gels with MES buffer (Life Technologies), transferred to PVDF and analyzed by
Western blotting. The following antibodies were used for blotting: pSer79-ACC, ACC, pS2448mTOR, mTOR, pS473-AKT, and AKT (Cell Signaling); Miner1/mitoNEET (Chapter 6);
GAPDH (Sigma Aldrich).

HRP-conjugated secondary antibodies (Amersham) and

chemiluminescence was used to visualize proteins.
qRT-PCR analysis and statistics
mRNA was prepared from cell monolayers using the RNeasy miniprep kit with oncolumn DNAse digestion (Qiagen). cDNA synthesis was performed using 1 µg RNA and the
iScript cDNA Synthesis kit (Bio-Rad), and qRT-PCR was performed using Syber Green PCR
Master Mix (ABI) and GAPDH as the endogenous control on an ABI 7500 machine with
primers designed and synthesized by Integrated DNA Technologies (IDT), including: GAPDH,
NRF1, TFAM, PGC1", PGC1!, ACC1, FAS, ELOVL6, SCD1, DGAT1, DGAT2, LPK,
PEPCK, LPL, ACC2, CPT1A , CPT1B, HADHA, LCAD, HSL. Data was analyzed using the
!!CT method. Students t-tests were performed on the data using Prism GraphPad Software (La
Jolla, CA). Data are expressed as mean ± STD.
Mitochondrial isolation and respiration analysis
Mitochondria were isolated from WT and Miner1 KO MEFs using nitrogen cavitation
and differential centrifugation as described in Chapter 6 (28). Mitochondrial respiration was
determined by monitoring oxygen consumption rates of purified mitochondria in a Seahorse XF-
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24 Extracellular Flux Analyzer XF24 as described previously for isolated mitochondria in Chapter
6 (112). Glutamate (10 mM, with 10 mM malate), succinate (10 mM, with 2 µM rotenone),
and palmitoylcarnitine (40 µM, with 0.5 mM malate) were offered as oxidizeable substrates. Data
are expressed as mean ± SE.

Results and discussion
Loss of Miner1 results in reduced PGC1! expression
We previously demonstrated that mouse embryonic fibroblasts (MEFs) from Miner1 KO
mice have elevated oxygen consumption rates (OCR), increased cristae density, and enhanced
levels of several electron transport chain (ETC) proteins (28). There are several transcription
factors that are well-established mediators of mitochondrial biogenesis and expression of genes
related to energy expenditure. For example, the transcriptional regulation of many mitochondrial
proteins is mediated by peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC1") (152, 153). To determine if PGC1" signaling was altered in the absence of Miner1, we
used qRT-PCR to monitor the levels of PGC1" in WT and Miner1 KO MEFs. Surprisingly,
we observed a 90% reduction in PGC1" mRNA in cells lacking Miner1, as well as a substantial
reduction in PGC1!, suggesting an alternative mechanism for the up-regulation of ETC protein
transcription in these cells (Fig. 8.1A). In addition, we interrogated the expression of other genes
known to impact mitochondrial biogenesis, such as TFAM (transcription factor A,
mitochondrial) and Nrf1 (nuclear respiratory factor1) (154). Unlike PGC1", lack of Miner1 did
not change the expression of these transcription factors (Fig 8.1B), suggesting that there is not a
global change in transcription factors but a specific alteration in PGC1" and ! expression.
Miner1 KO MEFs display dyslipidemia
The decrease in PGC1" mRNA was intriguing due to reports that PGC1" levels decrease
with aging, which is consistent with the accelerated aging and decreased lifespan observed in
Miner1 KO mice (30, 155). PGC1" is usually positively associated with mitochondrial oxidative
phosphorylation rates (156); however, it also plays a key role in regulating lipid biosynthesis and
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F i g u r e 8 . 1 . Expression of transcription factors regulating mitochondrial proteins. Miner1 WT and KO
MEFs were analyzed by qRT-PCR for PGC1" and !, TFAM, and NRF1 mRNA expression.

fatty acid oxidation (157). PGC1" KO mice display decreased !-oxidation and increased hepatic
steatosis (158).. Insulin resistance and tye 2 diabetes are also associated with a decreased ability to
oxidize free fatty acids (159, 160).
Because mice with the Cisd2 (Miner1) gene deleted develop insulin resistance and
hyperlipidemia/hypertriglyceridemia is a hallmark of insulin resistance and T2D, we wanted to
examine the potential roles of Miner1 in lipid metabolism and lipotoxicity. To approach this,
MEFs from WT and Miner1 KO mice were analyzed at the whole cell, protein, and gene
expression levels. Initially, WT and Miner1 KO MEFs were grown in a monolayer on coverslips,
stained with the lipophilic stain Oil Red O, and imaged by bright field microscopy. Interestingly,
Miner1 KO MEFs displayed a dramatic increase in Oil Red O staining relative to WT cells (Fig.
8.2A), indicating an increase in intracellular triglycerides in the KO cells that appeared as
punctate lipid droplets. To probe this further, cells were incubated with LipidTox Green and
LipidTox Red, fluorescent probes that stain neutral and phospholipids, respectively.

The

LipidTox Green staining revealed a dramatic increase in neutral lipids in the Miner1 KO MEFs
relative to controls; whereas there was only a modest increase in the LipidTox Red staining of
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F i g u r e 8 . 2 . Lack of Miner1 leads to increased lipid droplets. Oil Red O staining of WT and Miner1 KO
MEF cells. B. LipidTox Green staining of WT and Miner1 KO MEFs. Positive control cells were treated
with cyclosporine A to induce accumulation of neutral lipids. C. LipidTox Red staining of WT and
Miner1 KO MEFs. Positive control cells were treated with propranolol to induce accumulation of
phospholipids.

phospholipids (Fig. 8.2 B,C). Together, these data reflect a general increase in lipid droplets in
Miner1 KO MEFs.
As previously mentioned, Miner1 KO MEFs display both ER stress and Ca2+
dysregulation (28). Both of these conditions have been linked to enhanced lipogenesis (146)..
Thus, either of these mechanisms could potentially contribute to the observed increase in lipid
droplets in the Miner1 KO MEFs.
Changes in phosphorylation of proteins involved in triglyceride synthesis and energy sensing
Acetyl Co-A carboxylase (ACC), an enzyme present at the ER and mitochondria, is
responsible for the rate-limiting step in triglyceride synthesis in the cell. This enzyme is inhibited
by phosphorylation (161).

To determine if the increased lipid droplet accumulation in the

Miner1 KO MEFs was potentially due to an increase in triglyceride synthesis, cell lysates from
WT and KO MEFs were analyzed by Western blotting using antibodies that specifically recognize
phosphorylated Ser 79 of ACC. There was a significant decrease in ACC phosphorylation in the
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KO cells (Fig 8.3A).

This relief of phosphorylation-mediated inhibition should result in

increased triglyceride synthesis and supports the observed hypertriglycerideimic phenotype in the
KO cells.
We noted other features of the Miner1 KO MEFs that bear resemblance to signaling
changes observed in various cell and animal models of diabetes, particularly in redox-sensitive
nutrient-sensing pathways involving the mTOR and AKT proteins.

The master sensor of

nutrient availability in the cell is the mTOR kinase, which exists in the distinct TORC1 and
TORC2 supercomplexes (162). mTOR receives inputs from a multitude of nutrient-sensing
pathways and coordinates these signals with cell growth, making it one of the master regulators of
metabolic status in the cell. Inhibition of mTOR/TORC1 with rapamycin leads to a decrease in
its phosphorylation and to the onset of diabetes in mice (163). Phosphorylation of mTOR at Ser
2448 is decreased in diabetic patients (40, 164). To determine if Miner1 impacts mTOR
signaling, the phosphorylation status of mTOR in WT and Miner1 MEFs was analyzed by SDSPAGE and Western blotting with phosphorylation-specific antibodies.

Miner1 KO MEFs

displayed a decrease in mTOR phosphorylation of Ser 2448 (Fig 8.3B). Inhibition of TORC1
signaling can lead to increased phosphorylation of AKT, another redox-sensitive enzyme
implicated in diabetes. Miner1 WT and KO MEFs were analyzed for AKT phosphorylation
status by SDS-PAGE and Western blotting with a phosphorylation-specific antibody recognizing
Ser 473. Not only was the phospho-signal higher in Miner1 KO cells, the total level of AKT was
somewhat increased in the KO cells (Fig 8.3C). Collectively, the changes in the phosphorylation
status of proteins, such as ACC, mTOR, and AKT, that represent key nodes in pathways
controlling energy sensing and utilization are altered in Miner1 KO MEFs in a manner that
mimics a diabetic phenotype.
Miner1 MEFs have changes in expression of de novo fatty acid synthesis genes
To examine the role of Miner1 in the regulation of genes controlling fatty acid synthesis
and fatty acid oxidation, mRNA and cDNA were prepared from WT and Miner1 KO MEFs and
qRT-PCR analysis was performed. In the Miner1 KO cells, there was a reduction in the mRNA
for ACC1 and fatty acid synthase (FAS), two enzymes involved in de novo fatty acid synthesis
(Fig 8.4A). In addition, Miner1 KO MEFs displayed a substantial decrease in the mRNA of
ELOVL6 (elongation of very long chain fatty acids 6), an enzyme primarily localized to the ER
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F i g u r e 8 . 3 . Miner1 KO MEFs have changes in phosphorylation status of proteins involved in energy sensing.
SDS-PAGE and Western blot analysis of whole cell lysates from WT and Miner1 KO MEFs. Blots were
probed with the indicated antibodies.

that is responsible for elongation of fatty acids, as well as SCD1 (stearoyl-CoA desaturase 1), an
Fe-containing enzyme that catalyzes the rate limiting step in the synthesis of unsaturated fatty
acids (Fig 8.4A).
In contrast, there was no significant change in the expression of DGAT1 (diglyceride acyl
transferase), DGAT2, LPK (liver pyruvate kinase), or PEPCK (phosphoenolpyruvate
carboxykinase), genes involved in de novo triglyceride synthesis (Fig 8.4B). However, there was a
dramatic increase in the expression of LPL (lipoprotein lipase) (Fig 8.4C).

LPL removes

triglycerides from lipoproteins outside the cell and mediates triglyceride transport into the cell.
Expression of genes involved in fatty acid oxidation was also evaluated by qRT-PCR (Fig
8.4D). Both ACC2 and CPT1A (carnitine palmitoyltransferase I), which are important for
activation of fatty acids and subsequent transport into the mitochondria for !-oxidation, were
decreased in the Miner1KO MEFs, whereas CPT1B, HADHA (mitochondrial trifunctional
protein), LCAD (long chain specific acyl-CoA dehydrogenase), and HSL (hormone sensitive
lipase) were unchanged relative to WT MEFs.

