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ABSTRACT OF THE THESIS

Investigation of the Human Monomeric NEET protein MiNT

As a Drug Target in Cancer

By
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Professor Patricia A. Jennings, Chair

NEET proteins belong to a class of iron—sulfur proteins that harbor a unique

labile [2Fe—2S] cluster and play a major role in preventing mitochondrial dysfunction.
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Loss of function in mitochondria, the key organelle responsible for cellular energy
production, can result in many human pathologies including diabetes,
neurodegeneration, and cancer. Despite the recent advances in molecular medicine,
cancer remains a significant challenge as it is the second leading cause of death in
developed countries. Therefore, additional therapies are needed to increase therapeutic
options to cure diseases related to NEET proteins. Since the exciting discovery of the
novel mitochondrial target, mitoNEET, for the thiazolidinedione (TZD) insulin sensitizing
drug pioglitazone, the NEET family has emerged as an important class of human
proteins that are implicated in multiple pathologies. There are only a few compounds
that have thus far been discovered or designed as NEET ligands that control NEET
[2Fe—2S] stability. The Jennings laboratory and collaborators have shown that NEET
proteins act as central sensors/transducers of iron/ reactive oxygen species (ROS)
metabolism were deregulation results in cell death. Specifically, recent studies have
shown that small molecules can bind to NEETs destabilizing the [2Fe-2S] cluster,
leading to release of iron, induction of ROS and cell death. This effect is selective for
cancer cells that upregulate NEETs. These findings demonstrate, for the first time, the

significance of NEETs as drug targets for a chemotherapeutic treatment of cancer.

This thesis focuses on the role of NEET proteins, specifically MiNT (CISD3), in
different diseases using drug binding to examine protein stability. To further detail the
unique structural difference of MiNT, as it is @ monomeric protein containing two Fe-S
clusters, we use a combination of biochemical and biological assays to characterize the
effects of ligand binding. Specifically, we use ultraviolet visible (UV-Vis) spectroscopy

and circular dichroism (CD) to monitor cluster stability over time. Together, these
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assays use temperature and secondary structure analysis to determine stability effects
because of ligand interactions. Given the broadened understanding of the MINT
function and the initial results from binding interactions highlighted here, it might be
possible to begin the development of therapeutic agents that may be useful in mitigating
several different diseases including neurodegeneration, breast cancer, diabetes, and

inflammation.
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Chapter 1
General Introduction



1.1 Introduction to Mitochondria

Mitochondria are membrane-bound cell organelles (mitochondrion, singular) and
powerhouse of the cell as they produce most of the energy and adenosine-5'-
triphosphate (ATP) required for function (Figure 1.1). 12 Specifically, it is a cytoplasmic
organelle that is essential for energy homeostasis and responsible for life and death in
most eukaryotes.? Significantly, the mitochondria constantly undergoes a process of
fusion and fission that affects its function and morphology.3* Depending on the cell
type, mitochondrial characteristics and function can vary. Mitochondrial dysfunction, on
the other hand, is characterized by a loss of efficiency in the electron transport chain
and a reduction in the synthesis of high-energy molecules, such as ATP.>6 Diseases
that are associated with mitochondria dysfunction include neurodegenerative diseases,
such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and
amyotrophic lateral sclerosis, Friedreich ataxia 378 cardiovascular diseases, such as
atherosclerosis and other heart and vascular conditions °19; diabetes and metabolic
syndrome?1! autoimmune diseases, such as multiple sclerosis, and type 1 diabetes 12
13: neurobehavioral and psychiatric diseases, such as autism spectrum disorders, and
bipolar and mood disorders 415;gastrointestinal disorders 617; musculoskeletal
diseases, such as fibromyalgia and skeletal muscle hypertrophy/atrophy*1%; cancer2®:21
; and chronic infections are all associated with mitochondria dysfunction. 2222 It is well
known among researchers that mitochondrial genetic or primary mitochondrial disorders
contribute to mitochondrial dysfunction and secondary or acquired degenerative
disorders.?* This process of mitochondrial ATP generation relies on oxidative

