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ABSTRACT OF THE DISSERTATION

Connecting Iron-Sulfur Transport at the Cytosol and Mitochondria
Interface

by

Jason Thomas Stofleth
Doctor of Philosophy in Chemistry
University of California, San Diego, 2019

Professor Patricia A. Jennings, Chair

There exist three different NEET family proteins in human cells. Named
for their shared characteristic amino acid sequence (Asp-Glu-Glu-Thr), they
were first identified as pioglitazone drug targets, one of the thiazolidinedione
class of insulin-sensitizing therapeutics for Type 2 diabetes. Although each
share similar structural organization and coordinate two [2Fe-2S] clusters with
a unique 3Cys:1His coordination chemistry, their cellular localization varies
and their functional roles are dissimilar. MitoNEET (mNT, CISD1), was the first

characterized and is an outer mitochondrial membrane-anchored dimer with

XiX



the C-terminal iron-sulfur cluster domain in the cytosol. Nutrient Deprivation
Autophagy Factor 1 (NAF-1, Minerl, CISD2) is anchored to the mitochondrial-
associated membranes of the endoplasmic reticulum (ER) with the iron-sulfur
cluster domain in the cytosol. The third human NEET family protein is
Mitochondrial Inner NEET (MINT, Miner2, CISD3), is distinguished among the
three, as it is the only soluble NEET, exists as a monomer, and is found inside
the mitochondrial matrix.

The NEET proteins are critical for cellular iron regulation and reactive
oxygen species (ROS) protection, redox sensing, metabolic regulation, and
are critical for maintenance of respiratory electron transfer machinery. A
missense mutation in NAF-1 causes Wolfram syndrome 2 and other NEET
pathologies include neurodegeneration, diabetes, premature aging, as well as
play a role in the proliferation of several cancers. Collectively these indicated a
crucial underlying cellular role for iron management, redox regulation, and
metabolism.

Until recently the role that mNT and NAF-1 play in the cell was
unresolved. Though plenty of in situ and in vivo findings were published,
elucidation of the precise cellular role of these proteins proved fruitless to
scientific investigation. The major clues to their putative role were that
3Cys:1His iron-sulfur coordination is utilized by other iron-sulfur cluster
transfer proteins, and a NEET family protein found in Arabidopsis thaliana (At-
NEET) transfers iron into the mitochondria. Furthermore, RNAi knockdown of

At-NEET caused free iron overload in the cell and led to ROS accumulation.
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Both mNT and NAF-1 have recently been identified as key links between the
iron-sulfur cluster (ISC) biogenesis pathways in the mitochondria and the
cytosol by transferring [2Fe-2S] clusters to human anamorsin, an early key
piece of machinery that is responsible for providing [2Fe-2S] to the cytosolic
iron-sulfur assembly (CIA) pathway. It has also been shown that mNT can
transfer clusters to NAF-1, establishing that these proteins connect the flow of
iron-sulfur away from the mitochondria to cytosolic targets.

The method by which iron-sulfur clusters are exported out of the
mitochondrion to the cytosol is currently now well characterized. To determine
whether human mNT could translocate iron-sulfur clusters into the
mitochondrion through the outer membrane voltage dependent anion channel
(VDAC), we examined the ability of mNT to control membrane potential across
a bilayer embedded with VDAC. We characterized the mNT-VDAC binding
with microscale thermophoresis (MST) and hydrogen-deuterium exchange
mass spectrometry (HDX-MS) in addition to computational fragment-docking
direct-coupling analysis (Fd-DCA) to propose a model for mNT-VDAC binding.
Through these data, our model suggests that mNT interacts measurably with
the inner VDAC channel in addition to controlling VDAC gating in a redox-
dependent manner, while NAF-1 does neither.

To further identify and characterize cytosolic iron-sulfur protein transfer
partners, we selected human glutaredoxin-3 (GRX3), a protein recently
determined to carry [2Fe-2S] clusters and contribute to the CIA pathway. We

identified that GRX3 selectively transfers clusters to mNT, but not NAF-1,

XXi



further establishing diverged cellular roles for these two proteins. This is also
the only protein reported to date that can transfer [2Fe-2S] clusters to mNT.
These findings further solidify the role of the NEET proteins link the ISC and
CIA, and demonstrate that there is directionality of iron-sulfur transfer at the
interface of the ISC-CIA pathways. This directionality suggests a path for

feedback and recycling of cytosolic iron-sulfur.
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Chapter 1

Introduction



All life-forms gain a distinct advantage from using metals to drive
biological chemistry [1]. Photosynthesis, nitrogen fixation, respiration, and
DNA modification, to list a few, absolutely require multiple forms of metals.
Cells utilize these metals to drive all cellular processes [2-6]. Common among
all kingdoms of life is the use of iron [7]. Iron plays a role in all key cell-viability
and proliferation functions, such that its use, transport, and storage has
become highly evolved and necessary [8-10]. Most common knowledge of iron
might produce thoughts of rust, red blood cells and anemia, red meat,
magnets, or the molten core of the earth. However, at the subcellular level,
iron can exist in multiple different combinations as important cofactors; namely
single irons within protoporphyrins shown in Figure 1-1, and iron-sulfur
clusters, and in combination with molybdenum, nickel, and copper as

demonstrated in Figure 1-2 [11].

apo-protein
CHa X——y
CHz{CH,~CH=C CHH)SH CH, Cys
Il
Ho-gH s ML gron, RN
Y N4 V/ o Y el py i ) - R
HsC ‘ CH=CH, HaC— //—CH-CHQ HaC—~ ““‘ F:tl
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HEY/ 2CH, HaC \ »~CHs HsC \ [ CH
7Y < ‘é | Y Y |
CH, CH; CH;, CH» CH; CH
| |
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(Protoheme, Iron protoporphyrin 1X)

Figure 1-1: Examples of iron-hemes.
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Figure 1-2: Types of iron-sulfur clusters found in biological systems. (a)The Fe—
S cluster types that are most common are the [2Fe—2S] and [4Fe—-4S] clusters.
More complex Fe-S clusters are found in the active site of nitrogenase (the FeMo-
cofactor and P-clusters) and in carbon monoxide dehydrogenase (A- and C-
clusters), and these are an elaboration of these basic units. The clusters shown are
color coded by atom type: iron, red; sulphur, yellow; molybdenum, brown; nickel,
green; and copper, blue. Protein ligands are shown in black. (b) Examples of
substrate binding and catalysis in relation to the iron-based and sulphur-based
chemistry of Fe—S clusters. In aconitase, the substrate isocitrate/citrate (isocitrate
is shown) is activated when its hydroxyl group becomes ligated to one of the irons
of the [4Fe—4S] cluster of aconitase. In S-adenosylmethionine-dependent Fe-S
enzymes, the adenosylation of a bridging sulphur in a [4Fe—4S] cluster might be
directly involved in the mechanism of enzymatic activity (for further information
about this process, see Ref. 6). (c) Fe-S clusters have a remarkable capability for
structure interconversion, ligand-exchange reactions and oxidative degradation
[11].

Each of these cofactors, in conjunction with substrate selectivity, can
be tuned for one or many extremely important cellular purposes and enzymatic

catalysis, in the cell and even through targeted experiemental design of

enzymes [12].


https://vpn.ucsd.edu/+CSCO+1h75676763663A2F2F6A6A6A2E616E676865722E70627A++/articles/nrm1620#ref-CR6

Despite iron’s role in sustaining human life, many human pathogens
and multicellular parasites, like malaria, also require iron for survival and
invasion of host organisms [13-17]. Host cells typically control iron tightly, such
that iron-starvation is a passive defense mechanism, yet many pathogens are
able to find ways around this to utilize iron to proliferate and absence as a way
to sense the host’s cellular environment [17],[18]. To combat this capability on
the part of the pathogen, there has been a push to introduce therapeutics that
can actively inhibit the invaders’ ability to acquire iron [19]. Most types of
cancer cells upregulate iron-based metalloproteins in order to scale up
glycolysis in an absence of Krebs/oxidative phosphorylation, termed the
Warburg Effect. This enables cancer cells to produce energy rapidly with
decreased mitochondrial reliance, and also as a strategy to prevent the cell
release free iron from mitochondrial respiratory complexes and follow-on cell-
death signals that originate from the mitochondria, that will end cancer
proliferation [20-27]. The strategy most cells use as a defense mechanism
against undesired cell growth and loss of cell cycle control is to use some form
of ROS to combat these negative effects and to self-destruct through cell
death pathways [27, 28].

A recent key strategy for therapeutic drug design has been to target
metalloproteins, especially those containing iron-sulfur cofactors, due to their
vital roles in the cell. When minor functional alterations occur, this can lead to

significant cellular strife [29] and seen in Table 1-1 and Figure 1-3.



Table 1-1: Iron—sulfur cluster proteins in relation to disease states. Red numbers
indicate appearance of Fe-S proteins in Figure 1-2. [29]

Protein  Function Disease Most common cause
Frataxin®  Iron donor; Friedreich's ataxia (FRDA) GAA-triplet expansion causing
allosteric effector of transcriptional silencing
NFS1
IscU? Splice mutation in intron 4
Fe-S cluster IscU myopathy resulting in decreased protein
scaffold levels
Fdx2> Electron transport  Fdx2 myopathy c. 1A > T mutation disrupting the

initiation codon

Nfs1? Sulfur donor for Infantile mitochondrial p. R72Q decreasing transcripts
cluster assembly  complex II/lil and protein levels
ISD11° Stability factor Combined oxidative p. R68L resulting in undetectable
phosphorylation deficiency 1SD11 protein levels
19 (COXPD19)
Nfu® Late acting [Fe-S] MMDS1 p. G208C resulting in insufficient
targeting factor downstream holo targets
BOLA3’ Late acting [Fe-S] MMDS2 Truncation mutation resulting in
targeting factor insufficient downstream holo
targets
lba57° [4Fe—-4S] cluster MMDS3 p. Q314P causing protein
assembly factor misfolding and degradation
IscA1/2° [4Fe—4S] cluster MMDS4 p. G77S resulting in insufficient
assembly downstream holo targets
Ind1:° Assembly factor for Complex | deficiency p. G56R and a c. 815-27T >C
complex | branch site mutation leading to

aberrant splicing

spuB™t Respiratory Neurodegeneration and Mutations at Fe—S cluster ligating
complex Il cancer cysteines preventing cluster
binding
SDHAF1*2 Assembly factor for leukoencephalopathy Mutations that disrupt binding
complex Il interface for either Hsc20 or
SDHB prevent cluster maturation
on SDHB
MitoNEET - Maintenance of iron Association with cystic Related to decrease in mRNA
NAF-1 homeostasis fibrosis, Parkinson's levels

disease, and cancer



Table 1-1: Iron—sulfur cluster proteins in relation to disease states, continued.

Protein  Function Disease Most common cause
Genome p. M299I upregulates helicase
FANCJY™  maintenance and  Fanconi anemia and breast activity or p. A349P that impairs
dbl-strand break ~ cancer DNA-—protein interactions
repair
Nucleotide excision Xeroderma pigmentosum  p. R112H that impairs
XPD® repair and (XP), Cockayne's syndrome transcriptional function and
transcription (CS), trichothiodystrophy  inactivates helicase activity
(TTD), and Cerebro-oculo-
facial-skeletal (COFS)
syndrome
chiR1Y’  Genome Warsaw breakage p. R263Q inhibits DNA binding
maintenance syndrome and DNA-dependent hydrolysis
Maintenance of Cancer, dyskeratosis Protein mutations that prevent
RTEL1X®  telomeres congenita (DC), and telomere maintenance
Hoyeraal-Hreidarsson
syndrome (HHS)
POL 5 & 2 DNA polymerases Cancer Unclear connection
Fe—S cluster export X-linked sideroblastic Protein mutations that result in
ABCB,2®  from the anemia (XLSA) mitochondrial iron overload
mitochondria
[2Fe—2S] cluster  Sideroblastic-like anemia  Aberrant splicing leading to
Gt carrier decreased Fe-S cluster transfer
and impaired iron homeostasis
IRP?2 Iron homeostasis  Parkinson's disease Erroneous regulation generating
reactive oxygen species
er223 Cluster carrier and Parkinson's disease Erroneous regulation of GSH
redox regulation levels
FECH?*  Heme biosynthesis Erythropoietic
protoporphyria
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Figure 1-3: Schematic representation summarizing current models of mammalian Fe-S
cluster biogenesis based on disease conditions. Nfsl, the cysteine desulfurase, with its
cofactor protein Isd1l donates sulfur from L-cysteine for nascent Fe—S cluster assembly.
Together, they bind to the primary scaffold protein IscU, the regulator protein frataxin (Fxn),
which controls cysteine desulfurase activity and iron delivery, and a source of electrons. The
newly formed IscU-bound [2Fe-2S] is subsequently transferred via a dedicated chaperone-co-
chaperone system (Hsc20—HSPA9) to Grx5. From Grx5, the Fe—S clusters are either directly
inserted into mitochondrial [2Fe—2S] proteins or transferred via specific carrier systems such as
the one composed of IscAl, IscA2 and Iba57 to mitochondrial [4Fe—4S] proteins. To date, the
presence of another cluster type (such as a glutathione-complexed [2Fe—2S] cluster) under
physiological conditions cannot be excluded. For extra-mitochondrial Fe-S cluster, an
uncharacterized compound (X) is exported for cytosolic and nuclear cluster trafficking via the
Fe—S cluster export machinery consisting of ALR, glutathione and ABCB;. Species X has been
proposed to be a glutathione-complexed [2Fe—2S] cluster and is depicted as the [2Fe—
2S](GS), complex.*” Cytosolic cluster trafficking has been studied primarily in yeast. Fe-S
clusters can be trafficked through Grx3 to anamorsin, which provides electrons to the cytosolic
scaffold CFD1-NBP35. From there, [4Fe—4S] clusters are transferred via IOP1 to the CIA


https://pubs.rsc.org/en/content/articlehtml/2018/mt/c7mt00180k#cit17

proteins and final target proteins, such as IRP. The CIA proteins can complex with MMS19 for
cluster delivery to nuclear targets, like polymerases, helicases, and glycosylases. The red
numbers in the figure correspond to the disease numbers in the review and in Table 1-1 [29].

These iron-sulfur targeting drugs also offer an alternative strategy to
wreak cellular havoc in various cancers and pathogens through ROS
generation, especially in a time when there is an extreme dearth in new
antibiotic development, and due to misuse and overuse, bacteria are rapidly
becoming resistant to existing antibiotics [30-33]. An alternative therapeutic
method of action is to stabilize and inhibit the lability of iron-sulfur clusters,
which are vital properties to their cellular function and specific chemistry [34].
Some common examples of iron-sulfur interacting therapeutics are listed in
Table 1-2.