Together, these data suggest that Miner1

expression is required for the proper expression of genes for import of triglycerides into the cell,
de novo fatty acid synthesis and elongation, and transport of fatty acids into the mitochondria.
The decrease in expression of fatty acid synthesis genes could very well represent a compensatory
change to mitigate the increased lipid droplet formation that is presumably due to citrate efflux
from the mitochondria.
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F i g u r e 8 . 4 . Expression of genes involved in fatty acid and triglyceride synthesis and fatty acid oxidation. A.
qRT-PCR analysis of de novo fatty acid synthesis gene expression. B. qRT-PCR analysis of de novo
triglyceride synthesis gene expresison. C. qRT-PCR analysis of LPL. D. qRT-PCR analysis of fatty acid
oxidation gene expression(n=3-8 experiments, *p<0.05, **p<0.005, ***p<0.0001).

Metabolic inflexibility in Miner1 KO MEFs
In addition to the higher whole cell oxygen consumption rates in Miner1 KO MEFs
relative to WT cells, an increase in oxygen consumption rates was also observed in mitochondria
that were isolated from Miner1 KO cells and offered glutamate/malate as oxidizable substrates,
which feed into Complex I of the electron transport chain (28). For cells and organisms to
maintain metabolic flexibility, they must be able to efficiently switch between utilizing glycolytic
substrates and fatty acid oxidation, depending upon fuel availability. Lack of metabolic flexibility
is associated with metabolic syndrome and T2D (159). To interrogate the ability of Miner1 KO
MEFs to efficiently utilize fatty acids as oxidizable substrates, mitochondria were isolated from
WT and Miner1 KO cells, and oxygen consumption rates were analyzed using the Seahorse
Extracellular Flux Analyzer.

The relative rates with different oxidizable substrates in the

mitochondria from WT cells was as anticipated (Fig 8.5); however, this was not the case in the
Miner1 KO mitochondria. Although the Miner1 KO MEF mitochondria have overall higher
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Fi g u r e 8 .5 . Alterations in mitochondrial substrate utilization in Miner1 KO MEFs. Mitochondria were
isolated from WT and Miner1 KO cells and maximal FCCP-stimulated oxygen consumption rates
(OCR) were measured using a Seahorse Extracellular Flux Analyzer with either glutamate/malate,
palmitoylcarnitine/malate, or succinate/rotenone as substrates. (n=4, asterisks indicate p<0.0001 for
substrates within each cell type.)

rates of oxygen consumption when utilizing glutamate and succinate compared to WT
mitochondria, the rates with palmitoylcarnitine were similar to WT. Moreover, the Miner1 KO
mitochondria were somewhat impaired in their relative ability to utilize fatty acids as oxidizable
substrates. Specifically, the oxygen consumption rates in Miner1 KO mitochondria were lower
when palmitoylcarnitine was offered as a substrate compared to the rate with glutamate. This can
be interpreted as suggesting a state of metabolic inflexibility in the Miner1 KO cells.
Furthermore, a reduced relative ability to oxidize fatty acids might be associated with increased
deposition as triacylglycerol.

Conclusion
Deletion of Miner1 results in a complex phenotype in humans, mice, and MEF cells.
Miner1 appears to function at an important node in maintaining proper ER to mitochondria
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communication in MEFS, regulating crucial parameters such as Ca2+ homeostasis, redox balance,
reactive oxygen species production, and the structural integrity of the ER and mitochondria (28).
Proper ER-mitochondria communication is also implicated in the regulation of lipid
homeostasis (145). Key enzymes in lipid synthesis and metabolism localize to the MAMs, as does
Miner1 (115, 116). T2DM and the associated non-alcoholic fatty liver disease (NAFLD) are
conditions resulting from dysregulation of nutrient sensing, utilization, and storage on many
levels (147). Hyperlipidemia/hypertriglyceridemia, hallmarks of T2DM and NAFLD, are widely
assumed not to be cell autonomous, resulting from increased fatty acid synthesis in the liver,
elevated serum triglycerides, and inflammation (165, 166). Here, we demonstrate that MEFs
lacking Miner1 have steatosis and dysregulated lipid homeostasis, with an increase in lipid
droplets, changes in gene expression of lipid synthesis enzymes, and a relative decrease in
mitochondrial !-oxidation.

The nature of this dysregulation is reminiscent of the changes

observed in NAFLD and T2D. These results suggest that reduced Miner1 levels in humans
might lead to a cell autonomous steatosis and an increased susceptibility to diseases such as
NAFLD, metabolic syndrome, and T2D.
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Abstract
The CDGSH family of redox proteins impact key parameters such as redox status, Ca2+
regulation, and overall metabolic state of an organism. Most reports thus far have focused on
mitoNEET and Miner1, each of which possesses a single CDGSH domain. Little is known
about Miner2 (CISD3), the third member of the CDGSH family in vertebrates. Here, we report
that Miner2, which contains tandem CDGSH domains, is a peripheral membrane protein
localized to the matrix face of the inner mitochondrial membrane in a redox-sensitive manner.

Introduction
The CISD (CDGSH Iron Sulfur Domain) family of redox-active 2Fe2S proteins is
named for a conserved Cys-Asp-Gly-Ser-His amino acid motif present in the uniquely folded
CDGSH domain (25-27). It is an ancient family of proteins, present in phylogenetically diverse
organisms, such as archaea, bacteria, plants, and higher metazoans. In vertebrates, there are three
CDGSH family members, mitoNEET, Miner1 (mitoNEET related-1), and Miner2 (mitoNEET
related-2), which are encoded by the genes CISD1, CISD2, and CISD3, respectively (25).
MitoNEET is a 15 kDa protein that is directed to the outer mitochondrial membrane
(OMM) by an N-terminal mitochondrial targeting sequence followed by a transmembrane
domain (TM) and a signal anchor sequence that orients the protein such that the single CDGSH
domain faces the cytoplasm (25). The protein exists as a dimer with each protomer binding a
single 2Fe2S cluster (27). MitoNEET has been implicated in regulating adipose formation and
general metabolic status at the cellular and organismal level (25, 32). Transgenic mice overexpressing mitoNEET in adipose tissues exhibit dramatically enhanced adipose tissue expansion
and weight gain, but surprisingly do not develop insulin resistance.
Miner1 is also a membrane-anchored protein with a single CDGSH domain oriented
towards the cytosol. It is similar in size, sequence, and structure to mitoNEET (28, 104). In
contrast to mitoNEET, Miner1 localizes to the endoplasmic reticulum, including the MAMs
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(mitochondrial associated membranes) (28). MAMs are specialized areas of contact between the
ER and mitochondria that are enriched with proteins involved in Ca2+ homeostasis and lipid
biosynthesis (115, 116). In mouse embryonic fibroblasts, deletion of the Miner1/CISD2 gene
results in oxidative and ER stress, Ca2+ dysregulation, and alterations in mitochondrial structure
(28).

In humans, Miner1 mutations lead to Wolfram Syndrome, a metabolic disease

characterized by a range of neuroendocrine pathologies, including diabetes insipidus, diabetes
mellitus, blindness, and deafness (31, 97).
We previously reported the mitochondrial localization of Miner2 by immunofluorescence
staining of epitope-tagged over-expressed protein (25). However, besides that report, this elusive
member of the CDGSH family of metabolic regulatory proteins has remained virtually
uncharacterized.

Here we examine the mitochondrial localization and topology of Miner2

(CISD3).

Materials and methods
Cloning, cell culture, transfection, and antibody production
The open reading frames of human Miner2, mitoNEET, or Miner1 were cloned into
pcDNA3.1 with a C-terminal V5-His tag. In addition, Miner2 with a C-terminal FLAG epitope
tag was cloned into the pQXCIP retroviral vector to allow stable overexpression of Miner2 with a
CMV promoter and puromycin antibiotic selection.

Cells were cultured in DMEM

supplemented with 10% FBS, penicillin/streptomycin, glutamine, and pyruvate in a 37° C
incubator with 5% CO2 as described in Chapter 2. HEK293T cells and U2OS cells were
transfected with pcDNA plasmids encoding mitoNEET, Miner1, or Miner2 using Fugene6
(Promega). Retroviruses were packaged in HEK293T cells after transfection with Fugene and a
packaging plasmid. Virus-containing media was harvested 48 and 72 hrs after transfection,
combined with 5µg/ml polybrene, and added to target cells (HepG2, C2C12, A549, and MDAMB-231). Puromycin (5µg/ml) was added 24 hrs after transduction; viable cells were used for
experiments 48 hrs after puromycin addition. Anti-Miner2 polyclonal antibody was custom made
by Alpha Diagnostics International (TX, USA); rabbits were injected with a peptide

135

Chapter Nine
corresponding to a stretch of amino acids from human Miner2 (with low homology to
mitoNEET and Miner1) and purified using Miner2 peptide affinity chromatography.
Purification and treatment of mitochondria and sub-mitochondrial fractions
Rat livers were harvested and mitochondria isolated by differential centrifugation followed
by histogenz gradient purification as previously described (25). Highly purified mitochondria
were subfractioned into outer mitochondrial membrane (OMM), intermembrane space (IMM),
inner mitochondrial membrane (IMM), matrix soluble (Sol), and sub-mitochondrial particles
(SMP), as previously described (25). Proteolysis of mitochondria was performed using trypsin
with or without the addition of 1% TX-100 as described (25). To remove loosely attached
peripheral membrane proteins, mitochondria were incubated with 200 mM KCl, rinsed with
sucrose buffer, and the proteins remaining associated with the mitochondria were analyzed by
Western blotting, as described (25). Tightly associated peripheral membrane proteins were
removed by incubating the mitochondria with 100 mM Na2CO3, pH 11 (25).
Western blotting and Blue Native Gel analysis
For the analysis of mitochondrial fractions, equal amounts of protein were separated on
NUPAGE gels (Invitrogen), transferred to PVDF, and analyzed by Western blotting. For analysis
of proteolysis, high salt and high pH samples, equal volumes of samples were loaded onto gels.
The antibodies used for blotting were: myc tag (Sigma), V5 tag (Invitrogen), HSP70 (Sigma),
NDUFB6 (MitoSciences), mitoNEET, cytochrome c (BD Pharmingen), and Miner2.
Mitochondria were solubilized with dodecyl maltoside and the protein complexes analyzed by
blue native gel (BNG) electrophoresis, followed by Western blotting, using the Native PAGE
system (Invitrogen).
Bioinformatic analysis and qRT-PCR
Large-scale co-expression analysis of Miner2 was performed in collaboration with the
laboratory of Dr. Vamsi Mootha. The expression screening method was employed to rank the
other cellular proteins that have the highest level of coordinate expression with Miner2 across
microarray datasets in the public domain (167)..