phosphorylation (OXPHOS) where a by-product of this process is the generation of



reactive oxygen species (ROS). ! Mitochondria-associated proteins are members of the
NEET family which regulate iron and reactive oxygen species (ROS) homeostasis in the

mitochondria.3

Mitochondria

Cristae

Outer membrane

Inner membrane

Figure 1.1: Schematic representation of mitochondria inside the cell. Mitochondria
membrane-bound with two different membranes. Those membranes are essential to
produce energy. That energy is produced by having chemicals within the cell go through
pathways. The process of that conversion produces energy in the form of ATP, because
the B, y phosphate bond is a high-energy bond and provides energy for other reactions
within the cell. Some different cells have different amounts of mitochondria because
they need more energy. So, for example, the muscle has a lot of mitochondria. So, if
mitochondria do not function properly, it will cause diseases and some of the diseases
that mitochondrial dysfunction causes are still unknown. This figure has been adopted
from Willian Gahl *



1.2 Iron Sulfur (Fe-S) Proteins and Cluster Biogenesis

Iron-sulfur (Fe-S) clusters are simple inorganic protein cofactors composed of
ferrous (Fe?*) or ferric (Fe3*) iron and sulfide (S%) ions.* The proteins that contain non-
heme iron and inorganic sulfide are present in virtually all living organisms. Additionally,
they are essential cofactors for iron-sulfur clusters and are involved in numerous cellular
processes such as respiration, photosynthesis, nitrogen fixation, and protein synthesis.
525 Indeed, iron-sulfur clusters are one of the most primitive iron cofactors known in
biology 26. Some of the common clusters that can be found in iron-sulfur proteins are
from the simplest forms having a rhombic assembly [2Fe-2S] and cubed shaped [4Fe-
4S], to more complex clusters having half cabane shaped [3Fe-4S]. 2’ The iron ion
(ferrous Fe?*/ ferric Fe®*) of the cluster is typically coordinated by the sulfur of a protein-
bound cysteine residue or the nitrogen of a histidine residue. Iron-sulfur clusters
promote electron transfer catalysis that generates redox states with a large range from
+500mV to -500mV. 28 Iron-sulfur clusters are modular resulting in interconversion
between different iron-sulfur proteins due to their obtainable mixed valence states.
Additionally, clusters can act as biological sensors as they can react with oxygen and
nitric oxide in cell development regulation.” In bacteria, there are three distinct pathways
for iron-sulfur cluster biosynthesis: ISC, a general iron-sulfur cluster pathway, NIF, a
nitrogen fixation pathway, and SUF, a sulfur assimilation pathway.?°2° Due to the
critically important roles of iron-sulfur clusters play, many organisms possess more than
one iron-sulfur cluster biosynthesis pathway.3! In human cells, there are two sets of

iron-sulfur cluster synthesis: the ISC export pathway, present in the mitochondria for



cluster maturation, and the CIA pathway for cytosolic iron-sulfur clusters present outside

of mitochondria (Figure 1.2). 32-33

Eukaryotic cell "
Fe/S proteins involved in
6 CIA machinery _ A » Amino acid metabolism

» tRNA modification
» Protein translation
» Regulation of translation

‘ Apo

homeostasis

Apo
a ISC assembly /
machinery -

Mitochondrion

Fe/S proteins involved in:

» DNA repair

» DNA replication
» Ribosome assembly
» Telomere length control

Fe/S proteins involved in ‘

Cytosol » TCA cycle } ———
» Respiration
» Lipoate synthesis .-mcyﬁt.im
> Fatty acid oxidation > 4