As seen in Table 1-2, mitoNEET and NAF-1 iron-sulfur proteins are
prevalent in iron-sulfur therapeutic targeting strategies. MitoNEET (mNT,
CISD1) was first identified as a target for pioglitazone, a type-2 diabetes
therapeutic [35]. Pioglitazone belongs to the class of insulin-sensitizing
compounds known as thiazolidinediones (TZD). TZDs are receptor-agonists of
peroxisome proliferator-activated receptor-y (PPAR-y), which plays a role in
cellular energy storage mediation by enhancing expression of glucose and
lipid metabolism genes [36]. TZDs improve insulin resistance by opposing the
effect of TNF-a in adipocytes [37]. The discovery of mNT occurred when
muscle-specific PPARy knockout mice fed a high fat diet were still responsive

to the action of TZD treatment, ruling out PPARYy as the functional target [38].



Table 1-2: Therapeutic drugs interacting with iron-sulfur clusters [34].

Therapeutic  Fe-S Protein
Drug Therapeutic Indication Target Mechanism
Property
Sickle cell,
leukemia, Leul ROS-
Hydroxyurea Anti-proliferative polycythemia mediated
vera, other
cancers
Fe-S cluster
Primaquine Anti-parasite Malaria RIi1, interaction
aconitase and ROS-
mediated
Cluvenone Proapoptotic Acute MitoNEET, Fe-S cluster
lymphoblastic NAF-1 stabilization
leukemia
MAD-28 Anti-proliferative Cancer MitoNEET, Fe-S cluster
(cluvenone derived) NAF-1 destabilizatio
n
Pioglitazone Anti-diabetes insulin Diabetes MitoNEET, Fe-S cluster
(TZD) sensitizer NAF-1 stabilization
Drug-resistant Binds to Fe-
‘882 Antimicrobial Staph. aureus SUF S cluster
strains machinery biogenesis
machinery
ROS-
Antibiotics Antimicrobial Bacterial unspecified mediated
infections (still debated)
NADH
B-Phenethyl dehydrogena
isothiocyanate Anti-proliferative Leukemia se3 ROS-
(PEITC) (respiratory mediated
complex I)



Anti-angiogenic, Ehrlich ROS-
BC1 antitumor carcinoma unspecified mediated

It was later discovered that the actual target of pioglitazone was a
mitochondrial-associated protein that had been previously uncharacterized
[35]. It was named mitoNEET for its localization to the mitochondria and NEET
for a unique amino acid motif (asparagine-glutamate-glutamate-threonine) that
followed the [2Fe-2S] cluster binding region [35]. Based on the amino acid
sequence, mNT was originally thought to be a zinc-finger protein, but
additional early studies demonstrated that is was a dimeric [2Fe-2S] that was
anchored to the outer mitochondrial membrane by an N-terminal sequence
spanned the membrane and the C-terminal [2Fe-2S] cluster-binding domain
existed in the cytosol [39]. Two additional NEET proteins were later discovered
in humans. The second, named nutrient-deprivation autophagy factor 1 (NAF-
1), which was also called Minerl, ERIS, or Noxp70, are expressed from the
CISD2 gene. This protein’s sequence varies from that of mNT (54% identical
and 69% similar), and it localizes to the mitochondrial-associated membranes
of the ER [39, 40]. The third homologous NEET protein family member is a
monomeric [2Fe-2S] cluster protein that shares much less sequence identity
with CISD1 or CISD2, and is a soluble protein found in the mitochondrial
matrix [39]. Moreover, these proteins contained a rare 3Cys:1His coordination

chemistry of the [2Fe-2S] cluster (Figure 1-4) [40-44].
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Figure 1-4: The NEET family of proteins bind [2Fe-2S] clusters with 3Cys:1His
coordination. To date, all discovered NEET proteins contain this unique coordination,
as it is part of their characteristic consensus sequence (NAF-1, PDB: 3FNV) [40].

An ancient role for the CISD proteins was suggested in a recent
phylogenetic analysis study, demonstrating that a conserved consensus
sequence, [C-X-C-X2-(S/T)-X3-P-X-C-D-G-(S/A/T)-H], which includes a
characteristic CDGSH sequence followed by the “NEET” motif, and is found
across all kingdoms of life [45-47].

After its discovery, mNT and NAF-1 research took two distinctly
different primary approaches to attempt to resolve the cellular role of NEET
proteins. The first was in vitro biophysical characterization and the second was
in vivo organismal expression-level studies. Much of the organismal studies
looked at the effects of knockout/knockdown or overexpression in order to
examine systemic effects and draw conclusions from changes in overall
phenotype. Much of what was discovered related changes to metabolic

alterations, a role in tissue development, shortened lifespan, changes to
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autophagy, oxidative stress protection, and iron misregulation [48-53]. Other
studies found through shRNA silencing that NEET proteins were upregulated
in cancers, and insufficient levels, especially of NAF-1, drastically slowed
tumor growth [26]. These biological effects are linked to the protein structure
and the [2Fe-2S] cluster coordination site chemistry. The properties of the
3Cys:1His iron-sulfur cluster coordination site is essential to function, such that
alteration to a 4Cys coordination site in these proteins has been shown to
inhibit cluster lability and also slow cancer growth [54]. This is not surprising,
as other proteins involved in iron-sulfur cluster transfer are known to share this
uniqgue 3Cys:1His [2Fe-2S] coordination site [55]. While all these studies
helped suggest the cellular importance of NEET proteins and suggested a
general cellular role, collectively they were not able to pinpoint a specific
function.

From the biophysical studies, mNT and NAF-1 were characterized as
having pH-sensitive and tunable redox-active [2Fe-2S] clusters [39, 40, 43, 56,
57]. Most notable was that NEET proteins could transfer [2Fe-2S] clusters to
an apo-acceptor ferredoxin protein shown in Figure 1-5 [58]. Of additional
significance from this study was that the pioglitazone, the TZD drug which had
been shown to bind to mNT and NAF-1 [59], inhibited [2Fe-2S] cluster transfer,
even stabilized cluster loss at low pH, and that clusters only transferred in the
oxidized [2Fe-2S]** and not the reduced [2Fe-2S]" state [58]. Additional

studies demonstrated that the presence of a reducing agent, NADPH, and
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mutation of the histidine ligand to create a 4Cys-coordination site abolished

transfer to apo-ferredoxin [60, 61].
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Figure 1-5: Facile transfer of the [2Fe-2S] cluster from mitoNEET (mNT) to apo-
ferredoxin (a-Fd). The presence of the [2Fe-2S] cluster in mNT can be observed by
UV-Vis spectroscopy with a signature peak at 458 nm and in Fd at 423 nm. Each
panel shows the cluster transfer reaction progress. The observed spectra for the
combined species are shown as a black line at the top of each frame while the
deconvoluted spectra of holo-mNT (red) and holo-Fd (blue) Upon approaching
completion, the visible spectrum resembles that of Fd, as all a-Fd has been converted
to the holo form and mNT has been converted to the visible-lacking apo form. [58].

Altogether, these discoveries suggested that investigation of mNT and
NAF-1 as iron-sulfur transport proteins would be a promising future direction of
research. Follow-on studies confirmed that the lability of the [2Fe-2S] cluster in
NEET proteins is critical to function. When breast cancer cells upregulate
these proteins, such that when the NAF-1 H114C coordination-site mutant was

overexpressed, these cells they experienced increased oxidative stress
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through ROS production and exhibited mitochondria with an excess of free
iron-pooling [54]. This study also discovered that treatment of breast cancer
cells with pioglitazone, which stabilizes 3Cys-1His [2Fe-2S] clusters, also
produces the ROS and iron accumulation phenotype. These effects lead to
tumors with augmented size and a decrease in tumor aggressiveness. These
data, further suggest that mNT and NAF-1 are responsible for mediating iron-
sulfur transport from the mitochondrion, in which disruption produces free-iron
overload in the mitochondrion and cell-wide uncontrolled ROS generation.
Another finding from this study, in conjunction with previous research in breast
cancer cell NEET protein expression, was that mNT and NAF-1 were
upregulated in breast cancer and had varying effects of NEET protein
modification [26, 62].

A fundamental discovery was that both mNT and NAF-1 were able to
transfer their iron-sulfur clusters to apo-anamorsin [63], and that a key electron
transfer step between mNT and anamorsin was part of the recovery of [2Fe-
2S] clusters in anamorsin/CIA machinery [64]. Anamorsin is essential for
aspects of cell growth, differentiation, and apoptosis, and also to be essential
for cell survival in response [65]. Additionally it is a critical component of the
cytosolic iron-sulfur assembly system (CIA) by transferring [2Fe-2S] clusters to
cytosolic regulatory protein 1 (IRP1) which supplies iron-sulfur clusters to
critical cytosolic iron-sulfur proteins [64].

These data solidified a role of mNT and NAF-1 at the junction of the

iron-sulfur assembly pathway of the mitochondrion (ISC) and the cytosolic
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iron-sulfur assembly machinery (CIA). For the first time since their discovery,
the once enigmatic NEET proteins now had a defined cellular role.

Hence, research aimed at elucidating the differences between mNT and
NAF-1 continued, as their localization is not identical and their cellular roles
vary, as discussed above. First, molecular dynamics indicate key differences
in their secondary and tertiary structure that vary based on the presence and
absence of the [2Fe-2S] clusters. These studies explain the variation in their
cluster pH-dependent properties, and possibly their different roles in cancer
[56, 62, 66]. It was found that directional transfer of [2Fe-2S] clusters occurs
from mNT to NAF-1, but not the reverse [67]. This clearly establishes a distinct
functional difference, and connects the roles of these two proteins with respect
to one another. A summary of these findings in found in Figure 1-6, which is
modified from the published version [63].

From this point moving forward, our lab had two sub-projects: The first
aimed to further resolve the roles of mMNT and NAF-1 at the mitochondrion and
cytosol interface, and the second aimed to better connect the network
between the ISC and CIA pathways. Both aims had the underlying goal to
identify and establish a [2Fe-2S] cluster donor for mNT, which was yet
undiscovered, and to explore additional iron-sulfur cluster donors to NAF-1.
The first approach examined a link between the outer mitochondrial voltage
dependent anion channel (VDAC) that despite the name, VDAC can transport
a diverse flow of metabolites and ions between the inner mitochondrial space

and the cytosol [68-70]. We reasoned that since the mechanism for iron-sulfur
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clusters to exit the mitochondria had not been identified, both VDAC and mNT
are co-localized on the outer mitochondrial membrane, and the dimensions for
mNT made it possible to access the inner-side of VDAC, these two proteins
might serve as a method for iron-sulfur entry or exit across the outer
mitochondrial membrane (Figure 1-7). Chapter 3 of this dissertation discusses

that investigation and the recent results that were submitted for publication.

? . % (NDOM)

Anamorsin
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Cell growth

Figure 1-6: Schematic showing mNT and NAF-1 ISC-CIA link and a role as iron-
sulfur cluster transfer partners. [63]
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Figure 1-7: A comparison of mNT dimensions to that of VDAC dimensions.
(Left) The side-view of each molecule to show width. (Right) The top view, B-cap and
cytosol facing side respectively. The VDAC channel structure (PDB: HXDO) has a
channel that spans over 30 A, while mNT has a maximum width in either direction of
less than 30 A.

To examine if mMNT or NAF-1 acquired their iron-sulfur cluster from a
cytosolic component, or to attempt to identify new iron-sulfur cluster acceptors
for the NEET, proteins, we took inventory of the list of potential human
cytosolic [2Fe-2S] cluster candidates, shown in Table 1-3. This was a short list
of three: Glutaredoxin-3 (GRX3), aldehyde oxidase 1 (AOX1), and xanthine

dehydrogenase (XDH).
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Table 1-3: Inventory of Cytosolic and Nuclear Iron-Sulfur Proteins.

[Fe/S protein (human) | Veast homolog | FeS cluster type
'DNA maintenance S - - |
PRIM2 Pri2 [4Fe-4S] Primase, synthesis of RNA primers for DNA replication
POLA Poll [4Fe—4S] Catalytic subunit of poly «, DNA
POLE1 Pol2 [4Fe-4S] Catalytic subunit of poly £, DNA
POLD1 Pol3 [4Fe-4S] Catalytic subunit of poly 5, DNA
REV3L Rev3 [4Fe-4S] Catalytic subunit of polymerase {, DNA repair
FANCJ absent [4Fe-4S] Helicase, DNA repair
NTHL1 Ntg2 [4Fe-4S] DNA glycosylase, DNA repair
XPD Rad3 [4Fe-4S] Helicase, nucleotide excision repair
MUTYH absent [4Fe-4S] DNA glycosylase, DNA repair
RTEL1 absent [4Fe-4S] Heli anti-r
CHLR1 Chi1 [4Fe-4S) Heli h gregati
DNA2 Dna2 [4Fe-4S] Helicase/nuclease, DNA repair Okazaki fragment processing,
Amino acid and nucleotide metabolism
Absent Leul [4Fe-4S] Isopropylmalate isomerase (leucine biosynthesis)
Absent Ecm17 [4Fe-4S] Sulfite qui for biosynthesis of hioni
Absent Git1 [4Fe-4S] Glutamate synthase
—_—> A0X1 Absent 2x [2Fe-2S) Aldehyde oxid: ( bolism of
DPYD Absent 4x [4Fe-4S] Dihydropyrimidine dehydrogenase (pyrimidine catabolism)
GPAT Absent [4Fe-4S] Phosphoribosyl pyrophosph i f (purine bi
— XDH Absent 2x [2Fe-2S] Xanthine dehydrogenase/oxidase
Ribosome function and tRNA modification
ABCE1 Rli1 2x [4Fe-4S) Rib biog i ion initiation and
ELP3 Elp3 2x [4Fe-4S] Elongator protein 3 (tRNA wobble base modification), SAM
TYW1 Tyw1 2x [4Fe-4S] tRNA wybutosine biosynthesis, SAM
CDKAL1 Absent [4Fe-4S] tRNA modification
CDKRAP1 Absent [4Fe-4S] tRNA modification
Other processes
— GRX3 (PICOT) Grx3-Grx4 [2Fe-2S] Intracellular iron homeostasis
IRP1 Absent [4Fe-4S] Intracellular iron regulation
RSAD1 (Viperin) Absent [4Fe-4S] Antiviral activity, SAM
mitoNEET (CISD1) Absent [2Fe-2S] Insulin itivity, unk (I d in mitochondrial outer
membrane facing cytosol)
MINER1 (NAF1, CISD2) Absent [2Fe-2S] Ca®* metabolism, unknown
MINER2 Absent [2Fe-2S] Ca?®* metabolism, unknown