The level of Miner2 gene expression was

examined in multiple cells lines, as well as in C2C12, HepG2 and U2OS cells in response to
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either hypoxia (1% O2) for 48 hr or treatment with DFO () for 24 hr. Following treatment, cells
were lysed and RNA prepared using the NucleoSpin RNA II Kit (Machery-Nagel) with oncolumn DNAse digestion. cDNA was prepared from 1 µg of RNA using the iScript cDNA
Synthesis Kit (Bio-Rad). qRT-PCR was performed using an ABI 7500 machine and SYBR
Green (Takara); data were analyzed for relative expression using the !!CT method with
GAPDH for endogenous control. The primers used were designed and synthesized by Integrated
DNA Technologies, USA.

Results
Miner2 shares an expression profile with conserved ETC proteins but lacks a predicted TM domain
We began this study by analyzing Miner2 with a suite of protein analysis programs.
BLAST analysis of human Miner2 reveals two tandem CDGSH domains in Miner2; however,
the domains appear to be slightly smaller than the CDGHS domain of mitoNEET (31 and 34
amino acids for Miner2 versus 38 amino acids for mitoNEET). The first CDGSH domain of
Miner2 lacks approximately 7 amino acids in the C-terminal portion of the domain that is part of
a helical region in the CDGSH domain in the x-ray crystal structures of mitoNEET (Fig. 9.1 A,
B). The second CDGSH domain of Miner2 is also predicted to be shorter in the same region.
The close proximity of the two CDGSH domains in Miner2 suggests that perhaps they fold
together to make an intramolecular dimer instead of folding with another protomer, as occurs in
mitoNEET and Miner1, which would create a dimer with 4 2Fe2S clusters per molecule. This
prediction is supported by x-ray crystal structures of bacterial Miner2-like proteins with tandem
CDGSH domains (Fig. 9.1C) (168).
The MitoProt mitochondrial prediction program assigned a 48% probability of human
Miner2 localizing to the mitochondria (169). This is not a very high score, making the results of
our initial Immunofluorescence studies surprising. That study showed a punctate pattern for
Miner2 over-expressed in COS cells that colocalized with MitoTracker Red (25).

Our

observations are supported by the detection of Miner2 (a.k.a. Mel-13) in the MitoCarta database
of mitochondrial proteins (170). In collaboration with The Mootha Laboratory (Harvard), we
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F i g u r e 9 . 1 . Comparison of Miner2 sequence and structure of other CDGSH proteins. (A) Amino acid
sequence of human Miner2 with a schematic of the domain structure. Mitochondrial targeting sequence
(MTS) is in italics; CDGSH domains are in bold. (B) MacPymol rendering of human mitoNEET
dimeric protein structure with amino acid stretches missing in Miner2 accented in black. (C) MacPymol
rendering of Miner2-like CDGSH protein with tandem CDGSH domains from the bacterium
Magnetospirillum magneticum (PDB: 3TBN). Presumably Miner2 would adopt a similar fold.

performed large-scale co-expression analysis of the gene expression patterns of Miner2 relative to
other genes present on microarray datasets I the public domain (167). The expression analysis
computational tool is based on the premise that functionally related genes are likely to be display
consistent co-expression. This analysis revealed that Miner2 expression is most similar to an
evolutionarily conserved suite of mitochondrial proteins involved in oxidative phosphorylation,
many of which localize to the inner mitochondrial membrane (IMM) (Table 9.1). According to
the Octopus membrane topology prediction program, there is no predicted TM domain in the
Miner2 protein. This suggests that, unlike mitoNEET and Miner1, Miner2 is likely to be a
soluble protein.
Miner2 localizes to the IMM
To explore this possibility, we examined the submitochondrial localization of exogenously
expressed and endogenous Miner2 protein.

Miner2 cDNA was cloned into a mammalian

expression vector behind a tetracylin-inducible promoter. This was transfected into HEK293TR
cells (Invitrogen) that express a tet repressor protein. Upon induction with doxycycline (dox),
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T a b l e 9 . 1 . Large-scale co-expression analysis of Miner2 (CISD3). Listed are genes that showed coexpression profiles with Miner2 in microarray experiments in the public domain. !
Score
41
35
34
33
33
32
31
31
30
30
30
30
28
28
28
28
28
28
28
28
27
26
26
26
26
26
25
25
25
25
25
25
25
25
25
24
24
24
24
24
24
24
24
24
24
24
23
23
23
23

Symbol
ATP5D
NDUFA13
C17orf37
DCXR
MRPL12
UQCRQ
PHB
APRT
P117
AURKAIP1
CCDC56
NDUFB2
MRPS34
MRPL41
MRPS12
NDUFS8
NDUFS6
NDUFV1
NDUFB7
NDUFA3
HCFC1R1
NDUFS7
MRPL34
CISD1
NDUFB9
CYC1
MRPL54
GADD45GIP1
HINT2
C16orf14
TMEM120A
MRPS7
POLDIP2
TXN2
TMEM147
CHCHD10
C6orf125
ZNF593
PHPT1
TIMM13
SNF8
PSMB10
NDUFB10
BLOC1S1
COX7A2
COX6B1
NDUFA11
C16orf13
XTP3TPA
CUEDC2

Description
ATP synthase, H+ transporting, mitochondrial F1 complex, delta subunit
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 13
chromosome 17 open reading frame 37
dicarbonyl/L-xylulose reductase
mitochondrial ribosomal protein L12
ubiquinol-cytochrome c reductase, complex III subunit VII, 9.5kDa
prohibitin
adenine phosphoribosyltransferase
hypothetical protein P117
aurora kinase A interacting protein 1
coiled-coil domain containing 56
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2, 8kDa
mitochondrial ribosomal protein S34
mitochondrial ribosomal protein L41
mitochondrial ribosomal protein S12
NADH dehydrogenase (ubiquinone) Fe-S protein 8, 23kDa (NADH-coenzyme Q reductase)
NADH dehydrogenase (ubiquinone) Fe-S protein 6, 13kDa (NADH-coenzyme Q reductase)
NADH dehydrogenase (ubiquinone) flavoprotein 1, 51kDa
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 7, 18kDa
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3, 9kDa
host cell factor C1 regulator 1 (XPO1 dependent)
NADH dehydrogenase (ubiquinone) Fe-S protein 7, 20kDa (NADH-coenzyme Q reductase)
mitochondrial ribosomal protein L34
CDGSH iron sulfur domain 1
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 9, 22kDa
cytochrome c-1
mitochondrial ribosomal protein L54
growth arrest and DNA-damage-inducible, gamma interacting protein 1
histidine triad nucleotide binding protein 2
chromosome 16 open reading frame 14
transmembrane protein 120A
mitochondrial ribosomal protein S7
polymerase (DNA-directed), delta interacting protein 2
thioredoxin 2
transmembrane protein 147
coiled-coil-helix-coiled-coil-helix domain containing 10
chromosome 6 open reading frame 125
zinc finger protein 593
phosphohistidine phosphatase 1
translocase of inner mitochondrial membrane 13 homolog (yeast)
SNF8, ESCRT-II complex subunit, homolog (S. cerevisiae)
proteasome (prosome, macropain) subunit, beta type, 10
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 10, 22kDa
biogenesis of lysosome-related organelles complex-1, subunit 1
cytochrome c oxidase subunit VIIa polypeptide 2 (liver)
cytochrome c oxidase subunit Vib polypeptide 1 (ubiquitous)
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 11, 14.7kDa
chromosome 16 open reading frame 13
XTP3-transactivated protein A
CUE domain containing 2

139

Chapter Nine
Miner2 was expressed with a C-terminal myc-His tag (Fig. 9.2A). Mitochondria were isolated
from stably expressing Miner2-myc-His/293TR cell lines.

Submitochondrial fractionation

revealed that Miner2-myc was localized to the intact mitochondria and submitochondrial
particles (SMPs), which are comprised of inverted inner and outer mitochondrial membranes
lacking soluble proteins (Fig. 9.2A). The presence of Miner2 in the membrane fractions was
surprising, given the lack of a predicted TM sequence.
Exogenously expressed proteins tend to localize in the cell with high fidelity; however,
epitope tags may artificially influence protein interactions and thus localization. Therefore, it was
important to examine the localization of endogenous Miner2. This was initially limited by the
lack of availability of reagents to visualize Miner2. Thus, it was first necessary to generate an
antibody recognizing Miner2. We had a rabbit polyclonal antibody made against a peptide
corresponding to amino acids in human Miner2. This sequence was chosen due to the cross
species conservation and lack of homology with mitoNEET and Miner1. The anti-Miner2
antibody generated was specific for Miner2 and did not cross-react with other CDGSH family
proteins when mitoNEET, Miner1, and Miner2 with C-terminal V5 epitope tags were
transiently transfected into HEK293T cells and analyzed by Western blotting with the Miner2
antibody and a V5 antibody (Fig. 9.2B).
When mouse tissue lysates were analyzed by SDS-PAGE and immunoblotting, Miner2
was highly expressed in the heart and kidney (Fig. 9.2C). Therefore, rat kidney mitochondria
were used to determine the submitochondrial localization of endogenous Miner2. Rat kidney
mitochondria were highly purified and subfractionated as previously described (25). As in the
Miner2-myc-His/293TR cells, endogenous Miner2 localized to mitochondrial fractions
containing inner mitochondrial membranes (IMM), specifically the mitoplasts (MP,
mitochondria devoid of outer membrane and intermembrane space proteins) and SMPs. These
results indicate that Miner2 is either an integral or peripheral protein of the IMM (Fig. 9.2D).
Additionally, Blue Native gel analysis of digitonin-solubilized rat liver and kidney mitochondria
revealed a single band reacting with the Miner2 antibody (Fig. 9.2E). The Miner2 protein band
migrated at approximately the same mass as Complex V (which is approximately 700 kDa).
Thus, Miner2 likely exists as part of a larger protein complex at the IMM.
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F i g u r e 9 . 2 . Miner2 localizes to the inner mitochondrial membrane. (A) Miner2-myc-His/293TR cells
were dox-induced for 48 hr to allow for over-expression of Miner2-myc protein. Whole cell lysates were
analyzed by PAGE and immunoblotting with an anti-myc antibody (left panel). Dox-stimulated cells overexpressing Miner2-myc were also harvested and mitochondria (mito) were isolated and submitochondrial
particles (SMP) and soluble protein (Sol) fractions prepared. Post-nuclear supernatant (PNS) and postmitochondrial supernatant (PMS) were collected after the 1,500 x g and 10,000 x g centrifugations,
respectively. Equal amounts of protein were analyzed by PAGE and immunoblotting with an anti-myc
antibody (right panel). (B) Whole cell lysates of HEK293T transiently expressing either vector control
(vec), mitoNEET-V5, Miner1-V5, or Miner2-V5 were analyzed by PAGE and immunoblotting with
antibodies recognizing Miner2 or V5. (C) Mouse tissue lysates (30 µg each) were analyzed by PAGE and
immunoblotting with an anti-Miner2 antibody. 1-Brain, 2-Adipose, 3-Heart, 4-Kidney, 5-Liver, 6-Lung,
7-Pancreas, 8-Smooth muscle, 9-Spleen, 10-testis. (D) Rat kidney mitochondria were gradient purified
(mito) and subfractionated into: outer mitochondrial membrane (OMM), intermembrane space proteins
(IMS), mitoplasts (MP), submitochondrial particles (SMP), and matrix soluble proteins (Sol). An equal
amount of protein from each fraction was analyzed by PAGE and immunoblotting with the indicated
antibodies. (E) Blue Native Gel Electrophoresis was performed on purified rat kidney mitochondria. Gels
were transferred to nitrocellulose membranes and blotted for: (a) cocktail of mitochondrial OXPHOS
proteins, Complex V (CV), Complex IV (CIV), and Complex II (CII); (b) blot (a) was stripped and
reprobed for Complex I (CI); (c) separate lane/blot was probed for Miner2.