Figure 1.2: Schematic indicating the biogenesis of cellular iron-sulfur proteins in
eukaryotes. Eukaryotic Fe-S proteins are in mitochondria, cytosol, and nucleus where
they perform diverse functions in cellular metabolism and regulation. The mitochondrial
Fe-S cluster (ISC) assembly machinery matures all organellar Fe-S proteins, and
additionally contributes to the biogenesis of cytosolic and nuclear Fe-S proteins by
producing an unknown sulfur-containing compound (X-S) that is exported to the cytosol
and used by the cytosolic Fe-S protein assembly (CIA) machinery. Therefore,
mitochondria are directly responsible for the essential functions which link to cellular
iron homeostasis, protein translation, and nuclear genome integrity. Additionally, the
ISC assembly machinery exerts a regulatory role on cellular iron homeostasis. Red and

circles indicate iron and sulfur ions, respectively. This figure has been adapted
from Stehling, et al- 31



1.3 Introduction to NEET Proteins

NEET proteins play a role in many human diseases such as Alzheimer’s
disease, diabetes, cancer, and Parkinson’s disease. 343*These unique proteins contain
two iron- sulfur (2Fe-2S) clusters coordinated by a three cysteine-one Histidine
interaction, also known as CDGSH proteins, which are highly conserved from bacteria
to humans.'%1518 |n humans there are three proteins that encode the NEET family.
MitoNEET (mNT) encoded by cisdl, cisd2 encodes the Nutrient-deprivation Autophagy
Factor-1 (NAF-1) and, cisd3 which encodes MINT (miner 2) (Figure 1.3, 1.4). The
human members of the NEET family of 2Fe-2S proteins, NAF-1mNT, are located at the
interface between the mitochondria, ER and the cytosol. These proteins have been
implicated in cancer cell proliferation as they can transfer their 2Fe-2S clusters to a
standard apo-acceptor protein.®

NEET proteins are named for the Asn-Glu-Glu-Thr (NEET) sequence conserved
within the sequence.® MitoNEET or CDSGH iron-sulfur domain 1(mNT, CISD1)
localizes the outer mitochondrial membrane in humans. Nutrient-deprivation autophagy
factor 1lor CDGSH iron-sulfur domain 2 (NAF-1, CISD2, Minerl) is another homological
human NEET protein. It primarily localizes in the endoplasmic reticulum (ER) or
mitochondria associated membrane (MAM) and regulates cell autophagy. The third
member of the human NEET protein is called MiNT localized inside the mitochondrial
inner NEET protein. 37,3839

The focus of this thesis will be on homolog in the human NEET protein family

called mitochondrial inner NEET protein (MiNT, CISD3, Miner2). MiNT is an essential

gene that is believed to play a role in cancer due to high expressions in human. 3%



Previous studies show that mNT (2Fe-2S) cluster mediates the oxidation of
NADH by naturally reducing oxygen levels, so they are involved in electron
donor/acceptor in mitochondria. ** Computational modeling and biochemical screening
has been used to identify new small molecule NEET interactions and potential drug

binding sites in NEET proteins, specifically MiNT.

™S Dimer

TMS i
napy Dimer

MTS

;HH

MiNT  Monomer

Figure 1.3: General domain alignment of three human NEET proteins. A schematic
indicating the domain organization between the monomeric MiNT (bottom) versus a
protomer of the dimeric mNT (top) and NAF-1(middle). Note only one of the CDGSH
domains is shown. TMS refers to the transmembrane sequence and MTS refers to the
mitochondrial targeting sequence of MiNT, which is cleaved upon transport into the
mitochondria. Both mNT and NAF-1 are homodimers, whereas MINT is a monomer.



Table 2.1: Amino acid sequence of MINT (36-127) with highlighted single point
mutations for each construct. Histidine and cysteines are color coordinated for
clarification of differences between WT and DM.