My work established that GRX3 plays a unique role in the
establishment of [2Fe-2S] cluster homeostasis between mitoNEET and NAF-1
and closes the loop on the mitochondrial-cytosolic iron-sulfur cluster assembly
mechanism. The details of the expression, purification, and reconstitution are
in Chapter 2, Materials and Methods, and the follow-on experiments and

results are presented in Chapter 4,
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Chapter 2

Materials and Methods
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Introduction

A major challenge to in vitro experimentation with proteins that contain
one or more cofactors is the ability to produce solution-stable constructs that
retain the prosthetic group(s) of interest. mMNT and NAF-1 are found as novel
2Fe-2S dimeric folds tethered to the outer mitochondrial membrane and
endoplasmic reticulum, respectively. In initial studies of the structural and
biochemical properties of the functional NEET iron-sulfur cluster containing
folds we determined that the cytosolic domains were functional in ferredoxin,
anamorsin, and Bcl-2 protein interactions and cluster binding properties [58,
63, 71, 72]. Thus we chose to avoid detergents and lipids in functional
experiments, and expressed and purified the soluble regions with the single
pass membrane-spanning N-terminal regions removed. Crystal structures
determined in our laboratory indicate folding and [2Fe-2S] cluster ligation of
the soluble domains. Fortunately, these constructs are now easily
overexpressed in E. coli with the [2Fe-2S] cluster intact [39, 42]. An additional
advantage is that these proteins have very long [2Fe-2S] cluster half-lives in
aerobic solutions with a pH above 7.0 [39, 42]. This feature allowed
investigation of the [2Fe-2S] cluster transfer capability of these proteins in
aerobic conditions at the lab bench for NEET proteins’ [2Fe-2S] cluster
transfer to the canonical acceptor protein apo-ferredoxin [58] and to the first
identified cytosolic iron-sulfur cluster assembly (CIA) factor apo-anamorsin

(Figure 2-1) [63].

20



Anamorsin

C2
C1
Cys Cys
Cys Cys
0.6 . 0.6 .
0.5 | NAF-1 05
804 458 nm 804
£ l § 458 nm
203 203}
) <] :
202 2Lo2 Anamorsin
< mNT <
0.1 0.1
0 . " . = 0 R . A n
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 2-1: Structure and Visible Spectra of NAF-1, mNT, and [2Fe-2S] transfer-
partner anamorsin. NAF-1 and mNT are able to transfer [2Fe-2S] clusters to
anamorsin, which is tracked by changes in their respective UV-visible absorption
peaks, due to a difference in the ligand environment of the [2Fe-2S] cluster. A. (Top)
Crystal structures of mNT (PDB code: 2QH7,), NAF-1 (PDB code: 3FNV); (Middle)
NEET 2Fe-2S cluster with 3-Cys:1His coordination; (Bottom) Absorption spectra of 25
MM mNT and NAF-1. B. (Top) Crystal structure of the N-terminal domain of
Anamorsin (PDB code: 2YUI) with an added schematic of the unstructured 2Fe-2S
cluster binding domain; (Middle) Representative Anamorsin 2Fe-2S cluster with 4-Cys
coordination (from ferredoxin, PDB code: 1RFK); (Bottom) Absorption spectrum of 43
MM Anamorsin isolated from E. coli [63].

In contrast, we identified that GRX3, which connects the mitochondrial
and cytosolic iron-sulfur cluster homeostasis pathways, is expressed as a
holo-protein in E. coli, but rapidly loses its [2Fe-2S] cluster under aerobic

environments to yield a monomeric apo-protein that is relatively unstable in
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solution without continuous exposure to a reducing agent [73]. GRX3 was only
recently characterized as an iron-sulfur protein, and as such the methods to
work with a holo-protein were severely undeveloped [73]. To assess the
potential [2Fe-2S] cluster transfer from holo-GRX3 to apo-NEET proteins, it
was necessary to quantitatively reconstitute a stable holo-construct under
anaerobic conditions. Therefore, significant effort was directed towards
method development at every step of the procedure and required use of an
anaerobic glove-box for 100% of transfer experiment set-up. An additional
hurdle to overcome was that the holo-GRX3 protein has a stoichiometry of
[2(Grx3):4(GSH):2(2Fe-2S)], and ligation of the GSH (as GS)) is in reversible
equilibrium that required excess GSH to maintain the holo-form of GRX3. My
methods were later confirmed with a recent publication that shows GRX3
transfers [2Fe-2S] clusters to anamorsin, a protein our lab had also linked to
NEET protein [2Fe-2S] cluster transfer [63, 74]. The procedures indicated in
their body of work matched much of what | had developed. The methods
involved in optimizations of the GRX3 experiments and modifications to the

NEET protein methods described previously, are included in this chapter.

MitoNEET and NAF-1 genes, plasmids, and bacterial strains.

Coding sequences corresponding to the soluble domains of human
mNT (amino acids 33-108) and human NAF-1 (amino acids 57-135) were
subcloned into a pET28-a(+) vector (EMD Millipore) between Ndel and Xhol

restriction endonuclease sites as described previously [42, 60]. The vector
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includes an affinity tag of six consecutive histidines separated by a thrombin
protease cleavage site to the N-terminal side of the construct and has a
kanamycin resistance gene for selection. Expression plasmids were amplified
in E. coli DH5a cells (EMD Millipore). For protein expression, the mNT and
NAF-1 in pET28-a(+) plasmids were transformed into E. coli BL-21 (DES3)
Codon Plus RIL cells (Agilent) to compensate for rare arginine, isoleucine, and

leucine codons found in the native DNA sequence.

Glutaredoxin-3 (GLRX3)gene, plasmid, and bacterial strains.

To determine if the human GRX3 cDNA sequence contained any rare
codons for E. coli expression, | used the Caltor Rare Codon online tool to
assess how many were present (Table 2-1) and how many consecutive rare
codons existed (Table 2-2). To avoid cell lines that required multiple antibiotics,
such as BL21 (DE3) Rosetta E. coli cells, which could lower the protein
production vyield, the full-length human glutaredoxin-3 gene (GLRX3;
Accession AAH05289.1) was commercially synthesized with optimized codons
for E. coli expression and subcloned into the pET28-a(+) plasmid (GenScript).
The expression plasmid was amplified in DH5a E. coli cells (EMD Millipore).
For protein expression the mNT and NAF-1 in pET28-a(+) plasmids were

transformed into BL-21 (DE3) E. coli cells (EMD Millipore).

23



Table 2-1: Presence of Rare-Codons in GRX3 cDNA Sequence.

Amino Acid Rare | Frequency of
Codon | Occurrence
CGA 1
_ CGG 1
Arginine AGG 1
AGA 1
GGA 11
Glycine GGG 1
Isoleucine ATA 5
Leucine CTA 3
Proline CCC 2
Threonine ACG 0

Table 2-2: Rare Codon Repeats in GRX3 cDNA Sequence.

Repeat Frequency
ATA GGA GGA 1
ATA CTA 1
GGA GGA 1
AGA GGA 1

Escherichia coli transformation.
Competent DH5a and BL-21 cells were transformed by introducing 100-

300 ng of DNA (150 ng/pL) per 250 uL of pre-suspended cells that were
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thawed on ice and then mixed gently. After a 30 min incubation, the DNA-cell
suspensions were heat shocked in a 42 °C water bath for 45 secs and were
cooled briefly before 750 pL of SOC medium was added (Mediatech Inc,
Corning). The cultures were grown for 1 hr at 37 °C while shaking at 220 rpm,
followed by selection and plating on LB-agar medium with 50 pg/mL
kanamycin for DH5a and BL-21 (DE3) cells, or 30 pg/mL kanamycin and 30

pMg/mL chloramphenicol for BL-21 (DE3) Codon Plus RIL cells.

Expression and purification of MitoNEET and NAF-1.

Both NEET proteins were purified as described previously [58, 75], with
the exception that thrombin protease-cleaved proteins were eluted from the
nickel-coordinating NTA affinity resin (Qiagen) with a 50 mM Tris (pH 8.0), 20
mM NacCl, and 2 mM CaCl, buffer in order to eliminate a buffer exchange step

prior to an SP-HP (GE Healthcare) cation-exchange chromatography step.

Expression and purification of Glutaredoxin-3.

BL21 (DE3) E. coli cells transformed with the GRX3- pET28-a(+)
plasmid were grown overnight at 37 °C in 200 mL of LB media containing 50
pug/mL kanamycin, while shaking at 200 rpm. The following day the culture
was divided and inoculated into three separate 2 L LB cultures containing a
final concentration of 50 pg/mL kanamycin. At an ODgg reading between 0.3 —
0.5, FeCl; was added from a freshly prepared, pre-sterilized stock to a final

concentration of 25 uM in the cultures, and the temperature of the cultures
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was lowered to 17 °C. At an ODggyo of 0.6-0.7, protein expression was induced
using a final concentration of 1 mM IPTG. The induced cultures were left to
grow for 20 h at 17 °C, while shaking at 180 rpm.

The cells were harvested by centrifugation at 6,000 xg at 4 °C for 30
mins, and resuspended to 125 mL final volume in a lysis buffer containing 50
mM Tris (pH 8.0), 500 mM NaCl, and 1 mM PMSF and frozen at -20 °C prior
to lysis. Cells were thawed and homogenized by stirring on ice. Cell lysis was
performed using two passes through a EmulsiFlex-C5 homogenizer (Avestin),
followed immediately by centrifugation at 30,000 xg at 4 °C for 30 min.

The supernatant fraction was applied to ~5 mL of Ni-NTA affinity resin
(Qiagen), followed by a 50 mL wash step with lysis buffer with 5 mM imidazole
and a 30 mL wash step with 30 mM imidazole. The N-terminal 6x histidine tag
was cleaved using 2-3 mg of thrombin in a buffer volume of 45 mL in a 50 mL
conical tube. Using bovine thrombin (Thermo-Fisher), the His-tag cleavage
reaction was carried out at 4 °C overnight (15-18 hrs) with constant rotating
inversion in a buffer of 50 mM Tris (pH 8.0), 150 mM NacCl, and 2 mM CacCl,.
The flow-through volume was collected and pooled with an additional 30 mL
wash step of 50 mM Tris (pH 8.0), 150 mM NaCl, and 50 mM imidazole.
Although the oxygen-sensitive [2Fe-2S] clusters are lost rapidly from GRX3 in
air-exposed solution, to further drive the formation of monomeric GRX3 by
[2Fe-2S] cluster loss, 100 yM potassium ferricyanide (Ks[Fe(CN)s) was added

to protein samples overnight (6-15 h) at 22 °C.
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The mixed monomer and dimer GRX3 samples (37 kDa and 74 kDa
respectively) were then concentrated to less than 2 mL by centrifugation in 10
kD molecular weight cutoff centrifugal filter units (EMD Millipore) at 3,500 x g.
PD-10 desalting columns (GE) were pre-equilibrated with 50 mM Tris (pH 8.0),
100 mM NaCl, 5 mM DTT (BioPioneer), and 3 mM GSH, and used to buffer-
exchange the protein samples. Samples of < 5 mL were then loaded onto a
HiPrep 26/60 Sephacryl S-200 HR size-exclusion chromatography column
(GE Healthcare), that had been pre-equilibrated with 50 mM Tris (pH 8.0), 100
mM NaCl, 5 mM TCEP (Thermo-Fisher), and 3 mM GSH (Thermo-Fisher).
Since this chromatography step requires the reducing agent and protein to be
at room temperature for several hours, TCEP was used instead of DTT due to
the significantly longer half-life of the former in agueous solution. The elution
profile yielded two elution peaks from the protein absorption at 280 nm: The
dimer at ~155 mL and the monomer fraction at ~250 mL, as shown in the
Figure 2-2 chromatogram. Monomer fractions excluding the peak tails were
pooled and re-concentrated by centrifugation as before, to a final
concentration of 500 pM, using an extinction coefficient at 280 nm of 34 mM~
'em™ calculated using the ProtParam online tool. Proteins in 500 uL aliquots

were flash-frozen in liquid nitrogen and stored at -80 °C until further use.
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Figure 2-2: Chromatogram for human GRX3 size-exclusion chromatography. A
HiPrep 26/60 Sephacryl S-200 HR size-exclusion chromatography column was pre-
equilibrated with 350 mL of buffer containing 50 mM Tris (pH 8.0), 150 mM NacCl, 5
mM TCEP, and 3 mM GSH. Protein samples that had been previously purified using
Ni-NTA affinity chromatography and subjected to thrombin cleavage were loaded
onto the column in a volume less than 10 mL, and eluted at flow-rate of 1.6 mL/min.
Elution fractions were collected at 3 mL intervals, and monomer fractions excluding
the peak tails were pooled; followed by addition of another 1 mM equivalent of TCEP
and concentrated to 500 pM based on the theoretical €50 of 34 mM™cm™ for
monomeric GRX3 (ExPASy ProtParam web-based software, Swiss Institute of
Bioinformatics).

Protein characterization and quality analysis.

In order to analyze the approximate size and to qualitatively assess the
degree of purity of protein monomers, the purified proteins were separated
and analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The best band separation was displayed using a 10%

acrylamide/bis (Bio-Rad) resolving gel for GRX3, and 15% acrylamide/bis for
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mMmNT and NAF-1. In addition to acrylamide/bis, resolving gels contained 500
mM Tris (pH 8.8), 0.1% (w/v) SDS, 0.05% (w/v) ammonium persulfate, and 25
uL of TEMED (Bio-Rad). All stacking gels contained 5% acrylamide/bis, 62
mM Tris (pH 6.8), 0.1% (w/v) SDS, 0.15% ammonium persulfate, and 25 pL of
TEMED. The SDS-PAGE running buffer consisted of 25 mM Tris, 192 mM
glycine, and 0.1% (w/v) SDS.