Miner2 associates with the matrix face of the IMM in a redox-sensitive manner
IMM associated proteins can either face the intermembrane space or the matrix. To
determine the topology of Miner2 relative to the IMM, mitoplasts and SMPs
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mitoplasts) were subjected to proteolysis with trypsin. Similar to the mitochondrial matrix
protein HSP70, Miner2 was degraded by trypsin only when the mitochondria were solubilized
with detergent; however, Miner2 was readily degraded by trypsin in the SMP samples without
added detergent. This places Miner2 at the matrix face of the IMM (Fig. 9.3A).
Next, we examined the nature of the association of Miner2 with the IMM. Peripheral
membrane proteins that are associated with the membrane through protein-protein interactions
can often be stripped from the membrane with high salt washes. Treatment of SMPs prepared
from rat kidney mitochondria with 200 mM KCl did not diminish the association of Miner2
with the IMM (Fig. 9.3B).

A more rigorous method to strip peripheral proteins from a

membrane is to wash with high pH solution (Na2CO3, pH 11.0). When SMPs were treated in
this manner, Miner2 was released from the IMM, demonstrating that Miner2 is a tightly bound
peripheral protein of the matrix face of the IMM (Fig. 9.3B).
When recombinantly expressed in bacteria, purified mitoNEET and Miner1 are red
proteins due to the presence of the 2Fe2S clusters. When Miner2 was similarly expressed and
purified, the protein was also dark red; however, it was extremely unstable and rapidly decayed
(data not shown). Others have shown that Miner2-like proteins from lower organisms have
similar spectral properties to human mitoNEET and Miner1 (168). Both mitoNEET and
Miner1 are redox active proteins; presumably human Miner2 is also redox active. It is localized
in a part of the cell whose function depends upon well-orchestrated redox reactions. Therefore,
we postulated that Miner2 might interact with the IMM in a redox-sensitive fashion. To address
this, SMPs were exposed to the reducing agent dithiothreitol (DTT) in a brief wash, followed by
a wash in a mannitol sucrose buffer and analysis of membrane associated proteins by Western
blot. Miner2 was effectively removed from its tight association with the IMM under these
conditions (Fig. 9.3B). This was unlikely to be due to unfolding of the Miner2 protein because
purified mitoNEET did not precipitate out of solution or change color when incubated overnight
in the same DTT buffer (data not shown). The redox sensitive nature of the association of
Miner2 with the IMM raises the possibility that Miner2 might have a redox partner localized to
the IMM that mediates the IMM association.
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F i g u r e 9 . 3 . Miner2 associates with the matrix face of the IMM in a redox-sensitive manner. (A)
Mitochondria (mito) and submitochondrial particles (SMPs) were prepared from Miner2-myc-His/293TR
cells that were dox treated as in Figure 9.2 A. Samples were subjected to trypsinolysis with or without
solubilization with 1% TX100. The sample in the lane marked with an asterisk (*) was swollen with
hypo-osmotic buffer to rupture the OMM before treatment with trypsin. Samples were analyzed by
PAGE and blotting with antibodies recognizing the myc epitope tag (Miner2) and HSP70 (a
mitochondrial matrix protein). (B) SMPs were prepared from rat kidney mitochondria and treated with
either high salt (200 mM KCl), high pH (Na2CO3, pH 11.0), or DTT (25 mM). Samples were washed
with buffer to remove dissociated proteins, resuspended in 100 µl of sample buffer, and 30 µl analyzed by
PAGE and immunoblotting with antibodies recognizing Miner2, cytochrome c (an IMS and peripheral
IMM protein), or PTPMT1 (an integral IMM protein).

Miner2 expression in cancer cell lines
There have been numerous reports illustrating the importance of mitochondria in the
progression of cancer (171, 172). The Warburg Effect was described almost one hundred years
ago. It provides a model for the metabolic changes observed in solid tumors leading to a more
glycolytic phenotype that are less reliant upon mitochondrial oxidative phosphorylation for ATP
production even in the presence of oxygen (173). More recently, mutations in the mitochondrial
enzymes succinate dehydrogenase, fumarate hydratase have been correlated with cancer
progression (174). Miner2 is localized in a prime position to potentially regulate the redox status
and activity of proteins involved in OXPHOS. To determine if the expression of Miner2 protein
is correlated with the formation or progression of cancer, we examined Miner2 mRNA levels in
many cancer cell lines by qRT-PCR. Miner2 mRNA was significantly elevated three uveal
melanoma cell lines (92.1, Mel270, and OMM1) relative to ARPE-19, a non-cancerous
spontaneous eye pigmented epithelial cell line (Fig. 9.4). In addition, we detected abundant
Miner2 mRNA in other cancer cell lines tested, as well as in HEK293T cells (SV40 large T
antigen transformed). We did not have a good source of non-cancerous cell lines as controls for
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F i g u r e 9 . 4 . Miner2 expression in cancer cell lines. Miner2 mRNA levels in cancer cell lines was examined
by qRT-PCR. Expression is expressed relative to ARPE-19, a non-cancerous spontaneous eye pigmented
epithelial cell line. Cell lines tested: 92.1, Mel270, and OMM1 (uveal melanoma cell lines), HEK293T
cells (SV40 large T antigen transformed), HepG2 (hepatocellular carcinoma), U2OS (osteosarcoma),
A549 (alveolar adenocarcinoma). (n=3) (*p<0.01 for eye cell lines relative to ARPE-19 cells)

the cancer cell lines for non eye tissues, so they are quantified relative to ARPE-19 levels. Each of
these cell lines [HepG2 (hepatocellular carcinoma), U2OS (osteosarcoma), A549 (alveolar
adenocarcinoma)] displayed an in crease in Miner2 mRNA levels relative to ARPE-19 cells (Fig.
9.4).
Miner2 gene expression is responsive to hypoxia and iron starvation
To begin to define conditions that regulate Miner2 gene expression, we explored two
experimental paradigms: hypoxia and iron deprivation. Both of these conditions have been
correlated with pathologies such as cancer and metabolic diseases (175, 176). When HepG2 cells
were cultured under hypoxic conditions (1% O2) for 48 hrs, there was a dramatic reduction in
HIF1" gene expression relative to cells grown under normoxic (21% O2) conditions (Fig. 9.5A).
This decrease in HIF1" mRNA with prolonged hypoxia has been previously documented and
served as a positive control for the efficiency of the hypoxic chamber as well as the responsiveness
of the cells to hypoxia (177). There was also a substantial decrease in Miner2 mRNA under
hypoxic culture conditions (Fig. 9.5B). MitoNEET expression was also greatly decreased with
hypoxia; however, Miner1 mRNA levels were less sensitive to hypoxia in HepG2 cells. When
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F i g u r e 9 . 5 . Miner2 gene expression is responsive to hypoxia and iron starvation. (A-C) HepG2 (A, B) and
U2OS (C) cells were cultured under normoxic (N, 21% O2) or hypoxic (H, 1% O2) conditions for 48 hrs,
followed by qRT-PCR analysis for the following mRNAs: HIF1" (A), mitoNEET (mNT), Miner1 (M1),
and Miner2 (M2). (D-F) C2C12 (D), HepG2 (E), and U2OS (F) cells were cultured normally (N) or
with 50 µM DFO (D) to chelate iron for 24 hr, followed by qRT-PCR analysis for CDGSH family
members: mitoNEET (mNT), Miner1 (M1), and Miner2 (M2).

For all: n=3, all treatments are

significantly reduced relative to normal (N) control at p<0.01.

U2OS cells were similarly treated, the mRNA levels of all three CISD genes (mitoNEET,
Miner1, and Miner2) were decreased comparably relative to normoxic controls (Fig. 9.5C). The
magnitude of the decrease of Miner2 and mitoNEET mRNA in response to hypoxia was quite
different between the two cell types. Thus, responsiveness of CISD genes to hypoxia is cell type
specific and may represent varied degrees of reliance upon these proteins for normal metabolic
homeostasis.
Sensitivity to iron deprivation was examined by treatment of the cells with the iron
chelator desferroxiamine (DFO). In Chapter 5, we discovered that in C2C12 cells mitoNEET
mRNA was sensitive to DFO treatment. Here, we show that both Miner2 and Miner1 mRNA
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levels also decrease with iron chelation in C2C12 cells (Fig. 9.4D). In addition, gene expression
was more responsive to this treatment in the other cell lines tested (HepG2 and U2OS), with an
85% and 75% reduction, respectively (Fig. 9.5 E and F). The Miner2 mRNA reduction during
iron starvation was substantially greater than that detected for mitoNEET and Miner1 in U2OS
and HepG2 cells (Fig. 9.5 E and F). Collectively, these results suggest that, like the other
CDGSH domain family members, Miner2 may play a role in regulating cellular and whole
organism iron homeostasis.