Non-Tagged Sequence
Construct of
MINT
WT MPARSVVALK TPIKVELVAG KTYRWCVCGR SKKQPFCDGS HFFQRTGLSP

LKFKAQETRM VALCTCKATQ RPPYCDGTHR SERVQKAEVG SPL

DM MPARSVVALK TPIKVELVAG KTYRWCVCGR SKKQPFCDGS CFFQRTGLSP
LKFKAQETRM VALCTCKATQ RPPYCDGTCR SERVQKAEVG SPL

B-Cap

Cluster Binding Domain

Figure 1.4: 3D representation of the crystal structures of human NEET proteins.
A) mNT (PDB ID: 3EWO0) the dimeric fold is colored according to the protomers,
magenta and grey, respectively. B) WT NAF-1 (PDB ID 3FNV) the dimeric fold is
colored according to the protomers, purple and plum, respectively. C)The monomeric
cysteine mutant MiNT (PDB ID: 6AVJ) is colored green. The [2Fe-2S] cluster atoms are
shown as spheres in orange and yellow. D) Structural organization of monomeric
MINT highlights the C2 pseudosymmetry and the asymmetrical surface. Ribbon
diagram of MINT with surface aromatics highlighted shows that clear asymmetry in
the surface of MiNT . 3°



The human NEET proteins have all been shown to be associated with
mitochondria; MiINT co-localizes with mitochondria while mNT and NAF-1 are located on
the outer mitochondrial membrane (OMM). 4941 The major parts of mNT and NAF-1 face
the cytosol and a single transmembrane helix at their N-terminal region anchors each
monomer of these homodimeric proteins to the OMM 4243 NAF-1 was also found on the
ER-mitochondria associated membranes (MAM) that connects the ER to the OMM, as
well as to the ER %4 MINT possesses both a beta cap and cluster binding domains,
similar to mNT and NAF-1, which are signature structures in the NEET-family fold. 4°
In humans, mNT and NAF-1 share about 54% identical and 69% similar residues. In
contrast, human MINT shares about 50% identical and 63% similar residues with mNT,
however, it has 38% identical and 50% similar residues to NAF-1.4¢ Significantly, there
are sequence and structural differences. Crystal structure of the cysteine mutant MiNT
indicates the domain arrangement of 2 Cluster in the CDGSH region domains (Figure
1.4 C) in the protomer as opposed to the homomeric mNT (Figure 1.4 A) and NAF-1
(Figure 1.4 B) containing one CDGSH domain per protomer.*? MiNT localizes within the
mitochondrial matrix, however; MiNT lacks the transmembrane domain sequence
common to mitoNEET and NAF-1.While many studies of mNT and NAF-1 exist, 4’ little
information is available detailing MiNT function. Significantly, it has been established
that MiNT is overexpressed in many cancer cells.*® The three-Cys-one-His binding site
of NEET proteins acts as a redox-sensor where the iron-sulfur cluster can be
transferred to an apo-acceptor upon oxidation. In addition, all three NEET proteins are
associated with the progression of diabetes, neurodegeneration, heart disease, and

cancer. "33 An absence of MiNT can also result in an accumulation of free labile iron



and ROS, as seen in the confocal study using two different cancer cell lines
suppressing MINT expression. 3’ This suggests that MiNT also regulates free labile iron,
matching general characteristics of mNT and NAF-1. 733 Due to the overall sequence
and structural asymmetry compared to the other homologs, MiINT may possess drug
binding characteristics yet to be discovered that may deem it a viable and novel drug
target. Thus, investigation of physical and chemical properties of MiNT is of great
interest as is elucidating the functional role within iron trafficking within the ISC pathway.