Western blotting was used to confirm the identity of the protein band
from the SDS-PAGE as GRX3. For the blotting, polyacrylamide gels with
protein were transferred to a polyvinylidene fluoride (PVDF) membrane sheet
(Bio-Rad) at 60 V (< 300 mA), and incubated with rabbit polyclonal anti-GRX3
antibodies (ProteinTech Group) at a 1:600 dilution in TBT with 5% (w/v) BSA
(Sigma), followed by washing and incubation with goat anti-rabbit IgG (heavy
+ light chains) secondary antibodies conjugated with aldehyde peroxidase
(ProteinTech Group) diluted at 1:4000 in TBT with 5% (w/v) BSA. After three
washes in TBS-T, GRX3-specific bands were exposed to Western Blue AP
detection solution (Promega), which was incubated on the blot for 30 mins
until GRX3 protein bands reached the desired colorimetric intensity. Blot
images were taken on a InGenius3 imaging and analysis system (Syngene). A
image of a sample denaturing (SDS-PAGE) gel and the accompanying

western blot are displayed in Figure 2-3.

29
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180 kDa 180 kDa
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Figure 2-3: SDS-PAGE and western blot of purified GRX3. (Left) A 10%
acrylamide gel showing the coomassie-blue stained GRX3 monomer band. Protein
fractions were diluted in 1:1 in a loading buffer that contained 0.125 M Tris (pH 6.8),
20% (v/v) glycerol, 4% (w/v) SDS, 0.004% (w/v) bromophenol blue dye, and ~10%
BME (Bio-Rad). The band runs at an apparent molecular weight of approximately 40
kDa. The left-most lane contains a molecular weight standard (AccuRuler Prestained
Protein Ladder G02101, Lamda Biotech) labeled for apparent molecular weight in
Tris-Glycine SDS-PAGE running buffer. (Right) A western blot on a PVDF membrane
containing the proteins transferred from the SDS-PAGE gel. Rabbit polyclonal anti-
GRX3 primary antibodies at a 1:600 dilution were incubated 12-72 hrs at 4 °C,
washed, and then incubated with goat anti-rabbit monoclonal antibodies with an
aldehyde peroxidase fusion. After washes with TBS to remove excess Tween-20
detergent, the Western Blue AP stabilized substrate solution was incubated until
detectable bands appeared at the desired colorimetric intensity. The protein ladder is
prestained and serves as a transfer control and sizing reference for western blotting.

UV-Visible spectroscopy was used as an additional method to confirm the

identity of GRX3 by its characteristic [2Fe-2S] clusters absorption band at 410
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nm, after the initial Ni-NTA affinity chromatography step, shown in Figure 2-4

[73, 74].

Relative Abs

300 400 500 600 700 800
Wavelength (nm)

Figure 2-4: Characteristic UV-Visible Spectrum of Purified Holo-GRX3. After
elution from Ni-NTA affinity chromatography, DTT (5 mM) was added to GRX3
fractions at 4 °C and the protein was briefly concentrated before taking scans from
250-800 nm in a Cary 50 Spectrophotometer. Samples lost all absorptive properties
with ~120 mins.

Removal of [2Fe-2S] clusters to create apo-proteins

Apo-mNT and apo-NAF-1 were produced by taking advantage of the
instability of the [2Fe-2S] clusters at acidic pH [76]. Holo-mNT was diluted into
acetate buffer (pH 6.0) with 100 mM NaCl and 5 mM DTT at 25 °C for 15 h,
until cluster loss was complete, by a total loss of absorbance at 410 nm. Holo-
NAF-1 was diluted into acetate buffer (pH 5.0) with 100 mM NaCl and 5 mM

TCEP at 37 °C for 48-72 hrs. The reason for utilizing a lower buffer pH for
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NAF-1 is due to the [2Fe-2S] cluster of NAF-1 having a decay half-life over
four-fold greater than mNT at pH 5.5 [46]. Additionally TCEP has both a
greater half-life in aqueous solution and has a [2Fe-2S] cluster destabilizing
effect in NEET proteins (unpublished), therefore these conditions optimized
creation of the apo-protein to best preserve the biochemical integrity of NAF-1
for follow-up chemical reconstitution and GRX3-[2Fe-2S] cluster transfer
assays. Samples were then buffer-exchanged into PD-10 desalting columns
(GE Healthcare) pre-equilibrated with 50 mM Tris (pH 8.0), 100 mM NaCl, and
5 mM DTT to separate proteins from free iron and sulfur as well as raise the

pH for the assay conditions.

Chemical reconstitution of [2Fe-2S] proteins.

Chemical reconstitutions of [2Fe-2S] clusters into the apo-proteins
GRX3, mNT, and NAF-1 were performed anaerobically under argon gas, using
a previously established protocol as a starting point for protocol modification
[77]. Monomeric apo-proteins at a concentration of ~100 pM were first
incubated with fresh 5 mM DTT in Tris buffer (pH 8.0) with 200 mM NacCl for
15 min. GRX3 mixtures contained an additional 3 mM GSH, which is part of
the holo-protein [2Fe-2S] cluster ligation and is necessary for reconstitution.
FeCl; and Na,S were added in steps to each apo-protein solution to a final
concentration of up to 500 uM (< 5x stoichiometric ratio). The reconstitution
mixtures were incubated overnight at 25 °C to maximize yield of this diffusion-

dependent process, as described previously [74]. The reconstituted holo-
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proteins were then buffer-exchanged using PD-10 desalting columns to give
the final concentration of 25 yM dimer (1.4x dilution factor) in order to remove
residual free iron, sulfide, and DTT. DTT has been shown to inhibit [2Fe-2S]
cluster transfer from mNT and NAF-1 to apo-acceptor proteins and in some
cases Yyield false positives for protein-to-protein Fe-S transfer [58, 78].
Therefore once proteins were sufficiently reduced in the anaerobic argon gas
environment, | chose to eliminate DTT as it is inessential and a potentially
problematic assay component [63, 78-81]. GRX3 desalting buffer also
contained 3 mM GSH to maintain formation of the holo-protein. Reconstituted
protein samples to be used for UV-visible spectrophotometric analysis were
pipetted into 1 cm path length quartz cuvettes with polytetrafluoroethylene
(PTFE) airtight caps, with additional semi-transparent, flexible wax film
(Parafilm) wrapping to ensure an anaerobic argon gas environment, despite

aerobic transport of the cuvettes.

Protein-to-protein [2Fe-2S] cluster transfer experiments.

Apo-protein samples were first introduced to an anaerobic environment
to assess the potential of [2Fe-2S] cluster transfer from either holo-mNT to
apo-GRX3 or from holo-NAF-1 to apo-GRX3 to create holo-GRX3 (2 Grx3: 4
GSH : 2 [2Fe-2S)).

Fe-S cluster transfer assays were performed under argon gas at room
temperature. Apo-mNT and apo-NAF-1 were diluted to 25-100 uM in 50 mM

Tris pH 8.0, and 100 mM NacCl by another PD-10 desalting step to remove any
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residual DTT or TCEP reducing agent. Chemically reconstituted GRX3 was
then added to the apo-mNT or apo-NAF-1 and the [2Fe-2S] cluster transfer
was allowed to occur to completion. Visible changes from brown to red were
apparent within less than a minute, and samples did not exhibit further color
change progress after 5 min. Although a myriad of incubation times were
assayed, from 5 min (time to remove from the glove box without oxygen
contamination) up to overnight, additional time did not allow for any advances
in reaction progress.

GRX3, mNT, and NAF-1 absorption spectra were collected on a Cary
50 UV-visible spectrophotometer (Varian). Spectra for apo-GRX3, apo/holo-
mNT and apo/holo-NAF-1 were obtained under aerobic conditions, while
reconstituted holo-GRX3 spectra were taken in a sealed cuvette under

anaerobic conditions to prevent rapid [2Fe-2S] cluster release and aggregation.

Stability analysis of MitoNEET with Anion Channel Inhibitor DIDS.

UV-visible absorption spectra were measured within the near-UV to
near-IR (from 250-700 nm) on a Varian Cary 50 UV-visible spectrophotometer
(Agilent, Santa Clara, CA) at 37 °C. For each assay, 30 yM mNT samples
were incubated alone or with 700 yuM DIDS (Santa Cruz Biotechnology) in 50
mM phosphate buffer (pH 7.0) and 100 mM NaCl. The [2Fe-2S] cluster
stability was determined from monitoring changes in the characteristic
absorbance peak at 458 nm as a function of time published previously [42, 60,

76, 82].
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Chapter 3

Stemming the Flow: MitoNEET Redox-Selectively

Controls VDAC Gating
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Abstract

MitoNEET is an outer mitochondrial membrane protein essential for
sensing and regulating iron and reactive oxygen species (ROS) homeostasis.
It is a key player in multiple human maladies including diabetes, cancer,
neurodegeneration and Parkinson’s diseases. In healthy cells mitoNEET
receives [2Fe-2S] clusters from the mitochondrion and transfers them to
acceptor proteins in a process that can be altered by drugs or during illness.
Here we report that mitoNEET regulates the outer mitochondrial membrane
(OMM) protein voltage-dependent anion channel-1 (VDAC1). VDACL1 is a
crucial player in the crosstalk between the mitochondrion and the cytosol.
VDAC proteins function to regulate metabolites, ions, ROS and fatty acid
transport, as well as function as a “governator” sentry for the transport of
metabolites and ions between the cytosol and the mitochondrion [68]. We find
that the redox-sensitive [2Fe-2S] cluster protein mitoNEET gates VDAC1
when mitoNEET is oxidized. Addition of the VDAC inhibitor DIDS prevents
both mitoNEET binding in vitro and mitoNEET-dependent mitochondrial iron
accumulation in situ. Taken together, our data indicate that mitoNEET
regulates VDAC in a redox-dependent manner in cells, closing the pore and

likely disrupting VDAC’s flow of metabolites.

Introduction

The NEET family of [2Fe-2S] proteins play essential roles in the

regulation of mitochondrial iron and reactive oxygen species (ROS)
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homeostasis, as well as in the activation of apoptosis, ferroptosis, and
autophagy [46, 83, 84]. NEET proteins are associated with several human
pathologies including diabetes, cancer, neurodegeneration, Parkinson’s
disease, Wolfram Syndrome-2 and cystic fibrosis [26, 35, 48, 49, 54, 85].
Many of these pathologies display various degrees of mitochondrial
dysfunction, for which mitoNEET (mNT) is a critical regulator against [86, 87].
NEET proteins contain a signature CDGSH domain and are highly conserved
from archaea to humans [39, 45, 88]. Each CDGSH domain binds to a redox-
active [2Fe-2S] cluster via a characteristic 3Cys-1His coordination motif [42,
43]. There are three human members of the family, mitoNEET (mNT, CISD1),
NAF-1 (ERIS, Minerl, CISD2) and MINT (Miner2, Melanoma nuclear protein
13, CISD3). The founding member of the NEET family, mNT, is a homodimer
localized to the cytosolic side of the OMM by a single-pass N-terminal a-helix.
Each protomer coordinates a single [2Fe-2S] cluster [41, 42, 44]. Interestingly,
mNT can repair the [4Fe-4S] cluster of cytosolic iron-regulatory protein-1
(IRP1l/aconitase), an important regulator of iron metabolism by either
transferring Fe or [2Fe-2S] clusters to it [82]. It also efficiently transfers its
[2Fe-2S] clusters to apo-acceptor proteins such as the CIA important protein
anamorsin (or ciapinl), an electron transfer protein involved in the assembly of
cytosolic Fe-S clusters [42, 56, 58, 63]. Although mNT is able to donate its
[2Fe-2S] clusters to apo-acceptor proteins, it remains unclear how mNT is able

to exchange Fe-S clusters with mitochondrial proteins.
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VDAC actively governs mitochondrial metabolism and function through
interaction-based gating [68, 89]. VDAC plays a central role in
neurodegenerative diseases (e.g. Alzheimer's disease) [90-94], and
destructive processes (e.g. ROS accumulation) [95-98], as well as regulates
apoptotic functions in the cell [89]. mNT’s placement at the OMM with a redox-
sensitive domain suggests that it could be an excellent candidate to modulate
the activity of VDAC. Humans have three VDAC paralogs encoded by three
separate genes (VDAC1, VDAC2 and VDAC3) [99, 100] and mNT was
identified as an interaction partner with all three forms, from multi-species co-
fractional studies in which cell lysates were analyzed for proteins that were co-
isolated [101, 102]. In this study we focus our investigation on VDAC1 since it
interacts with mNT, it is the most abundant channel (including the other two
VDAC paralogs) in the mitochondrial membrane, and it controls mitochondrial
respiration as well as acts as a transporter of diverse metabolites and ions
between the cytosol and the intermembrane space [68, 69, 103]. Passage
through VDAC between the cytosol and mitochondrial intermembrane space
occurs through modulation of different open and closed states [70]. The
expression level of VDACL1 is controlled independently of the expression level
of VDAC2 and VDAC3 [104]. In this study we characterize VDAC1 (hereafter
referred to as VDAC) interaction with mNT.

Here we report that mNT regulates the channel function of VDAC and
that this interaction is dependent on the redox state of mNT’s [2Fe-2S] clusters.

Additionally, using a combination of hydrogen-deuterium exchange mass
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spectrometry (HDX-MS) and computational docking methodologies, we
identify the regions of mNT and VDAC involved in association. Importantly, we
demonstrate that the VDAC inhibitor 4,4'-diisothiocyanatostilbene-2,2'-
disulfonate (DIDS) abrogates the binding of mNT to VDAC in vitro and also
prevents mNT from transferring its Fe/[2Fe-2S]s in situ. Taken together, our
results underscore the relevance of the interaction between mNT and VDAC to
maintaining cellular homeostasis and the regulation of Fe and [2Fe-2S]

clusters in cells.

Results and Discussion
High affinity and redox modulation of VDAC-mNT interaction.

Microscale thermophoresis (MST) was employed to quantify the affinity
of the VDAC-mNT interaction. Fluorescently labeled human VDAC in
DMPC/CHAPSO bicelles (1% final concentration) was incubated with
increasing concentrations of mNT and analyzed by MST and a dissociation
constant (Kq) of 76 £ 2 nM was determined (Figure 3-1). Reduction with DTT
prevented any detectable binding of mNT to VDAC, indicating that mNT can
only bind to VDAC when its [2Fe-2S] clusters are oxidized (e.g., when the
protein or lysates are exposed to oxygen; Figure 3-1). The dependency of the
interaction of mMNT-VDAC on the oxidation state of mNT suggests that it may
be part of a response to oxidative stress, as the redox-active mNT is typically

in a reduced state under normal cellular conditions [105, 106]. Due to its redox
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potential (En 7) of +30 mV, mNT can be oxidized under conditions such as cell

stress in disease states, defense, or cell death [57, 107].