Discussion
Miner2 is the most ancient, yet least characterized, member of the CDGSH iron sulfur
domain (CISD) family of proteins. The other two family members, mitoNEET and Miner1,
have emerged as key regulators of cellular redox, Ca2+, and iron homeostasis. Overexpression or
knockout of these proteins have dramatic metabolic consequences in both humans and mice (3032); however, to date, Miner2 has remained an enigma.
Bioinformatic analysis of Miner2 gene expression profiles suggested coordinate expression
of Miner2 with several other members of the ETC. Analysis of the amino acid sequence of
Miner2 revealed a high probability of targeting to the mitochondria and suggested that Miner2
was a soluble protein. Indeed, Miner2 did localize to mitoplasts isolated from rat tissue as well as
cultured cells; however, it was not a soluble matrix protein. Rather, Miner2 is a tightly associated
peripheral membrane protein of the IMM, localizing to the matrix face. Blue native gels
electrophoresis suggests that Miner2 is part of a larger complex. This is in contrast to mitoNEET
and Miner1, both of which posses a single TM and are integral membrane proteins with the
CDGSH domain oriented towards that cytosol (25, 28, 178). Interestingly, Miner2 is unique
amongst the CDGSH family in that it is fully positioned within an organelle.
The association of Miner2 with the IMM was redox sensitive and was easily disrupted
under reducing conditions. Curiously, the pathogenic bacterium, Vibrio parahaemolyticus,
contains a protein with tandem CDGSH domains, similar to Miner2. This bacterial protein also
possesses a FMN binding domain that could possibly interact with the CDGSH domains in an
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intramolecular redox reaction. This is interesting in that it suggests a possible role for Miner2 in
electron shuttling with one of the flavin proteins of the inner mitochondrial membrane. It is
intriguing to speculate that this ancient redox system in Vibrio might have paralogs in modern
vertebrates, which would imply the possibility of mitochondrial flavin proteins existing as redox
partners for Miner2.
Miner2 gene expression was elevated in several cancer cell lines and was exquisitely
sensitive to hypoxia and iron deprivation. Similar to other CDGSH family members, the mRNA
for Miner2 was significantly reduced under conditions of hypoxia and iron chelation. The
unique position of Miner2 within mitochondria and the sensitivity of cellular bioenergetic
function to the levels of cellular iron and hyoxia are intriguing and illustrate the need for ongoing
studies into the roles of this protein in mitochondrial homeostasis and potentially human disease.
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Chapter Ten
Introduction
In the past decade, mitochondria have been elevated from being regarded as solely the
powerhouses of the cell to regulators of key cellular processes, such as Ca2+ and lipid homeostasis,
apoptosis, and other signaling pathways. Likewise, the CDGSH proteins have risen from being
merely a single putative protein sequence in a database to a family of important mitochondrial
and ER redox active proteins. The initial work in this thesis laid the groundwork for the
discovery and characterization of the CDGSH family of proteins. We, and others, have shown
these proteins to have unique biochemical and biophysical properties. Deciphering the roles of
the CDGSH proteins is an ongoing focus of an ever-increasing number of laboratories. There is
still much to elucidate; however, it is clear that these proteins play key roles in regulating not only
mitochondrial and ER function but also whole body metabolism and aging.

Discovery of the CDGSH protein family
Ironically, several important discoveries in the CDGSH field have been serendipitous.
The first member of the CDGSH protein family to be identified was mitoNEET, which was
identified by Colca and colleagues in their efforts to elucidate non-PPAR! targets of the
thiazolidinediones (TZDs), a class of drugs widely used for treating type 2 diabetes. Using crude
mitochondrial lysates and a probe consisting of the TZD pioglitazone with a photoactive
crosslinker and radioactive label, they identified mitoNEET by mass spectrometry as a protein of
unknown function that crosslinked to the pioglitazone probe (24). Recent collaborative efforts
with Colca's group and the Murphy lab have since demonstrated quite conclusively that
mitoNEET is, in fact, not the mitochondrial target of pioglitazone.

Rather, the actual

pioglitazone target at the mitochondrion is the long-sought and newly identified mitochondrial
pyruvate carrier (MPC) (179, 180). Thus, the identification of mitoNEET was a serendipitous
artifact of sorts that set the stage for the discovery of a fascinating family of ancient proteins.
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The next milestone in the discovery of this protein family came in 2007, when our laboratory
published the identification of the CDGSH family of proteins: mitoNEET, Miner1 (mitoNEET
related 1), and Miner2 (mitoNEET related 2) (Chapter1) (25). The defining feature of this
family is the presence of a CDGSH domain, which has a consensus sequence of
"CXCXX(S/T)XXXP"C
C D G (SS A/T)H
H , where " is a hydrophobic residue and X is any amino
acid (Chapter 1) (25).

Originally annotated as a zinc-binding domain, we established the

CDGSH domain as a novel iron-sulfur (2Fe-2S) cluster-binding domain (Chapters 1 and 2) (25,
26).

Genomic organization and protein nomenclature
Vertebrates have three CDGSH proteins, mitoNEET, Miner1, and Miner2, which are
encoded by the CISD (CDGSH iron sulfur domain proteins) 1, 2, and 3 genes, respectively
(Chapter 1) (25). Over the past decade, these genes and proteins have gone by many names, as
each new group to publish seemed to rename the proteins. This led to some confusion in the
literature until it was recognized that the various nicknames referred to the same three proteins.
The CISD1 (mitoNEET) gene has also been known as ZCD1, MDS029, and C10orf70
(http://www.ncbi.nlm.nih.gov/gene/493856). CISD2 (Miner1) has the synonyms ERIS, NAF-1,
WFS2, ZCD2, and Noxp70 (http://www.ncbi.nlm.nih.gov/gene/493856). CISD3 (Miner2) has
been called Mel-13 (http://www.ncbi.nlm.nih.gov/gene/217149).
All three CISD genes have a similar intron exon structure, with three exons. In humans,
each gene resides on a separate chromosome: mitoNEET (10q21.1), Miner1 (4q24), and Miner2
(17q.12). MitoNEET and Miner1 each have a single CDGSH domain; whereas, Miner2 has two
tandem CDGSH domains (Chapter1) (25, 168). All CISD proteins likely had a common
ancestry that diverged into three different types of folds: a eukaryotic fold (like mitoNEET and
Miner1), a prokaryotic type fold, and a tandem motif fold (as in Miner2) (168). Miner1 and
mitoNEET type CISD genes can be detected in metazoa and land plants. Miner2 type CISDs
can be found in metazoa and protists but are most common in bacteria. They are lacking in land
plants. CISD genes are present in archaea and have a spotty distribution in prokaryotes. This is
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thought to have arisen through both vertical and horizontal gene transfer with frequent gene loss
events (168). CISD genes are absent in fungi.

Protein expression and localization
In mammals, mitoNEET and Miner1 have the broadest expression patterns, whereas that
of Miner2 is more restricted. MitoNEET is fairly ubiquitously expressed. Its message and
protein have been reported in many tissues, including: brain, testis, thymus, liver, lung, eye,
kidney, adipose, heart, smooth muscle, and skeletal muscle (Chapter 1) (25). MitoNEET protein
is notably absent from the spleen and pancreatic ! cells. In addition, expression of mitoNEET has
been detected in numerous cell lines, including C2C12, RAW, HEK293T, 3T3L1, MEFs, and
COS-1..
Miner1 is most similar to mitoNEET. Its expression can also be detected in many tissues,
including heart, kidney, smooth muscle, skeletal muscle, lung, adipose, brain, liver, and testis.
Unlike mitoNEET, Miner1 is also expressed in the islets of pancreatic ! cells and the spleen. It
has been reported to be in various cell lines, including INS1 832/13, MEFs, C2C12, HEK293T,
RAW, and COS-1.
There are few reports on Miner2 expression patterns. The NCBI EST expression profile
(www.ncbi.nlm.nih.gov/Unigene/ESTprofileViewer) predicts the presence of Miner2 in multiple
tissues, including adipose, bone marrow, brain, eye, heart, intestine, kidney, ladipose, iver,
mammary gland, muscle, parathyroid, ovaries, and prostate, with the highest expression in the
eye, ovary, adipose, parathyroid, and prostate. It is also expressed in tumors from these tissues.
On a cellular level, each of the CISD proteins has a unique localization. MitoNEET
localizes to the outer membrane of the mitochondria (Chapter 1) (25). It is a dimer with the Nterminal portion of the protein projecting into the intermembrane space, followed by a
transmembrane (TM) domain (Chapter 1)) (25, 27, 181). The rest of the mitoNEET protein,
including the CDGSH domain, is oriented towards the cytoplasm (Chapter1) (25).

Mass

spectrometry experiments report post-translational modifications by acetylation of multiple Lys
within the CDGSH domain and phosphorylation of Ser2 and Tyr71 (182).
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Like mitoNEET, Miner1 exists as a dimer and has a TM domain towards the N-terminus
of the protein and a C-terminal CDGSH domain (Chapter 5) (28, 104). Miner1 was originally
reported to be an ER protein based on immunofluorescent imaging of over-expressed proteins
(Chapter 1) (25); however, there has been some controversy over the localization. One study
suggested that it localizes to mitochondria (30). Most reports confirm an ER localization for
Miner1, including several examining endogenous proteins (Chapter 5) (28, 31, 183). The most
rigorous localization study of endogenous protein demonstrated that Miner1 localizes to the ER,
not to mitochondria. It is present in both the perinuclear and peripheral ER, as well as in
MAMs, which are specialized contact sites between the ER and mitochondria, with the CDGSH
domain oriented towards the cytoplasm (Chapter 5) (28). Mass spectrometry studies report
several acetylated Lys and two phosphorylated amino acids, Ser36 and Thr106 (182).
Miner2, like mitoNEET, localizes to mitochondria (Chapters 1 and 8) (25); however, it
lacks a TM domain and is not an integral membrane protein. Miner2 is also unique in that it
contains two CDGSH domains and does not face the cytosol.. Miner2 is a peripheral membrane
protein that resides in the mitochondrial matrix and associates with the inner mitochondrial
membrane in a redox-sensitive manner (Chapter 8).

It is reported in mass spectrometry

experiments to be phosphorylated on Ser83 and acetylated on several Lys (182). There is
currently no known role for the phosphorylation and acetylation post-translational modifications
on any of the CISD family proteins.