1.4 Current understanding of MiNT

MINT is very sensitive to PH and temperature, though methods have been
established that facilitate production of recombinant protein at high yields. Through
purification optimization detailed in Chapter 2 and standardized assays used to
determine protein stability highlighted in Chapter 3, initial details regarding MINT are
presented. Chapter 4 will highlight new preliminary data, detailing changes in MiNT
biophysical characteristics upon binding to different drugs. Using sensitive optical
assays such as ultraviolet visible (UV-Vis) spectroscopy and circular dichroism (CD),
comparative studies will be introduced. UV-Vis spectroscopy is employed as both
guantitative and qualitative assay from MINT while CD is used to study the secondary
structure changes of MINT more carefully, as the only current structural reference to the
native MIiNT is through a double mutant crystal structure of MiNT. Chapter 5 will reveal
a new study that is ongoing regarding Electronic Cigarettes and the effect on the body,
especially on regeneration of muscles. Application of the results in the subsequent
chapters will serve as a foundation for further studies by providing further insight into the

function of NEET proteins.
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Chapter 2
MINT (CISD3) Methods and Modifications
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2.1 Introduction

NEET proteins play a role in many human diseases including Alzheimer's,
diabetes, cancer, and Parkinson’s disease. 733 These iron-sulfur proteins are uniquely
characterized by an iron-sulfur [2Fe-2S] cluster ligated to a 3Cys-1His binding domain
and a beta cap domain, referred to as a CDGSH motif. The CDGSH motif is highly
conserved from bacteria to humans.13¢ There are three identified human NEET
proteins: MitoNEET (mNT or CISD1), Nutrient-deprivation Autophagy Factor-1 (NAF-1
or CISD2 or Minerl) and Mitochondrial Inner NEET protein (MiNT or CISD3 or Miner2).
mNT and NAF-1 have been characterized as homodimers as opposed to MiNT which is
identified as a monomer.3” mNT can be found in the outer mitochondrial membrane
while NAF-1 is found primarily in the endoplasmic reticulum (ER). MIiNT is found in the
inner mitochondrial matrix. NEET proteins are also key regulators of iron and Reactive
Oxygen Species (ROS) homeostasis, were knockdown experiments of MiNT show iron
accumulation and ROS in mitochondria.*®5° Unlike mNT and NAF-1, MiNT is not highly
stable at room temperature. To purify the MiNT protein, modifications to the purification
protocol in order to optimize both the yield and timeline while maintaining structural and
functional integrity were necessary. In this chapter, the protocol modifications for both a

Double mutant (DM) and Wild Type (WT) of MINT protein are presented.

2.2 Transformation MINT (CISD3) protocol

The plasmids (Pet 24a with kanamycin (kan) resistance gene in between Ndel and

Xhol region) containing the double mutant from the CISD3 (2 uL) was first transformed
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to 50 pl of thawed competent cells (DH5«) (Thermo Fisher) on ice. The reaction stood
on ice for 30 minutes and then was heat shocked at 42 °C for 45 seconds. The reaction
is put back on ice for 2 minutes while adding 500 uL of pre-warmed sterile Super
Optimal broth with Catabolite expression (S.0.C) (Thermo Fisher Scientific) to a sterile
15 mL falcon tube. All transformation reactions are transferred into S.0.C and grown at
37 °C for one hour on a shaker at 225 rpm. It is later transferred into a 1.7 mL sterile
Eppendorf tube and centrifuge at 5000 x g for 3 minutes. The supernatant is discarded
leaving a pellet that contains competent cells with the incorporated plasmids. 20uL of
autoclaved deionized water is added to the pellet portion in the tube where the pellet is
resuspended and mixed well. Cells are pipetted onto Luria-Bertani (LB) agar plates with

the appropriate antibiotics (50mg/mL of kanamycin (kan)) and grow overnight at 37 °C.