VDAC + mNT Oxidized
1.2 VDAC + mNT Reduced -

Ky=76+2nM

0.8

0.4

Fraction Bound

: 10 100 1000
Concentration (nM)

Figure 3-1: mNT binding to VDAC is Redox State-Dependent. MST analysis used
to assess the affinity of mNT to fluorescently labeled VDAC reconstituted in 1%
DMPC/CHAPSO bicelles under oxidizing conditions results in measured Kd of 76 + 2
nM (Black). When mNT is reduced with DTT, binding is not observed (Red).

VDAC can adopt a high-conductance “open” state, as well as several
low-conductance “closed” states. When VDAC adopts a “closed” conformation
[108] it prevents ATP flux across the channels. In addition, VDAC channel

permeability can be regulated by binding of Bcl2 family proteins, hexokinase
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and tubulin [108-110]. We performed experiments in which VDAC
conductance was recorded in the absence or presence of mNT across a range
of applied voltages. The characteristic VDAC voltage-dependent conductance
pattern was observed in the absence of added mNT protein, with decreasing
conductance as voltage is increased above ~35 mV (both positive and
negative), as expected [70, 111] (Figure 3-2). In the presence of mNT, the
channel conductance was significantly inhibited across the entire voltage
range (Figure 3-2). In contrast, the presence of NAF-1, a related NEET protein,
had a smaller effect on the conductance changes across the voltage range,
and may have a separate function associated with the truncated VDAC-AC

form as suggested in a previous study [82].
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Figure 3-2: VDAC channel conductance is inhibited by mNT. VDAC was
reconstituted into a planar lipid bilayer and channel conductance was measured as a
function of applied voltage. The recordings were taken before and after the addition

of 5 pg/ml mNT (A) or NAF-1 (B). Conductance measurements were normalized to
Conductance )
Maximal Conductance of Control/’

the conductance at 10 mV using the formula: G/Gpax = (
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Structural analysis of the VDAC-mNT interaction.

To determine the interaction interface between mNT and VDAC, we
utilized hydrogen deuterium exchange mass spectrometry (HDX-MS).
Backbone amide protons provide probes for interactions as they can be
protected from exchange with the solvent at the binding interface, as well as
cause changes in deuterium exchange rates at sites distal to the binding
interface [112]. We used the monomeric VDAC-nanodisc complex (VDAC-
cND) allowed us to observe affects arising solely from the interaction of VDAC
with mNT. Additional support to the mNT-VDAC interaction is MST binding
analysis that measures mNT binding to VDAC-cND with a K4 of 210 £ 15 nM

(Figure 3-3).
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Figure 3-3: MST measurement of mNT binding to VDAC nanodiscs. MST

analysis of a serial dilution of mMNT binding to fluorescently labeled VDAC assembled
in nanodiscs under oxidizing conditions results in a measured Ky of 210 £ 15 nM.
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For HDX experiments, protease digestion of mNT resulted in 125
peptide probes and high (89%) sequence coverage. Digestion of the integral
membrane protein VDAC demonstrated high sequence coverage as well, with
a total of 91 peptide probes. Comparative heat map representations are

shown for mNT and VDAC in Figure 3-4 and Figure 3-5.
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Figure 3-4: Heat map representation of time-dependent deuterium incorporation
for mNT in complex VDAC. For time points of 10 s, 90 s, 900 s, 7200 s, and 72000
S, peptide probes are assigned to the primary sequence and color-coded to denote
the percentage of deuterium incorporated. The top time course is MNT alone and the
bottom is mNT in complex with VDAC.

Deuterium incorporation plots for representative peptide probes for
regions with significant changes in protection are shown for both mNT and
VDAC, with the regions highlighted on the protein structures (Figures 3-6 and
3-7). The regions of mNT with increased protection upon binding include the

[2Fe-2S] cluster-binding region, the strand swapped outer B-strand, and the a-



helix within the cluster binding domain. VDAC protection increases at loop
regions on the cytosolic side of the pore, with three consecutive loops on the

C-terminal end of the barrel and one loop juxtaposed across the surface.
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Figure 3-5: Heat map representation of time-dependent deuterium incorporation
for VDAC in complex mNT. For time points of 10 s, 90 s, 900 s, 7200 s, and 72000
s, peptide probes are assigned to the primary sequence and color-coded to denote
the percentage of deuterium incorporated. The top time course is VDAC alone and
the bottom is VDAC in complex with mNT.
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The N-terminal helix inside the pore that stabilizes the barrel is unaffected by
the binding of mNT, suggesting that mNT does not bind deep enough into the
barrel to alter exchange from this region, which can still exchange freely from
the mitochondrial facing side of the surface. Peptides with increased

hydrogen-deuterium exchange protection extend down the side of the barrel
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opposite the internal helical region. This may indicate that mNT forms contacts
further down that side, or that changes in local motions from binding are

extended down the barrel wall. Taken together, these data indicate that mNT
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Figure 3-6: Regions of mNT with increased protection upon interaction with
VDAC. Selected plots of deuterium incorporation into peptides from regions with
significant increases in protection upon complex formation are shown. An additional
plot is given (peptide 93-108) that is representative of a region with no significant
change in deuterium incorporation upon complex formation. Regions which exhibit
significant increases in HD-Exchange protection are highlighted on the mNT crystal
structure (PDB ID 2QH7) in blue, while regions with similar protection factors are
shown in beige.

binds from the cytosolic to inner-mitochondrial side of the VDAC channel and

has specific points of contact, shown by protection changes.
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Independent from the HDX-MS experiments, we performed a
computational docking analysis of the two proteins (Figure 3-8). Figure 3-8A
shows the docked model of mNT and VDAC, while Figure 3-8B shows the
direct-coupling pairs in the two structures that was determined by DCA

analysis.
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Figure 3-7: Regions of VDAC with increased protection upon interaction with
MNT. Selected plots of deuterium incorporation into peptides from regions with
significant increases in protection upon complex formation are shown. An additional
plot is given (peptide 2-25) that is representative of peptides with no significant
change in deuterium incorporation upon complex formation. This unaffected peptide
corresponds to the N-terminal alpha-helix inside the VDAC barrel. Regions which
exhibiting significant increases in HD-Exchange protection are highlighted on the
VDAC crystal structure (PDB ID 5XDO) in blue and those without changes are in
beige.
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In the docked complex mNT fits into VDAC at an angle with one [2Fe-2S]
cluster-binding domain contacting the cytosolic loops above the N-terminal
helix and the B-cap region fitting in between the N-terminal helix (but not
contacting it) and the barrel wall on the opposite side. This docked model

matches well with our experimental data, indicating a likely mode of interaction.
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Figure 3-8. The images of modeled binding complex of mNT-VDAC (A) with DCA
constraints (B). The pale green and pale cyan cartoons are different chains of mNT,
and light purple cartoon is VDAC. Orange lines indicate the top 20 coevolving residue
pairs.
The VDAC inhibitor DIDS prevents both mNT-VDAC binding and influences
Iron/Fe-S flux between mNT and the mitochondrion.

Using DIDS, a known inhibitor of VDAC channels, we analyzed the
binding of mNT and VDAC in vitro with MST. Fluorescently labeled VDAC in

phospholipid bicelles was pre-incubated with DIDS followed by MST analysis

of mNT binding. The presence of DIDS completely prevented detectable
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binding of mMNT to VDAC (Figure 3-9A). Given this observation, we then
determined if inhibiting the interaction would prevent the transfer of iron into
the mitochondria in situ. We previously discovered that adding oxidized mNT
to gently permeabilized cells results in an influx of iron into the mitochondria

[46]. Although these studies are not under physiological conditions,
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Figure 3-9: DIDS inhibits mNT-VDAC interaction. (A) MST analysis of the effect of
DIDS on the binding of mNT to fluorescently labeled VDAC in 1% DMPC/CHAPSO
bicelles under oxidizing conditions. Black shows mNT and VDAC. Red shows DIDS
with mNT and VDAC. The final DIDS concentration following mNT addition was 700
MM. (B) The effect of DIDS on mNT-induced changes in mitochondrial iron levels.
H9c2 cells were pre-incubated with and without DIDS (100 uM) for 1 hr, labeled with
RPA and permeabilized with digitonin to allow the entry of mNT into cells. The
change in RPA fluorescence was followed every five minutes. Twenty uM of mNT
was added after 10 minutes. Five pM ferrous ammonium sulfate, complexed to
equimolar hydroxyquinoline (FeHQ), which is a siderophore that allows iron to pass
the membrane, was added after 45 min. RPA fluorescence is expressed in relative
units (r.u.) obtained by analyzing individual cell fluorescence with Image J (open
software), by averaging five cells per field.
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they demonstrate mMNT binding to VDAC could also occur within the cellular
environment (Figure 3-9B). Soluble mNT was added to gently permeabilized
H9c2 cells, which are are useful for studying intracellular metabolic changes.
Using rhodamine B-[(1,10-phenanthrolin-5-yl)-aminocarbonyl] benzyl ester
(RPA) as an indicator of mitochondrial iron, we monitored the change in
fluorescence in response to addition of mNT. RPA is rapidly quenched
following addition of mNT, indicating transfer of iron into mitochondria.
However, in the presence of DIDS the quenching of RPA was significantly
reduced (Figure 3-9B).

Figure 3-10 reconciles all experimental and computational analyses to

create a representative model of the complexed mNT and VDAC proteins.
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Figure 3-10: Combined Experimental and Computational Model of mNT Docked
to VDAC. Data from HDX-MS experiments and Fd-DCA calculations were combined
to generate the best model for the docking of the mNT dimer inside the VDAC pore.
Increased protection mapping is indicated by darker blues, minimal protection by light
blues, and no protection in tan. VDAC PDB ID: 5XDO; MNT PDB ID: 2QH7.

VDAC transports metabolites, such as ATP, ADP, pyruvate and fatty
acids, across the OMM between the cytosol and intermembrane space. One
effect of VDAC closure is inhibited fatty acid metabolism in the mitochondria,
leading to lipid accumulation in the cytosol. Fatty liver disease (liver steatosis)
and chronic ethanol exposure are associated with insulin resistance [113, 114].
Insulin resistance and alcohol metabolism are also associated with oxidative
stress [115, 116]. A recent study demonstrated that the genetic knockout of
mNT prevented liver steatosis in ethanol fed mice [117]. Moreover, exposure

to ethanol induces a decrease in mitochondrial function via VDAC closure
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[118]. This effect results in a reduction of mitochondrial ATP production, as
well as in inhibition of fatty acid oxidation [118]. We have shown with
perturbation studies that soluble mNT added to permeabilized cells could
transfer its Fe/[2Fe-2S] cluster directly into the mitochondrion [46, 83]. We now
show that addition of the VDAC inhibitor DIDS prevents the mitochondrial
Fel/[2Fe-2S] accumulation with the addition of soluble mNT, indicating that the
interaction with VDAC provides one conduit for this transfer. Our results
suggest that, under oxidative stress that could be induced by different sources,
VDAC channels are blocked by binding of oxidized mNT with nanomolar
affinity and this binding limits channel conductance by favoring the closed
state of the channel. Binding of the type-2 diabetes drug pioglitazone
stabilizes the oxidized [2Fe-2S] cluster against release [42] and could inhibit
the transfer of iron into the mitochondria [58]. However, it must be stated that
pioglitazone binding can cause a bottleneck in cytosol/mitochondrial crosstalk
and also inhibit the biologically relevant transfer of iron out of the mitochondria
and promote ROS accumulation, as we have shown in cancer cells [54].
Because mNT has a redox-active [2Fe-2S] cluster, is linked to the
glutathione system, and protects cardiomyocytes from oxidative-stress
mediated apoptosis, it may have a role in cellular redox sensing [42, 58, 119,
120]. This idea is further supported by a number of studies showing that
mNT’s [2Fe-2S] cluster transfer occurs in the more-labile, oxidized state [39,
58, 121, 122]. Therefore it is perhaps unsurprising that only oxidized mNT

binds VDAC, as reduction of the cluster has been shown to induce

51



conformation changes [121]. However cell death, stress, or defense conditions
can change the cellular redox state through ROS byproducts of disrupted
oxidative phosphorylation, leading to a reduction of the [2Fe-2S] clusters in
mNT [123-126]. Such redox-dependent binding supports a proposal that the
[2Fe -2S] clusters of mNT act as an on/off switch accompanied by profound
alterations of its protein interactions and cellular function. With the
mitochondria being the largest source of superoxide and other ROS in the cell,
mNT is in ideal proximity for redox sensing and cytosolic communication due
to its strategic location on the OMM facing the cytosol [127-130]. Our results
establish an important interaction between mNT and VDAC in the OMM that
occurs under oxidative conditions. This interaction is potentially part of a stress
response that can result in cell death by ferroptosis and may also be a
potential source of mitochondrial iron overload during oxidative stress [26, 76,

114].

Materials and Methods
Expression and purification of human mitoNEET and VDAC.

Human mNT was expressed and purified as described [58].
Recombinant human VDAC with a C-terminal 6xHis tag was expressed as
described [131]. Nanodiscs containing VDAC were prepared using the
covalently circularized cNW9 scaffold protein and DMPC:DMPG at a 3:1 ratio

as described [132].
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Microscale thermophoresis (MST).

Purified VDAC was fluorescently labeled using the amine reactive RED-
NHS NT-647 dye (NanoTemper) according to the manufacturer’s protocol, and
was studied both in lipid bicelles as well as covalently circularized nanodiscs
(cND) [132]. The DMPC/CHAPSO (3:1) bicelle mixture was added to the
fluorescently labeled VDAC (in LDAO micelles) to a concentration of 2% and
incubated on ice for 30 minutes. The VDAC-bicelle mixture was diluted to 50
nM in 50 mM phosphate buffer, 100 mM NaCl, 2% bicelles, pH 7.0. VDAC was
also assembled in the cNDs as recently described by Nasr et al.,, which
incorporates a single VDAC protein in each nanodisc [132]. Nanodiscs
containing VDAC were fluorescently labeled in lipid bicelles, in the same
manner as described above. MST analysis was performed at 22 °C using a
Monolith NT.115 system (NanoTemper) using a constant concentration of
labeled VDAC in either bicelles or nanodiscs and a 1:1 serial dilution of mNT
in 50 mM sodium phosphate, 100 mM NaCl, pH 7.0. MST analysis of VDAC
bicelles with reduced mNT was performed in the same buffer at pH 8.0 with
the addition of 20 mM DTT. Replicate MST measurements were collected for
all VDAC-bicelle and VDAC-nanodiscs mNT binding studies. Data were
normalized and fit to the Hill equation with a Hill coefficient >1 using
KaleidaGraph software (Synergy Software, Reading, PA).
Gating Experiments.