CDGSH domain structure and biophysical properties
There have been extensive in vitro biophysical studies on the CDGSH domain of
mitoNEET and Miner1, examining properties such as structure, redox potential, and ligand
binding. Soon after the initial identification and characterization of mitoNEET and the CISD
family, several groups published the X-ray crystal structure of the cytosolic portion of human
mitoNEET, omitting the mitochondrial targeting sequence at the N-terminus and the TM
domain. All of the data sets were in agreement regarding the overall structure of the CDGSH
domain of mitoNEET, which exists as a homodimer and represented a unique structure in the
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PDB, named the NEET fold (Chapter 3) (27, 181, 184). The two protomers co-fold into a
structure with two major domains: the beta cap domain and the FeS cluster-binding domain
(Chapter 3) (27). The beta cap domain consists of two 3-stranded beta sheets that include one
strand swapped from the co-protomer (i.e., sheet 1 is made from two strands from protomer A
with one strand from protomer B; sheet 2 is comprised of two strands from protomer B with one
strand from protomer A).

Each dimer molecule binds two 2Fe2S clusters that are each

coordinated by three Cys and a His (Chapters 2 and 3) (25, 27). There are several other unusual
features to mitoNEET, such as the arrangement of charged amino acids in the interior of the
molecule, creating an intramolecular dipole (Chapter 3) (27).
The structure of human Miner 1 (with Cys 92 mutated to a Ser to improve stability) is
also a dimer and is virtually superimposeable upon that of mitoNEET (104); however, there are
some subtle differences, such as the charge distribution and sensitivity to pH. Miner1 has fewer
Asp, Lys, and His compared to mitoNEET and is less sensitive to pH, although one must bear in
mind that these measurements were made on a mutant of Miner1 that was engineered for
enhanced stability. Given the similarities in the structures of mitoNEET and Miner1, it is
attractive to imagine a heterodimer forming between these proteins. No such interaction has
been reported to date; however, such an interaction could serve to contribute to the protein
complexes that tether the ER and mitochondria at the MAMs and Ermes (ER mitochondria
attachment sites).
Unlike mitoNEET and Miner1, X-ray crystal structures of mammalian Miner2 have not
been forthcoming, possibly due to poor stability of the recombinant protein. However, there is
an X-ray crystal structure of a similar tandem CDGSH domain protein (MmCISD) from
Magnetospirillum magneticum, an aquatic alpha bacterium that reduces iron as a source of energy
(168). This protein is a monomer with an internal pseudo dyad symmetry. There are two 2Fe2S
clusters with an asymmetric polar interface of the FeS cradles. This differs from the structures of
mitoNEET and Miner1, which have a symmetric polar interface. It is interesting to note that a
phylogenetic study of CISD structures revealed a similar overall structure but variability in the
beta cap domain, all of which exist as two beta sheets. However, the number of strands in each
sheet and strand-swapping can differ and include 3-stranded beta sheets with strand-swapping (as
in mitoNEET and Miner1), 2-stranded sheets with strand-swapping (MmCISD), 5-stranded
sheets with strand-swapping, and 4-stranded sheets without strand-swapping (168).
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UV-Vis spectrophotometric studies have demonstrated that binding of the FeS cluster of
mitoNEET is pH sensitive, with the cluster being released when the pH falls below neutral, an
unusual feature amongst FeS cluster binding proteins (Chapter 2) (26). The pH sensitivity is
dependent on His87, one of the cluster ligands (Chapter 2) (26), and reconstitution experiments
under anaerobic conditions indicate that cluster loss is a reversible event (185).

These

observations stimulated the hypothesis that mitoNEET and other CISD proteins have a role in
FeS cluster shuttling or as iron chaperones. The proposed model involves mitoNEET undergoing
a proton-coupled reaction with an apoprotein. The apoprotein would protonate His87, leading
to release of the FeS cluster (Chapter 2) (25, 27, 186). This theory is supported by in vitro
experiments demonstrating FeS cluster transfer from mitoNEET (and Miner1) to an apo form of
ferredoxin that lacks a 2Fe2S cluster (186). Because mitoNEET is not in the same cellular
compartment as ferredoxin, which localizes within the mitochondrial matrix, it is unlikely that
the interactions have much physiological relevance; however, these experiments provide valuable
proof of concept groundwork to establish FeS cluster transfer as a possible function for
mitoNEET.

In addition to protonation of His87, the unusual intramolecular dipole in

mitoNEET and oxidation state of the iron (with oxidized clusters being more labile) have been
proposed to potentially play roles in release of the 2Fe2S clusters (27, 185).
Recombinant mitoNEET is a redox active protein.

The 2Fe2S clusters have a

characteristic peak at 460 nm (Chapter 2) (26). Purified protein can be reduced with sodium
dithionite, resulting in a reduction of the 460 nm peak, and readily reoxidized. Thus, a role in
redox reactions in the cell has been proposed for CISD proteins (Chapter 2) (26). In vitro, the
redox potential of human mitoNEET is 0 mV at pH 7.0 (187). The cytosolic resting potential is
approximately -290 mV; therefore, mitoNEET should be reduced under physiological conditions
with a stable 2Fe2S cluster, possibly functioning to reduce oxidized proteins or metabolic
intermediates (185, 187). Indeed, EPR measurements on whole E. coli bacteria expressing
recombinant mitoNEET show a reduced spectra (188). In vitro, the FeS clusters of mitoNEET
can also be reduced with reduced thioredoxin-1 and potentially with various biological thiols
(such as glutathione, L-Cys, N-acetyl-cysteine) (188). It has been proposed that under conditions
of oxidative stress, apoptosis, or differentiation, when cytosolic potential can reach +200 mV,
mitoNEET would become oxidized and more prone to cluster loss, providing a means of
dynamically regulating mitoNEET function in response to cellular status (185, 187).
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Several researchers have investigated in vitro binding of small molecule ligands for
mitoNEET. Many of these are based on TZDs, such as pio, or TZD derivatives. These will not
be dealt with here because these studies are difficult to interpret in light of the recent discovery of
the MPC as the bona fide mitochondrial target of TZDs. Mitochondria lacking mitoNEET
protein still cross-link a 15 kDa protein that turns out to be MPC2, not mitoNEET (179). The
abovementioned binding experiments demonstrating various effects of pio on mitoNEET never
included BSA as a protein carrier for pio, which one can easily imagine inserting itself
nonspecifically into the belt of hydrophobic amino acids in mitoNEET that lies close to the
cluster-binding domain.

In fact, Dr. Colca, who originally published the identification of

mitoNEET as a protein cross-linked to pio, now reports that this interaction was an artifact due
to the abundance of mitoNEET (179).
Of the remainder of the ligand studies, the most intriguing are the reports that NADPH
and NADP can weakly bind to mitoNEET in vitro and induce structural changes to the protein
(189, 190). There was no reduction of mitoNEET FeS clusters by NADPH in these studies.
One group reported that NADPH and NADP destabilize the FeS clusters (189); however,
NADH did not interact with mitoNEET, implicating an interaction with the phosphate of
NADPH (189). In this study, NADPH did not interact directly with the cluster coordinating
amino acids of mitoNEET. A later study examining NADPH inhibition of the transfer of the
2Fe2S cluster of mitoNEET to apoferredoxin suggested that Asp84 (one of the conserved amino
acids in the CDGSH proteins) is critical for mediating the interaction between mitoNEET and
NADPH (190). Resveratrol-3-sulfate is another putative ligand for mitoNEET (191). It is a
metabolite of resveratrol, a natural product from grapes that has generated excitement for its
ability to extend lifespan in S. cerevisiae, C. elegans, and D. melanogaster model organisms. It is
also being tested as a cancer chemotherapeutic and a cardio-protective compound. The binding
affinity of resveratrol-3-sulfate to mitoNEET is reported to be three orders of magnitude greater
than that of NADPH (191). It will be interesting to see these in vitro experiments extended to in
vivo studies in model systems where the level of mitoNEET protein is modulated.
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Cellular function of CISD proteins
As mentioned above, the redox active nature of the FeS clusters of the CISD proteins and
the pH sensitive 3Cys1His cluster coordination contribute to the two major hypotheses for the
function of the CISD proteins in the cell: cellular redox regulation and/or FeS cluster or iron
transport. It is possible that these proteins wear multiple hats and can participate in both
capacities and function in one capacity or the other depending on the cellular status.

As

researchers attempt to get at these difficult questions, there is a growing body of literature
accumulating that supports both hypotheses.
Modulating mitochondrial activity
The initial functional data examining CISD proteins were our findings that cardiac
mitochondria from mitoNEET KO mice had lower maximal respiratory capacity, as measured by
FCCP-stimulated oxygen consumption rates (OCR), relative to mitochondria from WT litter
mates (Chapter 1) (25). This data was supported by our later studies in C2C12 cells, a mouse
myoblast cell line, where acute shRNA mediated knockdown of mitoNEET resulted in lower
whole cell OCR (Chapter 4).

Importantly, this decrease in OCR could be rescued by

simultaneous over-expression of a WT mitoNEET as well as a His87 mutant version of
mitoNEET that lacks the ability to release the 2Fe2S cluster in a His87 proton-coupled reaction,
suggesting that the mechanism by which mitoNEET modulates OCR is not dependent on its
ability to transfer iron. A decrease in maximal OCR was also reported for MCF-7 cells where
mitoNEET was knocked down by shRNA (192). Thus, multiple studies support a model
whereby mitoNEET protein is necessary for maximal mitochondrial function. This is supported
by data indicating that overexpression of mitoNEET in MDA-MB-231 cells leads to increased
levels of proteins involved in OXPHOS, suggesting that mitoNEET, like PGC1#, has a role in
promoting mitochondrial biogenesis (193).

Contrary to this model, one study reported a

decrease in OCR in mitochondria isolated from fat pads from transgenic mice where mitoNEET
was over expressed specifically in adipose tissue (32).

This was also observed in 3T3-L1

preadipocytes overexpressing mitoNEET and was accompanied by decreased ROS production
and reduced mitochondrial membrane potential ($%m) (32).

In addition, they observed

increases in OCR in MEFs and hepatic mitochondria from mice expressing a doxycycline (Dox)-
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inducible mitoNEET shRNA. In this study, respiratory capacity was increased with multiple
substrates, including palmitate, pyruvate, malate, succinate, and ascorbate. ROS production was
elevated and $%m was increased in the mitoNEET knockdown mitochondria (32). Contrary to
this, we observed decreases in OCR in MEFs when mitoNEET was knocked down by Doxinducible shRNA expression (Chapter 4). This decrease was due to a reduced ability to oxidize
fatty acids in the absence of mitoNEET, suggesting metabolic inflexibility in the absence of
mitoNEET. The discrepancies in these data may be due to differences in experimental design or
may reflect differential effects of mitoNEET in different cell lines and tissues.

Given the

localization of mitoNEET on the outer mitochondrial membrane, the effects on OCR must be
indirect.