2.3 Miniprep Purification Procedure Using Centrifuge

To isolate plasmid DNA that contained MiNT sequence of 36-127 had been
previously cloned (see 2.2), we first need to purify the plasmid DNA by miniprep
(Invitrogen). Most of the steps can be found as described with minor changes 5!
Resuspension buffer (R3), Lysis buffer (L7) and Precipitation Buffer (N4) columns were
doubled to efficiently lyse cells that results from 15mL of growth, rather than the 5 mL
used in the standard protocol. Also, TE buffe volume was changed to 40 pL instead of
70 uL to get a high enough concentration of DNA for sequencing (Eton Bioscience Inc).
Concentrations of the DNA were determined by using Nanodrop ND-1000

Spectrophotometer in ng/ pL at 260 nm. %2
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2.4 Expressions checks and glycerol stocks

From the isolated supercoiled plasmids (see 2.3), cells that are optimized for
protein overexpression can then be used to produce the protein of interest. Here, the
similar steps for transformation are taken (see 2.2), although specific BL21 (DE3) RP
cells are used instead. Given the specific nature of these cells, growth media must
contain both kanamycin (30 pg/mL) and chloramphenicol (30 pg/mL) (Thermo Fisher).
Colonies are carefully selected, and overnights are prepared and set to grow at 37 °C in
5 mL of LB media containing kanamycin and chloramphenicol. The overnight cells are
divided into two tubes containing 10 mL of LB media: containing kanamycin (kan) and
chloramphenicol(cam), with each having 1:10 dilution. Here, one set is for glycerol
stocks and another for an expression check. For the glycerol stock fraction, the cells are
allowed to grow at 37 °C until the Optical Density (OD) reading using UV-Vis
spectroscopy (Biorad SmartSpec Plus) reaches 0.5 at 600 nm. To make 1mL glycerol
stocks, the cells are added to autoclaved glycerol (Thermo Fisher) at a ratio of 1:1. The
glycerol stock is then stored at -80 °C. For the expression check, the cells are also
allowed to grow at 37 °C until the OD600 reaches 0.8. An initial aliquot of 200 pL of cells
are collected. This fraction is centrifuged at 10000 x g for 1 minute, the supernatant is
discarded, and then stored in -20 °C. This fraction represents the pre-induction fraction.
Next, the cells are induced, where 1mM of Isopropyl B-D-1 thiogalactopyranoside
(IPTG) (Teknova) is added to the growth media. The cells are allowed to express
protein at 37 °C for another 6 hours. After 6 hours of growth, an additional aliquot is

collected and centrifuged, and the remaining cell pellet is stored in -20 °C after
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removing the supernatant. This fraction is identified as a 6-hour induced fraction. SDS-
PAGE gels were run to confirm the expression of the protein of interest by comparing
the induced fraction 4 hour and the induced fraction 6 hour, where an increase in band

intensity should be observed at the molecular weight of interest.

2.5 Results and discussion

Given the low molecular weight of the proteins of interest (i.e; DM and WT both
constructs are ~ 10.2 KDa), 15% bis-acrylamide SDS-PAGE were chosen to assess
protein expression and purity as it provides better resolution at the lower molecular

weights, and with the available protein ladder. The recipe is as indicated below.

Table 2.2: List of reactants and volumes to generate 15% acrylamide SDS-PAGE
gel.

Resolving Gel (15ml) Volume Stacking Gel (5mL) Volume
1.5 M Tris PH 8.8 5.0 mL 0.5 M Tris PH 8.8 0.62 mL
30% acrylamide 7.5 mL 30% acrylamide 0.83 mL
Water 2.4 mL Water 3.82 mL
20% SDS 75 pL 20% SDS 25 pL
10% APS 75 pL 10% APS 50 pL
TEMED 25 pL TEMED 5.0 uL

For all samples, add 16uL of cell, 4 yL of 2 x Loading buffer and 1 uL
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A-mercaptoethanol (BME) (Biorad). They are then heated to at least 85 °C for a few
minutes until condensation can be seen on the tube cover, then removed to cool down
to room temperature before loading into the well . Approximately, 10 puL of each sample
is added to fill each individual well of the stacking gel where an additional well was left
for 10 puL of G02101 Accurulaer Prestained Protein Ladder (Lamda Biotech) as
molecular size comparison standard. The loaded gel(s) was run at 120 V for about 2
hours. Gels were then stained with Coomassie Blue stain for overnight and next day de-
staining for band visualization. Gel results were photographed, and image files were

saved. Figure 2.1 represents a typical expression check gel.