VDAC from sheep liver mitochondria was solubilized with LDAO and

purified using hydroxyapatite resin as described previously [133]. The purified
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VDAC was used for channel reconstitution into a planar lipid bilayer. Sheep
liver were chosen as the source for VDAC as sheep VDAC exhibits 99.3%
sequence identity with the human protein [134] seen in Figure 3-11. VDAC
was added to a patch clamp cis chamber containing 0.5 M NaCl and 10 mM
HEPES, pH 7.4. After one or more channels were inserted into the planar lipid
bilayers (PLB), current was recorded by voltage-clamping using a Bilayer
Clamp BC-525B amplifier (Warner Instruments, Hamden, CT). Current was
measured with respect to the trans side of the membrane (ground) in the

presence and absence of purified mNT and NAF-1.

AVPPTYADLGKSARDVFTKGYGFGLIKLDLKTKSENGLEFTS SGSANTETTKVTGSLET
AVPPTYADLGKSARDVETKGYGEGLIKLDLKTKSENGLEEFTSSGSANTETTKVT GSLET

Human 1
Sheep 1

Human YK Y RWTEYGLTF TEKWNTDNTLGTEITVEDQLARGLKLTFD SSFSPNTGKKNAKIKTGYKR,|
Sheep (YK YRWTEYGLTF TEKWNTDNTLGTEITVEDQLARGLKLTFD SSFSPNTGKKNAKIKTGYKR,|
3ibinE=R s RN T H T NL.GCDMDF DIAGP SIRGALVLGY EGWLAGY QMNFETAKSRVTQSNFAVGYKT DEFQL
SIS SR NN H T NL. GCDMDEF DIAGP SIRGALVLGY EGWLAGY QMNFETAKSRVT QSNFAVGYKT DEFQL
3ibiER RN R N TNVNDGTEFGGS I YQKVNKKLETAVNLAWT AGNSNTRFGIAAKY QI DPDAC|JSAKVNNS
NS c RN R N H TNVND GTEFGGS IYQKVNKKLETAVNLAWT AGNSNTREGIAAKY QI DPDACESAKVNNS
iR SIS . T GLGYTQTLKPGIKLTLSALLDGKNVNAGGHKL GLGLEF QA

SIS SR NS . T GLGY T QTLKPGIKLTLSALLDGKNVNAGGHKLGLGLEFQA

Figure 3-11: The sequence alignment for human VDACL1 to sheep VDAC1. There
is over 99% sequence identity between human (Accession NP_003365.1) and sheep
(Accession NP_001119824.1) with 239 out of 241 residues being the same. Residues
varying between the two orthologs are numbers 129 and 174.

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

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

Given the observation that DIDS inhibits the binding of mNT to VDAC in
vitro, we then determined if inhibiting the interaction would prevent the transfer
of iron into the mitochondrion in situ. As we previous perturbation studies
indicated, the addition of oxidized mNT to gently permeabilized cells results in
influx of iron into the mitochondria [58]. Soluble, oxidized mMNT was added to
gently permeabilized H9C2 cells. Using rhodamine B-[(1,10-phenanthrolin-5-
yl)-aminocarbonyl] benzyl ester (RPA) as an indicator of mitochondrial iron, we

monitored the change in fluorescence in response to addition of mNT.

Stability analysis.

The potential effect of the lipids and interaction of VDAC on the cluster
stability mNT was assessed following the absorption of the [2Fe-2S] clusters
over time as described previously [42, 43, 46, 76, 135]. Briefly, 25 yM mNT
was incubated in the presence of 25 yM empty nanodiscs (negative control)
as well as 25 pyM nanodiscs containing VDAC in 50 mM sodium phosphate,
100 mM NaCl, pH 7.0 at 37°C. The absorbance at 458 nm was monitored as a
function of time as previously published [39, 60, 76, 122].

Hydrogen deuterium exchange mass spectrometry (HDX-MS).

To elucidate the regions important for the interactions between oxidized
mNT and VDAC, we first determined the optimum conditions for final mass
spectral analysis of HDX-MS. In an effort to get the maximum coverage of

both proteins, we explored a range of denaturant conditions, proteases, and
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pHs for final analysis as described [71, 136-141]. Our HDX experiments were
carried out in 10 mM sodium phosphate, 100 mM NaCl, pH 7.0 with a final
D,O concentration of 90%. The hydrogen-deuterium exchange reaction was
qguenched at 4 °C with a final concentration of 500 mM guanidine-HCI, 0.5%
formic acid and 10% glycerol in D,O and flash frozen. Samples were stored at
-80 °C until analyzed. Instrument setup and operation were described
previously [142]. Both porcine pepsin and fungal protease Xlll were used to
enhance peptide coverage. Peptides were identified using Sequest software
(Thermo Finnigan). Each peptide was evaluated at every time point for quality
control. Deuterium content for each time point was calculated using DXMS

Explorer (Sierra Analytics).

Computational methodology.

Our protein-protein binding site identification method, Fd-DCA (Fragment
docking-Direct Coupling Analysis), was used to predict the highest probability
MNT-VDAC binding sites from coevolving residues [143]. These residue-
residue couplings were taken as constraints for modeling the initial
energetically favorable binding complex of mNT-VDAC [71]. -TASSER was
used to model the N-terminal transmembrane domain (residues 14-31) of mNT
as an a-helix, since it was not available in the crystal structure [144]. Then the
modeled molecular structure of mMNT was visually examined to identify
potential candidate surface binding sites for protein-protein interaction. As a

result, three sites were obtained, as shown in Figure 3-12. The largest binding
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site, designated as Site 1, covers the 2Fe-2S cluster region. Site 2 is adjacent
to the membrane domain, and Site 3 is relatively small and located in the -
cap domain, under Site 1. To discriminate which binding site of mNT interacts
with VDAC, direct-coupling analysis (DCA) was performed between mNT and
VDAC. The sequences of mNT were collected from UniProt [88, 145]. The
sequence alignment of VDAC was obtained from Jackhmmer [146] by using
the fast sequence of the PDB entry (5XDO) of VDAC as the template. To join
these two sequence alignments, we followed the same rules presented in our
previous work [143]. The predicted top 20 coevolving residue pairs between

the two proteins are listed in Table 3-1.
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Site 3
Residues:
62-67,105-107

Site1
Residues:
43,47-50,52-55,
> 57-61,64-68,71,
75-87,89-90,92-94

, 100,102,104

Site 2
Residues:
31, 33-43,47

Figure 3-12: Candidate binding sites for VDAC interaction are identified for mNT.
The stick-ball models represent the energetically favorable bound fragment-molecular
probes, the corresponding surface highlighted with the similar color of probes are
identified candidate binding sites.

Interestingly, a part of these coevolving signals are across the soluble domain
of MNT and VDAC, and the other part is from the membrane domain of mNT
and VDAC. Meanwhile, as shown in Supplemental Table 1 and Supplemental
Figure 3, these predicted coevolving residues of mNT are largely overlapped
with the residues on identified Site 1 and Site 2. This indicated that VDAC
could interact with both binding sites of mNT. Taken these top 20 coevolving

residue pairs as the constraints, we docked mNT into VDAC to create a
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binding complex and used a Steepest Descent (SD) energy minimization from
Gromacs v5.0.5MD to optimize a final, complex structure, shown in Figure 3-

13.

Table 3-1: Top 20 DI-ranked pairs computed with DCA for interaction between
mNT and VDAC.

Residue Residue Residue Residue

inmNT invbac D! Rank SiNT invbac D! Rank
9 55  1.0067 1 9 144 0757 11
36 55  0.9503 2 2 55  0.756 12
3 55  0.9102 3 48 55 0752 13
15 201  0.8463 4 6 8 0.741 14
36 144 0845 5 43 55 0715 15
26 55  0.8438 6 5 263 0.713 16
44 144 08051 7 4 8 0.707 17
92 270  0.7846 8 67 240  0.696 18
39 55 07579 9 108 65  0.688 19
33 55  0.7578 10 19 93 0684 20

DCA, direct coupling analysis; DI, direct information.
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Figure 3-13: Model of mNT Docked to VDAC. The orientation of mNT within the
VDAC pore was determined using Fd-DCA. Individual mNT monomers colored blue
and green, with calculated direct-interacting residues from Supplemental Table 1
labeled.
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Chapter 4

New Connections in Iron-Sulfur Cluster Transport:
Glutaredoxin-3 [2Fe-2S] Cluster Transfer is
MitoNEET-Specific
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Introduction

All organisms from bacteria to mammals utilize iron-sulfur (Fe-S)
clusters as cofactors due to their wide range of chemical reactivity and redox
characteristics. These iron-sulfur clusters, having varied Fe:S stoichiometry
[147] shown in Figure 4-1, carry out a diverse array of roles throughout the
cell, such as electrical conduits in the photosynthetic and respiration energy
transduction pathways, critical catalysts of nitrogen fixation, cellular disulfide
redox control, regulate gene expression, catalyze DNA replication and repair,
regulate enzymes, control cell cycle, serve as sulfur donors, are part of the

oxidative stress response, and act as a cellular iron reserve [147, 148].
\ P4 [2Fe-2S]2* S=0
& > 7( i [2Fe-28]* S=1/20r9/2
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Figure 4-1. Examples of various iron-sulfur cluster stoichiometry found in
biological molecules. Biological systems contain [2Fe-2S] clusters, as those
discussed in this work, but also utilize higher-order assemblies [147].
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Iron is tightly controlled and regulated within the cell to prevent reactive
oxygen species (ROS) resulting from peroxides generated by free-iron Fenton
chemistry [149-152]. Synthesis of iron-sulfur clusters is therefore a highly
regulated, multistep process that requires coordination of a core complex of
chaperones, scaffold proteins, electron transfer proteins, cysteine
desulferases, ATPases, and nucleotide exchange factors [153].

In mammals the formation of iron-sulfur clusters involves two separate
but linked assembly systems. The first is the iron-sulfur cluster assembly
pathway (ISC), which occurs in the mitochondrion, and the second is the
cytosolic iron-sulfur cluster assembly pathway (CIA) [154-156]. The CIA
system is directly responsible for the maturation of both cytosolic and nuclear
iron-sulfur proteins, but relies on the ISC as a source of [2Fe-2S] clusters
[156-159]. Recent work has demonstrated the existence of multiple, specific
iron-sulfur cluster transfer proteins that link the ISC to the CIA through protein
to protein transfer of [2Fe-2S] clusters [63, 74, 160].

How the cell takes advantage of free iron or when iron cannot be
properly controlled is the essential for many disease states (Table 1-1), and is
currently a significant focus of fundamental research as well as new drug
development [34]. These small molecule compounds (Table 1-2) can target
the intracellular components of pathogens and parasites and add an
opportunity for target specificity [161, 162]. In addition, there are numerous
drugs that target important proteins within the iron-sulfur assembly pathways,

such as pioglitazone, cluvenones, or Mad28 drugs targeting the NEET
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proteins. These are able to directly target iron-sulfur clusters of specific
proteins in the cell [34]. The NEET proteins have also been studied recently as
specific targets for Mad28 in order to combat some types of cancer [76].

At the interface of the ISC and CIA systems is the recently identified
class of [2Fe-2S] NEET proteins. MitoNEET (mNT, CISD1), nutrient-
deprivation autophagy factor 1 (NAF-1, Miner-1 CISD2), and MINT (Miner2,
CISD3) are localized to the outer mitochondrial membrane, the mitochondrial
associating membranes of the ER, and the inner mitochondrion respectively
[39]. Each protein contains two [2Fe-2S] clusters with a unique 3Cys-1His
coordination site, bestowing these iron-sulfur clusters with specific redox
characteristics and pH-sensitive stability; this has been studied in-depth in
recent years [40, 42, 56, 106, 122, 163, 164]. The transient properties of the
NEET protein 3Cys-1His coordination site make it an ideal candidate for the
type of [2Fe-2S] transfer promiscuity that is needed in iron-sulfur regulation,
and while it is the first 2Fe-2S protein to have this coordination, it is not
surprising that this coordination chemistry has been found in other iron-sulfur
cluster transfer proteins [55].

The [2Fe-2S] CDGSH binding motif is conserved across all kingdoms of
life, suggesting ancient origins [46, 47, 88]. Both mNT and NAF-1 had been
shown to be [2Fe-2S] cluster donor proteins to ferredoxin [58] and anamorsin
(Ciapin 1) [63], the critical component of early-CIA machinery [165-167].
Additionally, the anamorsin and NADPH-dependent oxidoreductase 1

(NDOR1) complex can reduce mNT to initiate many critical iron-sulfur repair
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functions [64]. This recent advance established a significant link for [2Fe-2S]
trafficking and distress communication between the ISC and CIA pathways
that involved mNT.

Due to our recent findings that mNT and NAF-1 can donate [2Fe-2S]
clusters to anamorsin, which established the NEET proteins role in iron
transfer and regulation, we wanted to further investigate links between other
CIA and ISC machinery [63]. Since there are a very limited number of
unanchored cytosolic [2Fe-2S] proteins, and mMNT and NAF-1 are membrane-
anchored cytosol-facing proteins, we reasoned that there were unexplored
relationships between these few cytosolic [2Fe-2S] proteins and the NEET
proteins [158]. In fact the only three cytosolic [2Fe-2S] proteins are aldehyde
oxidase 1 (AOX1), xanthine dehydrogenase (XDH), and glutaredoxin-3
(GRX3, GLRX3, PICOT). Most significant is that prior to this work there have
been no identified, physiologically relevant [2Fe-2S] cluster donor proteins or
cellular machinery from which mNT and NAF-1 acquire their [2Fe-2S] clusters.
GRX3, being one of very few cytosolic [2Fe-2S] proteins, is linked to the CIA
pathway, and is an established intermediate iron-sulfur carrier for cellular iron-
sulfur cluster biogenesis; so we reasoned that it was a potential donor or
acceptor of iron-sulfur clusters from mNT and NAF-1 [74, 79, 168].