Thus, the apparently discrepant effects of mitoNEET on OCR may represent

differential protein expression in different cell lines and differences in substrate preference and
OCR regulation.
As with the mitoNEET knockout cells and tissues, there are contradictory reports on
mitochondrial function in cells and tissues lacking Miner1. Our work on MEFs from Miner1
KO mice demonstrated that the mitochondria from cells lacking Miner1 have higher OCR
relative to WT mitochondria (Chapter 5) (28). This was the case in both whole cells, as well as
isolated mitochondria, and was likely due to a combination of factors, including enhanced Ca2+
stimulated substrate flow, increased cristae density, and increased ETC components. We envision
that this situation came about as a compensatory mechanism to deal with the Ca2+ loading of the
mitochondria. Increased cristae density was also observed in diaphragm from Miner1 KO mice
(135). Contrary to these studies, a recent report in MCF-7 cells showed lower OCR in cells in
which Miner1 was knocked down with shRNA (192). The original characterization of a Miner1
KO mouse also reported severely reduced OCR in mitochondria isolated from skeletal muscle
(30). Although fundamentally the same experimental design with respect to OCR measurements,
these various experiments differ dramatically in the time of reduction of Miner1, some being a
long-term chronic reduction in Miner1 and others representing an acute reduction in Miner1.
This, in addition to differences inherent in distinct cell lines or tissues, as well as the quality of the
mitochondrial preparations, could explain the conflicting results.
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Regulating ER function
Miner1 is emerging as a regulator of several ER functions. MEFs from Miner1 deleted
mice displayed hallmarks of ER stress, including expansion and dilation of the ER and induction
of the unfolded protein response (Chapter 5) (28). A compromised ability of the ER to fold and
secrete proteins was further detected in INS-1 pancreatic !-cells with Miner1 depleted by siRNA.
In response to a glucose challenge, Miner-1 deficient INS-1 cells were unable to secrete insulin at
the levels of cells with wildtype levels of Miner1 protein (Chapter 6).
The ER and particularly the MAMs are hotspots of Ca2+ signaling and lipid synthesis (5).
Because Miner1 is an integral ER and MAM protein, its impact on Ca2+ and lipid homeostasis
has become an area of interest.

Miner1 deficient MEFs showed significant dyslipidemia,

increased lipid droplet formation, changes in gene expression of fatty acid synthesis enzymes, and
a reduced ability to oxidize fatty acids relative to other metabolic substrates (Chapter 7). In
addition, there are multiple experimental paradigms illustrating a key role for Miner1 in Ca2+
homeostasis. MEFs from Miner1 KO mice showed dysregulated distribution of intracellular
Ca2+, with substantially reduced ER Ca2+ and dramatically increased mitochondrial Ca2+ (Chapter
5) (28). In acute knockdown of Miner1 with siRNA in Sk-Mel5 cells, a hyperpentaploid human
skin melanoma cell line with the majority of cells having greater than 100 chromosomes (194),
there was no change in the magnitude of the thapsigargin-induced Ca2+ release relative to
wildtype cells; however, depletion of Miner1 did abrogate the decrease in ER Ca2+ normally
detected with over-expression of BCL-2 (183). One model of Miner1 KO mice is reported to
have dysregulated Ca2+ homeostasis in the skeletal muscle. Primary myoblasts from these animals
showed increased ER and basal cytosolic Ca2+ (135). In addition, electron micrographs of skeletal
muscle and diaphragm from these mice revealed dilated ER and disrupted sarcomere structure
(135).
Iron regulation
The most compelling data supporting a role for CISD proteins in iron homeostasis comes
from experiments in the plant Arabidopsis thaliana, which have a single CISD protein (At-NEET)
that is expressed in chloroplasts, plastids, and mitochondria (195). In addition to a slow bolting
and early senescence phenotype, plants lacking At-NEET show reduced toxicity to high
concentrations of iron. As previously mentioned, mitoNEET is able to transfer its 2Fe2S cluster
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to apo ferredoxin in an in vitro system, as is At-NEET (186, 195). There have been attempts to
use the iron-sensitive fluorescent reporter RPA (rhodamine B-[1,10-phenanthrolin-5-yl
aminocarbonyl] benzyl ester) to monitor intra-mitochondrial iron in response to exogenously
added recombinant mitoNEET CDGSH domain to permeabilized cells (186, 195). These
experiments are essentially another type of in vitro assay scenario and suffer from a number of
limitations. Since 10µM mitoNEET protein is excessive, there may be effects based on mass
action, and there is no way to know if mitoNEET, which is usually specifically targeted to the
mitochondria and precisely oriented on the outer membrane, is correctly positioned to function
similarly to endogenous mitoNEET. Another drawback of these experiments is the reliance upon
a membrane potential sensitive reporter (RPA) without attempts to carefully control for effects of
high levels of exogenous mitoNEET on $%. Any perturbations to the system that diminished
$% would likely result in less loading of the RPA reporter into the mitochondrial matrix, a
process that is driven by $%, and could be wrongly interpreted as less fluorescence due to
quenching by the labile intra-mitochondrial iron pool instead of a lower fluorescence because less
RPA was loaded. In fact, a recent report using RPA to monitor mitochondrial iron in MCF-7
cells with mitoNEET and Miner1 knocked down by shRNA did include measurements of $%
using TMRE fluorescence (192). In these experiments, the decrease in RPA fluorescence exactly
paralleled a decrease in $%, suggesting that the lower RPA signal in mitoNEET and Miner1
depleted cells was possibly due to less of the RPA reporter loading into the mitochondrial matrix,
as opposed to lower intra-mitochondrial iron. Thus, RPA has been used to support claims of
increased mitochondrial iron in conditions where mitoNEET is both present in excess, as well
when mitoNEET is depleted, making it difficult to distill a unifying mechanistic model regarding
the role of mitoNEET and Miner1 in iron homeostasis and transport.

Contrary to these

experiments, when total mitochondrial iron levels were measured using a $% independent
colorimetric assay, there was a dramatic decrease in mitochondrial iron in adipose tissue from
transgenic mice over expressing mitoNEET, as well as a decrease in heme iron concentrations
(32). If mitoNEET were responsible for transporting iron into mitochondria, one would expect
an increase in mitochondrial iron with increased levels of mitoNEET protein. Since this was not
observed, it suggests a more complex, and mechanistically undefined, role in iron homeostasis for
CISD proteins.
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In support of this, our experiments examining the effects of the His87Cys mitoNEET
mutant in C2C12 cells do not support a direct role for FeS cluster transfer, at least with respect to
the reduced OCR phenotype observed in mitoNEET deficient cells (Chapter 4). Additionally,
mitoNEET deficient C2C12 cells were not deficient in iron-containing proteins within the
mitochondria. However, gene expression of all three CISD proteins was sensitive to both hypoxia
and iron chelation, all decreasing under both conditions (Chapter 8).
Redox regulation
The in vitro redox activity of all of the CISD proteins certainly suggests a redox role for
this protein family in vivo. When mitoNEET transgenic mice were administered lipid by oral
gavage to induce enhanced ROS production and consequent lipid peroxidation, mitoNEET overexpressing mice had substantially lower ROS-driven damage (32). Conversely, MCF-7 cells with
only a small reduction in the level of mitoNEET protein displayed increased mitochondrial ROS
that was sensitive to iron chelation, suggesting iron homeostasis and ROS production are
intimately linked and that CISD proteins are involved in both processes (192).
We showed that Miner1 KO MEFs posses many hallmarks of redox dysregulation. The
intracellular millieu was more oxidized, as measured by NAD+/NADH ratios, glutathione redox
status and formation of ROS/RNS (Chapter 5) (28). In addition, oxidative modifications of
specific phosphatases and the SERCA Ca2+ channel could be detected. The revelation that
antioxidant treatment could reverse much of the cellular dysfunction resulting from Miner1
deletion certainly supports a redox imbalance being close to the root of the problems in these cells
and suggests that Miner1 functions to regulate the redox homeostasis in the cell (Chapter 5) (28).
The CISD protein in Arabidopsis (At-NEET, At555170) is less straightforward with
respect to its role in ROS modulation. At-NEET gene expression is induced in chloroplasts after
singlet oxygen and hydrogen peroxide accumulation, establishing At-NEET as a ROS responsive
gene and suggesting a role for the protein in cytoprotection from the damaging effects of cellular
ROS (196). However, when ROS was induced in by paraquot treatment, At-NEET knockout
plants had less ROS production than control plants, which does not support a model whereby AtNEET protein is needed to protect from excessive ROS accumulation (195).
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Autophagy
Autophagy can be viewed as a cellular recycling process. It is critical for the health of the
cell to constantly monitor the function of proteins and organelles and eliminate unhealthy ones,
providing a mechanism to reuse lipid and protein components. Excessive autophagy, however, is
a hallmark of an "unhealthy" cell and is associated with enhanced cell death. The double
membrane autophagosome initially buds off from specialized sites on the ER or mitochondria
and matures in a step-wise fashion (197). In fact, the turnover of mitochondria is a specialized
form of autophagy termed mitophagy. CISD proteins are emerging as novel components in
autophagy regulation.
As mitochondria undergo dynamic cycles of fusion and fission, the cell is constantly
monitoring the status of the mitochondria with respect to membrane potential as a quality
control metric. Those mitochondria with prolonged low $% do not undergo further fusion
events and are eliminated via mitophagy (198). When mitophagy was induced in HeLa cells by
depolarization with CCCP and the proteome analyzed by SILAC labeling and quantitative mass
spectrometry, mitoNEET was one of the OMM proteins that specifically decreased.

The

reduction in mitoNEET was dependent upon parking translocation to the mitochondria (199).
MitoNEET appears to be more than just a target of mitophagic degradation. Over-expression of
mitoNEET in MDA-MB-231 breast cancer cells resulted in resistance to nutrient deprivation
induced autophagy, suggesting a more active role for mitoNEET in the autophagic process (193).
There is considerable data from multiple labs indicating excessive autophagy in Miner1
KO mice and cells. It is intriguing that Miner1 protein levels decline in normally aged mice in a
manner that parallels an increase in autophagosomes in muscle and nerves (200). Likewise,
electron micrographs from Miner1 KO mouse brain and muscle tissues revealed structures
resembling autophagosomes (30). Likewise, cells from these KO mice show elevated lipidated
LC3B (data not shown). Several reports from the Shore laboratory explore the role of Miner1
(called NAF-1) in autophagy and provide the first insight into possible mechanism. They also
observed increased autophagosomes in the Miner1 KO mice, particularly in the diaphragm
muscle (135). In addition, they demonstrated that a reduction of Miner1 in H1299 cells resulted
in increased markers of autophagy in response to starvation (183). More importantly, they
elegantly demonstrated that Miner1 could exist in a complex at the ER with BCL-2 and Beclin-1,
a tumor suppressor and critical component for autophagy induction (183). BCL-2 acts to
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antagonize Beclin-1 induction of autophagy, and Miner1 is essential for this process (183). Thus,
a model is emerging that positions Miner1 at the ER as a negative regulator of autophagy.

CISD proteins in disease
Both mitoNEET (CISD1) and Miner1 (CISD2) are emerging as critical for optimal
cellular function. Thus, it is not surprising that recently their importance for whole organism
health is also becoming apparent. The first of these reports came in 2007 when the Sana-Coloma
laboratory reported that mitoNEET mRNA was significantly decreased in tracheobronchial
epithelial cells from patients with cyctic fibrosis, an autosomal recessive disease caused by
mutations in the CTFR chloride channel (201). Although the possible role mitoNEET might
play in the etiology of cystic fibrosis is unclear, it is very intriguing that mitoNEET gene
expression tracks with function of the CFTR channel activity, with stimulators leading to an
increase in mitoNEET mRNA and channel inhibitors resulting in a decrease in mitoNEET
mRNA (201).
Perhaps due to its regulatory role on mitochondrial function and energy homeostasis,
mitoNEET has been implicated as a positive regulator of tumor growth. When MDA-MB-231
breast cancer cells over-expressing mitoNEET were injected into nude mice, the resulting tumors
were more than twice the size of those from mice injected with control cells (193). Conversely, it
was later shown that MDA-MB-231 cells with a partial reduction of mitoNEET protein resulted
in smaller tumors in a similar model (192). Because the MDA-MB-231 cells with increased
mitoNEET expression also had increased levels of several ETC proteins, mitoNEET has been
proposed to function as a metabolic oncogene (193).
Undoubtedly, the most surprising and exciting connection between mitoNEET protein
and disease has come from studies by the Sherer laboratory establishing a link between
mitoNEET protein levels, metabolic flexibility, and whole body lipid homeostasis.

After

observing that mitoNEET expression decreased in various mouse tissues after six weeks of high fat
chow feeding, they engineered transgenic mice over-expressing mitoNEET specifically in adipose
tissues (32). These mitoNEET transgenic mice displayed massive expansion of adipose tissue and
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extreme obesity but surprisingly maintained insulin sensitivity, even when challenged with a high
fat diet (32). The mitochondria from the adipose tissue of these mice had less mitochondrial iron
and lower rates of &-oxidation. Importantly, the converse was also seen in mice with reduced
mitoNEET expression. Specifically, there was less weight gain on a high fat diet, increased iron
in the mitochondrial matrix and oxidative stress, and a state of glucose intolerance (32). These
exciting experiments firmly establish the role of mitoNEET in regulating lipid homeostasis and
highlight it as a potentially important therapeutic target for obesity, metabolic syndrome, and
type 2 diabetes.
The role of Miner1 in human disease is unequivocal. Mutations in either the CISD2
gene or the Wolframin gene both lead to a rare neuroendocrine disease called Wolfram Syndrome
or DIDMOAD (29, 31). Patients with Wolfram Syndrome develop diabetes insipidus, diabetes
mellitus, blindness due to optic atrophy, sensorial deafness, and have a shortened lifespan (29).
Patients with Miner1 mutations also tend to display peptic ulcer disease, defective platelet
aggregation, and a bleeding tendency.

CISD2 knockout mice from the Tsai laboratory

recapitulate many of the features of Wolfram Syndrome, including blindness, neuronal death,
impaired glucose tolerance, and a significantly reduced lifespan (30). A later CISD2 knock-out
mouse by another group did not posses the dramatic phenotype of the Tsai mouse; however, it
did reveal a critical role for Miner1 in maintaining skeletal muscle structure and function (135).
Ironically, the Tsai group did not initially set out to develop a mouse model of Wolfram
Syndrome, rather they were searching for a molecular fountain of youth, a protein that could
function as a master regulator of lifespan in mammals, that was believed from studies of
centenarian sibling pairs in humans to reside on chromosome 4q, precisely where the CISD2
gene lies (30). Consistent with a role in promoting longevity, CISD2 knockout mice had a
dramatically shortened lifespan and showed many features of a premature aging phenotype.
Further supporting a role for Miner1 in regulating longevity, transgenic mice over-expressing
Miner1 live longer than wild-type mice and have increased health into middle and old age (202).
This is most prominent in protection of skin, neurons, and skeletal muscle form age-associated
damage (202).
There is still much to elucidate mechanistically to establish a comprehensive
understanding of the roles of mitoNEET and Miner1 in cellular and organismal homeostasis and
how dysregulation of CISD protein function contributes to health and disease. Undoubtedly,
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given the pleiotropic effects of CISD proteins in cell culture models, multiple avenues for
therapeutic intervention will be revealed. Thus, the coming decade should be a dynamic time for
the development of CISD protein targeted pharmaceuticals.
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Samenvatting

De cel heeft een ingewikkelede relatie met ijzer.

IJzer is essentieel voor het goed

functioneren van de cel, maar vanwege zijn reactieve aard kan ijzer ook uitgebreide schade aan de
cell toebrengen. Om dit te voorkomen, heeft zich een uitgebreid systeem ontwikkeld dat ijzer
begeleid tijdens zijn reis door het organisme en binnen de cel. Dit systeem bevat eiwitten die het
transport van ijzer uitvoeren en andere eiwitten die het ijzer opslaan binnen de cel. Daarnaast
zijn er natuurlijk eiwitten die ijzer nodig hebben voor structurele of katalytische doeleinden.
Het werk dat in did proefschrift uiteengezet is, beschrijft en karakteriseert een nieuwe
familie van ijzer-zwavel bindende eiwitten. Deze familie bestaat uit drie relatief kleine eiwitten;
mitoNEET, Miner1, en Miner2. Deze family wordt gekenmeerkt door de aanwezigheid van een
CDGSH motief in de koolstof-terminus.

Daarnaast bevatten deze eiwitten ook een een

adreslabel dat er voor zorgt dat ze op de juiste bestemming binnen de cell terecht komen. De
ontdekking van deze familie kwam voort uit de identificatie van mitoNEET als een “drug target”
voor pioglitazone, een drug dat wordt gebruikt voor de behandeling van type 2 diabetis.
Door gebruik te maken van een bio-informatieke aanpak hebben we ontdekt dat
MitoNEET samen met Miner1 (mitoNEET gerelateerd 1) en Miner2 (mitoNEET gerelateerd 2)
een kleine family van eiwitte vormt. Deze familie wordt gekenmerkt door de aanwezigheid van
een geconserveerd CDGSH domein dat aanvankelijk werd beschreven al seen zink-vinger. Onze
experimenten hebben aangetoond dat het CDGSH domein ijzer bindt in plaats van zink.
MitoNEET en Miner1 hebben ieder een enkelvoudig CDGSH domein, terwijl Miner2 twee
CDHSH domeinen bezit. Het CDGSH domein bindt een redox actieve 2Fe2S cluster. Leden
van de CDGSH familie worden gecodeerd door de CISD (CDGSH, ijzer-zwavel domein) 1, 2,
en 3 genen.
We hebben aangetoond mitoNEET een dimeer vormt met een unieke structuur,
waarbinnen beide monomeren met elkaar verweven zijn. Elke dimeer bindt twee 2Fe2S clusters
via een ongewone 3Cys1His coördinatie. In ons onerzoek naar de functie van deze familie
hebben we gevonden dat MitoNEET is verankerd in de buitenste mitochondriale membraan,
waarbij het CDGSH domein in het cytoplasma uitsteekt. Hart mitochondriën uit mitoNEET
knock-out muizen hebben een lagere maximale ademhalings capaciteit. C2C12 myoblasten met
een verminderde mitoNEET inhoud vertonen ook een afgenomen zuurstof verbruik, met name
tijdens de !-oxidatie van vetzuren.
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Ook Miner2 is gelokaliseerd in de mitochondria; het is echter gelegen in de matrix en het
is via een redox-gevoelige manier verbonden met de binnenste mitochondriale membraan. Er is
momenteel geen structurele informatie over menselijke Miner2 eiwitten beschikbaar. Bacteriële
Miner2 eiwitten met twee CDGSH domeinen vormen een monomer met een structuur die te
vergelijken is met die van mitoNEET en Miner1.
Miner1 ligt verankert in the membrane van het endoplasmatisch reticulum, waarbij het
CDGSH domein in het cytoplasma uitsteekt. Miner1 is essentieel voor de homeostasis van het
endoplasmtisch reticulum en de mitochondria.

Verder speelt Miner1 ook een rol in de

communicatie tussen deze twee organellen. Wij hebben in embryonale fibroblasten van de
Miner1 knock-out muis ultrastructurele veranderingen in zowel het endoplasmatische reticulum
en de mitochondria kunnen aantonen. Bovendien hebben de mitochondria een hoger maximaal
zuurstof gebruik. Dit is waarschijnlijk te wijten aan een diepgaande ontregeling van calciumion
opslag in deze cellen. In het endoplasmatisch reticulum van deze cellen was de calciumion
concentratie verlaagd, terwijl in de mitochondriën de calciumion concentratie verhoogd was. Wij
stellen dat deze situatie is ontstaan door oxidatieve ontregeling van de calciumkanalen in het
endoplasmatisch reticulum, die leidt tot een aanhoudende calciumion lek. Bovendien laten we
zien dat er in de Miner1 knock-out cellen tekenen zijn van oxidatieve stress, stress in het
endoplasmatisch reticulum, ontregeling van het lipide metabolism, en expressie van
proapoptotische eiwitten.
Dit is opmerkelijk omdat mutaties in het gen dat codeerd voor Miner1 in de mens leiden
to een complexe neuroendocrine stoornis, Wolfram Syndroom. Wolfram Syndroom patiënten
vertonen symptomen van diabetes insipidus en diabetes mellitis, atrofie van de gezichtszenuw en
doofheid. Ze hebben ook een verkorte levensduur en worden gemiddeld maar dertig jaar oud. Er
zijn momenteel geen behandelopties voor deze patiënten naast palliatieve zorg voor hun diabetes.
Wij hebben aangetoond dat behandeling van Miner1 deficiënte cellen met antioxidanten
resulteerd in een sterke verbetering van de gebreken. Deze resultaten openen een boeiende
nieuwe weg voor mogelijke behandelopties voor Wolfram Syndroom patiënten.
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