Each Grx3 monomeric subunit contains an inactive N-terminal
thioredoxin domain (Trx) that appears to be primarily responsible for mediating
protein-protein interactions and is necessary for [2Fe-2S] cluster transfer. The

Trx domain is followed by two separate C-terminal glutaredoxin (Grx) [2Fe-2S]
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cluster-coordinating domains termed GrxA and GrxB [74], seen in Figure 4-2.
Holo-GRX3 contains six subunits, composed of two 335 amino acid monomers
and four glutathione ligands. GRX3 is a monothiol glutaredoxin, in which each
monomer contributes a single bridging cysteine residue to coordinate the [2Fe-
2S] cluster, and the central cysteine of a GSH serves to provide an additional
thiol-ligand each, giving it a stoichiometry of 2Grx3 : 4GSH : 2[2Fe-2S];

visualized in Figure 4-3 [73].

Figure 4-2: The domain organization of the Grx3 monomer. In order from N-
terminus to C-terminus, GRX3 contains one thioredoxin-like domain (Trx), followed by
two Grx domains (GrxA and GrxB). Each Grx domain is responsible for contributing a
single cysteine ligand (monothiol) to each [2Fe-2S] cluster.
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Glutathione (GSH) GRX3

Figure 4-3: GRX3 Subunit Stoichiometry. (Left) The glutathione (GSH) structure
consist of glutamate-cysteine-glycine amino acids and its cartoon representation.
(Right) Holo-GRX3 is composed of two 37 kDa Grx3 monomers that each contributes
a single cysteine ligand to each [2Fe-2S] cluster, distinguishing it as a monothiol
glutaredoxin. Two additional GSH subunits each also contribute a single cysteine,
giving each [2Fe-2S] cluster a 4Cys-coordination chemistry, and an overall holo-
GRX3 subunit stoichiometry of 2Grx3 : 4GSH : 2[2Fe-2S].

In addition, GRX3 can exist as a heterodimeric bridged complexes in which a
monothiol iron-sulfur ligating BOLA2 monomer replaces one Grx3 subunit to
carry out modified iron-sulfur transport activities within the cell [160, 169, 170].

One component of the inner mitochondrion to cytoplasm iron-sulfur
relay is through the ATP-binding cassette sub-family B member 7 (ABCBy)
active transporter which spans and actively transports from the matrix through
the inner mitochondrial membrane. GSH-coordinated [2Fe-2S] clusters as well
as GSH-trisulfides are demonstrated substrates, with GSH having a inner-
mitochondrial binding site within the inner cavity of ABCB; (paralogs are Atm1l
in yeast, ATM3 in arabadopsis) [171-174]. While the phenomenon of [2Fe-2S]

transport from the intermembrane space to the cytosol is not yet fully
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elucidated, the role of GRX3 at this interface is a hot topic of current
investigation [175].

GSH also plays an essential role in many other steps of cellular iron
metabolism as well as cytosolic thiol-redox control, further suggesting a
significant role in iron metabolism and iron-sulfur cluster transport for GRX3
[176-178]. GSH recycling is critical as cells must maintain their levels of free
GSH pools. Free GSH acts as an important redox regulator by
cysteine/disulfide exchange with an En, 7 of -240 mV (-220 to -240 mV range
based on data) and serves to neutralize ROS [179-182]. Besides having a
redox role, GSH can act as a sulfur source in the cell in its free form in both
the mitochondrion and the cytosol [183], and low levels are associated with
mitochondrial DNA damage and cell-death [179, 184, 185]. The GSH role of
greatest interest for this study is that GSH can act as a ligand for a variety of
metals [186], but most importantly it can carry [2Fe-2S] clusters with a [2Fe-
2S](GS),4 coordination stoichiometry [187-189] and has an established role in
iron-sulfur cluster transport and assembly into proteins in both the
mitochondrion and cytosol [188, 190, 191]. It is with these [2Fe-2S](GS)4
clusters that an inner mitochondrial membrane active transporter, ABCBy, is
able to export [2Fe-2S] from the mitochondrial matrix to the intermembrane
space [171, 192]. When ABCB; expression is disrupted in various species,
ROS-mediated cell death and mitochondrial iron-accumulation occur [193-195]

While the phenomenon of [2Fe-2S] transport from the intermembrane

space to the cytosol is not yet fully elucidated, the role of GRX3 at this
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interface is currently expanding [175]. It has been recently demonstrated that
GRX3 can transfer [2Fe-2S] clusters to anamorsin, establishing a cytosolic link
between the ISC and CIA. Taken together with the ability of mNT and NAF-1
to also transfer their clusters and for GRX3-BolA heterodimers to do so [170],
anamorsin appears to have at least four potential [2Fe-2S] cluster donors.

In order to investigate whether [2Fe-2S] cluster transfer could occur
between NEET proteins and GRX3, we expressed and purified full-length
human GRX3 and the soluble domains of human mNT and NAF-1. Using a
well-established protocol to measure iron-sulfur cluster transfer between donor
holo-proteins and [2Fe-2S] cluster apo-acceptor proteins, we examined the
unique visible absorption spectrum due to the iron-sulfur and associated
ligands at 410 nm for GRX3 and 458 nm for mNT and NAF-1 [58, 60, 74, 160].
We also wanted to explore any variations in between mNT and NAF-1, since
the two are structurally similar paralogs with 68.7% sequence identity and are
qualitatively similar in overall structure. NAF-1 and mNT having distinctly
different roles in the cell are supported by the following: The varied stability
half-life of [2Fe-2S] clusters at low pH, variations in ferredoxin and anamorsin
transfer rates, unequal drug binding affinities, different levels of upregulation in
cancers, different cellular localization, and that mNT can transfer [2Fe-2S] to
NAF-1 unidirectionally [26, 46, 66, 67, 196].

We identified that holo-GRX3 transfers [2Fe-2S] clusters to apo-mNT,
yet there is no detectable transfer [2Fe-2S] clusters from holo-GRX-3 to apo-

NAF-1. This work identifies the first identified [2Fe-2S] cluster donor to mNT,
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and suggests that despite many similarities between mNT and NAF-1, there is

a divergence in their roles at the crossroads of the ISC and CIA pathways.

Results
GRXa3 transfers [2Fe-2S] clusters to apo-mitoNEET

GRX3, mNT, and NAF-1 contain two [2Fe-2S] cluster binding sites in
which coordinating residues are contributed equally from each dimer. The
monothiol GRX3 ligates each [2Fe-2S] cluster using a 4-Cys coordination site,
with a single cysteine contribution from each glutaredoxin monomer and a
single cysteine from two additional glutathione subunits per cluster. As a result
the holo-protein has a characteristic visible absorption spectrum with a 410 nm
absorption peak, seen in Figure 4-4. Conversely, NAF-1 and mNT have a 3-
Cys:1-His cluster coordination site, yielding a visible absorption peak at 458
nm (Figure 4-3B). The non-overlapping peaks make it possible to measure the
presence of [2Fe-2S] clusters with each protein’s specific ligand in solution,
and to monitor the transfer of [2Fe-2S] clusters between the two different
ligand environments as described previously [56, 58, 63, 76, 82].

Therefore, we expected a peak shift from 410 nm (Figure 4-5A) to 458
nm (Figure 4-5B) if GRX3 transfers clusters to either NEET protein, or from
458 nm (Figure 4-5B) to 410 nm (Figure 4-5A) if NEET proteins transfer to

GRXS.
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Figure 4-4: Characteristic GRX3 UV-Visible Absorption Spectrum. Holo-GRX3
has a 410 nm absorption peak that is characteristic to the unique 4-Cys ligand
environment of the [2Fe-2S] clusters.

The distinct non-overlap is clearly viewed in Figure 4-5C. This
approach is an established technique and has been demonstrated for mNT
and NAF-1 [2Fe-2S] cluster transfer to apo-ferredoxin [58], as well as mNT
and NAF-1 [2Fe-2S] cluster transfer to apo-anamorsin (Dre2 in yeast), the
early component of CIA machinery [63, 167, 197].

In order to examine whether mNT or NAF-1 could accept clusters from
GRX3, we purified and created the apo-form of both proteins using low pH to
facilitate cluster loss, as previously described [43, 76, 77]. GRX3 readily forms

the monomeric apo-protein in the presence of oxygen and is purified away
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from any remaining dimer using size-exclusion chromatography. Anaerobically
reconstituted GRX3 was combined with either apo-NAF-1 or apo-mNT, and
UV-visible spectra were recorded before, shown in Figure 4-6 and Figure 4-7,
respectively. Alternatively, apo-GRX3 was combined with holo-NAF-1 or holo-

MNT to assess the alternative transfer direction (data not shown).
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Figure 4-5: Observable visible range absorption peak differences between
NEET proteins and GRX3. GRX3 peak at 410 nm (A), NEET protein peak at 458 nm
(B). A directional [2Fe-2S] cluster transfer will yield a distinct, non-overlapping
absorbance peak shift as the [2Fe-2S] clusters are lost from one holo-protein and
gained by the other apo-protein (C).
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Figure 4-6: Pre-transfer assay holo-GRX3 and apo-mNT spectra. Prior to mixing
the holo-GRX3 with apo-mNT, the individual UV-visible spectra were taken as a
reference for the starting absorption and to ensure that apo-NAF-1 had no significant
absorbance at 458 nm due to complete [2Fe-2S] cluster loss.
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Figure 4-7: Pre-transfer assay holo-GRX3 and apo-NAF-1 spectra. Prior to mixing
the holo-GRX3 with apo-NAF-1, the individual UV-visible spectra were taken as a
reference for the starting absorption and to ensure that apo-NAF-1 had no significant
absorbance at 458 nm due to complete [2Fe-2S] cluster loss.

We observed that GRX3 is able to transfer [2Fe-2S] clusters to mNT, as
a recovery of the characteristic mNT spectrum 458 nm peak from the non-
absorptive apo-mNT was observed in conjunction with the depletion of any
peak at 410 nm. The spectral overlay for chemically reconstituted GRX3 (pre-
transfer) and the recovered mNT plus apo-GRX3 (post-transfer) is shown in
Figure 4-8, validating our expectations for a 410 nm to 458 nm peak shift,
previously described in Figure 4-3. Figure 4-8 summarizes the spectral shift

through the course of the reaction, and Figure 4-9 demonstrates the recovery
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and reforming of dimeric holo-mNT with two [2Fe-2S] clusters from monomeric

apo-mNT through the course of the reaction.
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Figure 4-8: Initial and final spectra of GRX3 to mNT [2Fe-2S] cluster transfer.
The pre-assay visible-range spectrum with of GRX3 (blue) with a peak at 410 nm,
and the post-assay combined spectrum of mNT + apo-GRX3 (red) with a peak at 458
nm (red).
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Figure 4-9: [2Fe-2S] cluster transfer from GRX3 allows mNT to recover the 458
nm absorbance peak. Monomeric apo-mNT has no peak at 458 nm, but the transfer
of two [2Fe-2S] clusters from holo-GRX3 allows it to both reconstitute and reform a
dimer. Only dimeric holo-mNT exhibits the characteristic 458 nm absorption peak.

GRX3 does not transfer [2Fe-2S] clusters to apo-NAF-1

In an identical set of experiments with apo-NAF-1 and reconstituted
holo-GRX3 (data not shown), we did not observe a similar transfer of [2Fe-2S]
clusters, as no 458 nm peak developed despite the ability of the apo-NAF-1 to

be chemically reconstituted in parallel to the GRX3 transfer (Figure 4-10).
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Figure 4-10: Holo-NAF-1 Purified and Chemical Reconstitution Spectral Overlay.
To ensure that holo-NAF-1 was able to be recovered from the apo-form of the protein,
a chemical reconstitution was run in parallel to all transfer assays. Here, the visible-
range spectrum for purified holo-NAF-1 is shown overlaid with the spectrum for the
chemically reconstituted holo-NAF-1. Using previously created apo-NAF-1, chemical
reconstitution was performed anaerobically under argon gas at room temperature,
using a buffer containing 50 mM Tris (pH 8.0), 100 mM NaCl, 3 mM DTT, with FeCl;
and Na,S added stepwise to a final concentration of 500 uM. Since the reaction is
diffusion-based, the mixture was incubated for 12-18 hrs anaerobically, followed by
buffer exchange to remove excess iron and sulfide ions.
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To confirm that the visible spectrum of mNT that was recovered as a result of
the transfer matched that of purified mNT, we overlaid holo-mNT spectra from

purification, chemical reconstitution, and transfer (Figure 4-11).
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Figure 4-11: Holo-mNT Visible-Range Spectrum Overlays. To show that all forms
of holo-mNT used in these experiments had the same characteristic absorption
spectrum, GRX3-transfer-recovered (Transfer-Rec) and chemically reconstituted
(Chem-Rec) spectra were compared to the purified holo-mNT spectrum as a
reference. The sample dilutions were varied slightly in order to visibly distinguish
between each spectrum.
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Discussion

With these finding we demonstrate that holo-GRX3 is able to donate
two [2Fe-2S] clusters to reform dimeric holo-mNT from monomeric apo-mNT.
The ratio of absorbance at 280 nm to 458 nm (~2.3 : 1) shows that there is
one [2Fe-2S] cluster per monomer, based on the molar extinction coefficient of
the peptide monomer at 280 nm and the extinction coefficient of the individual
3Cys-1His coordinated [2Fe-2S] [121]. This effect is represented in Figure 4-9,
showing the non-absorptive monomer versus the absorptive dimer of mNT.

This process is not simply diffusion-driven due to a few key reasons:
the relatively fast time to transfer completion, the uni-directionality of cluster
transfer, and the high yield of recovered mNT dimer. The transfer time took
only minutes, such that sample extraction from the anaerobic glove box to take
spectral measurements was slower than the rate of completion (no additional
recover at 458 nm over time). Secondly, the loss of the 410 nm absorption
peak from GRX3 was complete after transfer at near stoichiometric amounts of
the two proteins, demonstrated in Figure 4-12. GRX3 is fairly stable in
anaerobic conditions, so long as there is an excess of GSH in the buffer.
Chemically reconstituted GRX3 would retain the same relative intensity of its
characteristic brown color for over a week at room temperature in the
anaerobic glove box, so it is not likely that the rapid reconstitution of holo-mNT

is due to instability of holo-GRX3 releasing free iron and sulfides in to solution.
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Conversely, holo-mNT does not transfer [2Fe-2S] clusters to apo-GRXS3,
meaning there was definitive transfer directionality at neutral pH. Lastly,
chemical reconstitution of both mNT and NAF-1, in comparison to GRX3-mNT
transfer assays, yield holo-proteins indicating that the NAF-1 construct was
functional and could recover a [2Fe-2S] cluster; however GRX3 is not a

partner protein.
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Figure 4-12: GRX3 loses the 410 nm peak and mNT regains the 458 nm peak
from the transfer assay. GRX3 cluster loss during the transfer assay is complete,
while mNT regains its 458 nm peak from the holo-form of the protein. The proteins
are shown in nearly equimolar amounts. The €55, 0f GRX is 3.4 mM™cm™, and the €55
of mNT is 8.6 mM*cm™.

Prior to these findings, the steps that linked [2Fe-2S] cluster transfer

between the ISC and CIA were best described by Figure 4-13, a modified
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version from [63] which shows the identified steps of [2Fe-2S] cluster transfer
as black arrows, and red arrows represent necessary, but yet uncharacterized
steps. Iron-sulfur clusters are assembled by the mitochondrial ISC system, but
the means by which they are exported in a controlled fashion to cytosolic iron-
sulfur proteins, such as mNT and GRX3 is unclear. While it was newly
discovered that mNT is a transfer source of [2Fe-2S] clusters for NAF-1 [67],
the donor source of mNT [2Fe-2S] clusters was undiscovered. Our lab had
identified that both mNT and NAF-1 can donate iron-sulfur to anamorsin [63],
while other work concurrently demonstrated that GRX3 can also supply iron-

sulfur clusters to anamorsin [74].
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Figure 4-13: Schematic that summarizes the course of iron-sulfur transport
prior to this work. Iron-sulfur cluster are made inside the mitochondrion and
exported through a mechanism that is currently unresolved (red arrows). GRX3 and
mNT are early cytosolic mediators of [2Fe-2S] cluster transport, and critical to bridge
the ISC to the CIA, yet precisely how they are able to acquire clusters was unresolved
[63].

The implications of this work are that we have established GRX3 as a
donor of [2Fe-2S] clusters to mNT, the only identified cluster donor to date.
Additionally, we have distinguished yet another key difference between the
roles mNT and NAF-1 play in cells, despite these two proteins having
moderate sequence conservation (Figure 4-14) and a high degree of structural

similarity (Figure 4-15)[56]. However, as evidenced in Figure 4-15, [66], the
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surface electrostatics vary moderately between the two proteins, and while the

structural organization is similar, each is quite distinct.
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Figure 4-14: The amino acid sequence alignment comparing NAF-1 to mNT.
NAF-1 and mitoNEET amino acid sequences: letters in green denote the water
soluble C-terminus, those in black denote the trans-membrane segment, and the
soluble part facing the cytoplasm is shown in pink. The symbols denote the level of
similarity between the amino acids: asterisk, identity; colon, high similarity; period,
poor similarity; no sign, no similarity. The blue line above the sequence
corresponding to the soluble portion of the sequence indicates secondary structure
elements: arrow for beta sheet and a thick line for alpha helix. The thin lines indicate
no secondary structure [56].
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Figure 4-15: Electrostatic potential on the surface of mNT and NAF-1. The
electrostatic potential values (estimated using NEET proteins’ force files and APBS
electrostatic) of mMNT and NAF-1 are here reported over each protein surface. The
side facing the plane of the 3-sheet (top) and the side view (bottom) are here reported.
The color code refers to the electrostatic potential values reported on the right [66].

Considering that the N-terminal Trx domain of GRX3 is responsible for
protein recognition and necessary for [2Fe-2S] cluster transfer to anamorsin
[74], it is probable that the N-terminal domain is also able to distinguish

between the surface of mNT and NAF-1 in order to impart the transfer
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selectivity. This selectivity may be a useful tool for further investigations of
these proteins, including asking whether GRX3-BolA2 heterodimers have the
same transfer potential to NEET proteins as GRX3 homodimers, or if they
have an alternative selectivity. These homodimers also have the parallel ability
to transfer [2Fe-2S] to anamorsin, just as GRX3 homodimers do [170], but
there is likely a functional divergence that will help us to understand their role
in the cell, as total functional overlap, without any alternative gain-of-function
would seem unlikely. Moreover, this selectivity variation may be useful for
designing better therapeutics at targeting iron-sulfur proteins, to treat
metabolic disorders, allow signaling in cancer cells or other pathogen or
parasite cells to release iron and self-destruct through ROS formation or
ferroptosis.

Figure 4-16 graphically summarizes the updates to the previous
schematic of [Fe-2S] transfer steps that link the ISC to the CIA (Figure 4-13).
In connecting the individual steps, it has become evident that iron-sulfur
transport utilizes some parallel transfer steps for redundancy in critical
functions, and even has the ability for a feedback mechanism. This would
likely allow the cell to regulate the flow of iron in times of abundance or
scarcity, when control of free iron is essential. This would mean that mNT has
a potential role as an iron-sulfur bank, when iron can be safely stashed away
in a controlled fashion. This idea matches previous studies aimed at resolving

the effects of depleted mMNT and corresponding mitochondrial iron and ROS
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accumulation [46, 50, 83, 123], and likely explains why mNT is upregulated in

some cancers [26, 198].

Nuclear DNA-Modification
Cell Growth & Proliferation

Cytosol

Figure 4-16: Updated model for the roles of GRX3, mNT, and NAF-1 in linking
the ISC to the CIA. [2Fe-2S] clusters are assembled in the ISC and carried by four
coordinated glutathiones (GS). [2Fe-2S](GS), is then actively transported out of the
matrix by the ABCB; transporter and the clusters are exported across the outer
mitochondrial membrane by a currently-unresolved method (arrow with ?). [2Fe-
2S](GS), is then assembles into holo-GRX3. GRX3 can either deliver [2Fe-2S]
clusters to the CIA for assembling nuclear iron-sulfur proteins and for cell growth
proteins or to mMNT as an iron-reserve and to recycle GSH (Red arrow represents our
findings). mNT also has the ability to deliver [2Fe-2S] clusters to the cytosolic
anamorsin and the CIA, so that when cellular demand for iron increases, mNT can

supply it.
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Chapter 4, in part, is a preprint as it will appear when submitted for
publication, titled “New Connections in lron-Sulfur Cluster Transport: GRX3
[2Fe-2S] Cluster Transfer is mitoNEET-Specific” by Stofleth JT, Jennings PA;
which is being prepared for submission. The dissertation author was the

primary investigator and author of this paper.
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Chapter 5

Conclusions and Future Directions
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Prior to this work, the NEET proteins had been demonstrated to
function as iron-sulfur cluster trafficking proteins. Their ability to transfer iron-
sulfur to anamorsin and ferredoxin in a directional manner was a key finding to
support this role. With the identification of GRX3 as an iron-sulfur cluster donor
for mNT, the connection of mNT and NAF-1 the ISC and CIA is now linked.
Further in vivo studies will help resolve the cellular conditions that drive these
iron-sulfur transfers. Whether they are due to perturbations of redox or other
insult, or rather a part of homeostasis will help develop the understanding of
iron-regulation in the cell.

We hypothesize that if mNT delivers iron/[2Fe-2S] to the mitochondrion,
then the process is very likely reversible based on cellular conditions, such as
cytosolic:mitochondrial iron availability, cell death signaling such as ferroptosis,
or overcoming dysfunctional parallel pathways linking the ISC-CIA (GRX3,
mNT, and NAF-1 all transfer to anamorsin). Since iron regulation is tightly
controlled, as discussed earlier, it is more likely that mNT transfers the [2Fe-
2S] cluster rather than reassemble iron-sulfur by diffusion when iron is
exported. This would require mNT to access either a membrane-spanning
iron-sulfur transporter, perhaps a subtype of the ABCB; active transporter
class that is yet uncharacterized in the outer mitochondrial membrane. Or,
perhaps it uses VDAC, as it can access the interior and is using this feature to
deliver iron to an inner-mitochondrial source, such as the inner-mitochondrial

GSH pools [199].
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A good experiment to investigate VDAC as an outer mitochondrial
membrane iron/Fe-S conduit would be to see if VDAC open—gated
conformation can allow the passage of [2Fe-2S](GS), clusters, and then if
[2Fe-2S](GS), clusters can transfer their iron-sulfur clusters directly to mNT. It
would be best to conduct these studies in artificial bilayers, such as liposomes
or even nanodiscs, and alternatively one of many other available current
options for bilayer studies [200]. The advantage to using natural lipids for
proteolipisomes or nanodiscs is that artificial detergents for solubility is no
longer necessary, as the chemistry and micelle characteristics may adversely
influence protein structure. Since the full-length mNT construct contains one
N-terminal membrane spanning domain per monomer, studying the viability of
this transfer in an environment that more accurately mimics the conditions and
spatial relationships on the mitochondrial membrane. There may be some
added effect of having the two mNT helical regions in proximity to VDAC that
drive conformation changes, cluster release, or mNT insertion into the VDAC
pore that can be investigated further. To date there is no published record of
these investigations.

Another experiment to assess the viability of VDAC as an iron-sulfur
conduit would be to examine a VDAC and GRX3 monomer interaction using a
guantitative binding assay, in order to determine the potential of GRX3 using
VDAC to access iron/[2Fe-2S], similar to that proposed for mNT above. A
good control to these experiments would be to use shRNA to knockdown the

mitochondrial ABCB-; transporter levels and see if VDAC production is
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upregulated or if GRX3 levels are upregulated or downregulated as a result.
Alternatively sShRNA knockdowns of mNT and GRXS3 that look for alterations to

VDAC and ABCB; mRNA and protein expression could provide more clues.

Continuing exploration of iron-sulfur transport between the ISC & CIA

An additional set of experiments | would suggest to follow up to the
findings presented in Chapter 4 would be to produce and isolate Grx3-BolA
heterodimers, which have already been shown to supply [2Fe-2S] clusters to
apo-anamorsin in parallel with mNT and GRX3 homodimers [170]. | would also
attempt to evaluate their potential as NAF-1 iron-sulfur cluster donors, as a
means to alternatively regulate NEET protein targets and varied downstream
signaling within the cell.

Since the Trx domain of GRX3 was necessary for [2Fe-2S] cluster
transfer to anamorsin [74], it would be interesting to see if the same loss of
function occurs with the GRX3 to mNT iron-sulfur transfer. Following the same
procedure that | developed for full-length GRX3, the holo-protein with only the
GrxA and GrxB domains could be anaerobically reconstituted and set up to
transfer to apo-mNT.

Research focused on characterizing new iron-sulfur partners for the
NEET proteins is a promising direction, as the network of iron-sulfur cluster
transfer is far from complete. | would suggest developing an anaerobic
reconstitution protocol for AOX1 and XHD. It is likely that one of the proteins

described in this study acts as an iron-sulfur donor to these, but whether it is

92



MNT, NAF-1, GRX3, [2Fe-2S](GS), clusters, or another factor is completely
uncharacterized. With the information currently available, it is difficult to state
which of these (or even if there are multiple) would be the most likely to be the

donor.

Creating Gallium-sulfur cluster proteins for NMR studies

Lastly, |1 would like to end by discussing a project that has been a very
dear to me, but would be a bit of a long shot, and | never had the time to
attempt it. A major problem for our lab is that at any given time, it is half-filled
with NMR experts; yet the paramagnetic iron-sulfur clusters prevent such
experiments from resolving changes in structure at amino acids near the
cluster. Since most of the critical alterations and even drug binding occur near
to the cluster, assessing the amino acids nearby is critical. Using the modified
mNT and NAF-1 reconstitution protocol from Chapter 2, | would attempt to
incorporate a diamagnetic [2Ga-2S] cluster. This has been documented in
cyanobacterial ferredoxins, and would be a major advantage for NMR
experiments to examine solution-based drug-binding studies [201-204]. The
protein preparation would relatively easy to achieve if one substituted GaCls
for FeCls in the reconstitution protocol. Then for isolation of dimeric [2Ga-2S]
mNT, the sample would be concentrated and loaded onto the S-200 size-
exclusion column described in the GRX3 purification protocol, and separated
based on dimer versus monomeric mMNT or NAF-1 elution profile detailed in

Figure 5-1 [205].
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Figure 5-1: Size-exclusion chromatography elution profile for mNT. Size-
exclusion chromatograms for wild-type mitoNEET: holo-mitoNEET (solid trace) and
apo-mitoNEET (dotted trace). A set of four protein standards is reported for
comparison (gray peaks): Ribonuclease A (13.7 kDa), Carbonic Anhydrase (29 kDa),
Ovalbumin (43 kDa), and Conalbumin (75 kDa). All chromatograms are calculated
from absorbance at 280 nm [205].

If this produced stable, dimeric mMNT/NAF-1 holo-protein, it would be
expected to have a similar elution profile, but would remain colorless, as
demonstrated for a [2Ga-2S] ferredoxin that was reconstituted successfully in

Figure 5-2 [201].
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Figure 5-2. Spectral overlay for a [2Fe-2S] cluster substituted for a [2Ga-2S]
cluster in ferredoxin. The gallium-sulfur cluster has no absorption in the visible

region, so UV-Visible spectroscopy is not useful for monitoring cofactor content, as is
typical for iron-sulfur cluster proteins [201].

Additional controls would be necessary to determine the protein viability
as a replacement for the properties conferred by true [2Fe-2S] cluster, but
would be fairly simple workflow since most of the reconstitution conditions
have been determined and optimized. CD is typically used for analysis and
confirmation of protein structure [201], and mass spectrometry could confirm
the changes from iron to gallium in the molecular weight of the holo-protein. In
addition an assay that can detect trace iron, showing none was present in the
dimeric mNT or NAF-1 structure would support that the gallium replacement

was successful.

95



A new crystal structure would need to be determined, showing the
3Cys:1His coordination site had not changed by altering secondary or tertiary
protein structural conformation would be a key piece of data. Two sets of
guantitative binding studies when evaluating drug binding would also be
needed to ensure that the iron to gallium switch had not altered some aspect
of the small molecule binding affinity. If creating [2Ga-2S] cluster NEET
proteins is feasible, it would provide a means to better understand small
molecule binding for the first time using structural NMR methods. Especially
since the crystal structure of NEET proteins bound to pioglitazone, cluvenone,
and MAD28 has remained elusive, in part due to the highly hydrophobic,
insoluble nature of these drugs. So far, attempts at drug-protein co-
crystallization and crystal-soaking with the drugs has been unsuccessful.
Using solution NMR for these studies offers a major advantage in that the
demands for drug concentration would be within the agqueous solubility range,
is sensitive to low-affinity binding (Kg of mM to nM), and can even measure Ky
[206-208]. A well characterized protocol for the [2Ga-2S] cluster NEET
proteins could foster further collaborative projects and grants with Professor
Emmanuel Theodorakis’ group (here at UCSD), aimed at resolving the amino
acid residue changes near the cluster that are directly involved in drug binding,

and the local amino acids that exhibit chemical shifts as a result.
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