C50hr 4hrl 6hrl C100hr 4hrl 6hrl

Protein
‘_

Figure 2.1: Expression Check DM CISD3: 15% SDS-PAGE indicating the pre and
post induction of three different samples: B5, C5 and C10. For each sample, at 0-hour
(Ohr) is when OD600 reached 0.8 prior to induction. Fractions that were induced with
IPTG and expression were allowed for 4 hour and monitored for an additional 6 hours
(induced, I, fractions).
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2.6 Growth of cells and purification of NEET proteins: NAF-1 and CISD3

2.6.1 Cell growth and expression protocol for NAF-1 and CISD3

Both NAF-1 and CISD3 proteins have similar growth protocols with the exception
that CISD3 without supplemental FeCls. A 200 mL LB media starter containing
30mg/mL kan and 30mg/mL cam is used to grow the cells overnight at 37 °C with a
rotation speed of 180 rpm. Overnight cells are then evenly aliquoted into the larger 2 L
of LB media, each containing kan and cam, for growth. Once OD600 reaches 0.5,
500ml of freshly autoclaved FeCls is added equally to each 2L of LB. For CISD3, we do
not add FeCls. The growth is then allowed to continue to reach OD600 of 0.8 where
induction is initiated with the addition of 1ImM IPTG. cells are allowed to express for 18
hours at 18°C. After overnight growth, cells are harvested by centrifugation (Avanti
Centrifuge J-20XP) with JLA-8.1000 rotor (Beckman) at 3000 rpm and 4 °C. The
supernatant is removed and 50 mL of lysis buffer containing 50 mM Tris (Sigma Life
Science) pH 8.0 and 50 mM NaCl (Fisher Chemical) is added to the pellets and stored
at -80 °C. For optimal purification, the cells must store in -80 °C at least a day for easier

shearing.

2.6.2 NAF-1 purification

Stored cell pellets are thawed at room temperature and resuspended in a
sonication buffer (50mM Tris-HCI pH 8.0, 500 mM NaCl) and solution was the sonicated
using 550 Sonic Dismembrator (Thermo Fisher) programmed for a 5 second pulse and

15 seconds off for a total of 10 minutes. The cell lysate is then centrifuged for 30
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minutes at 13,000 rpm (JA10 rotor) using 35 mL tubes. The supernatant is added to 5-
10 mL of Ni-NTA resin (Qiagen) slurry and is batch bound for 30 minutes. The mixture is
then slowly poured into a column and allowed to flow through, stirring occasionally to
assist in complete gravity flow. The resin is washed with 10 column volume (CV) of
wash buffer 1 (50 mM tris-HCI pH 8.0, 5mM Imidazole, 300 mM NacCl) initially.
Subsequently, the resin is washed with an additional 5-10 CV of wash buffer 2 (50mM
Tris-HCI pH 8.0, 30 mM Imidazole, 300mM NacCl). The poly-His construct includes a
thrombin cleavage site; therefore, the His-tag is cleaved using 2 mg of thrombin
(Thermo Fisher) equilibrated in a thrombin cleavage buffer (25mM Tris-HCI pH8.0,
50mM NaCl, 2.5mM CacCl2) with the washed slurry for 20 hours at 4 °C. Equilibration is
achieved. The flow through is discarded and the cleaved protein of interest is eluted
with a low-salt wash buffer 3 (25mM Tris- HCI pH8.0, 20 mM NaCl, 40 mM imidazole)
twice using 5CV. Finally, this step is repeated but the mixture is allowed to sit for 15
minutes to maximize protein recovery.

The protein recovered at this point contains other contaminants, thus an
additional cation exchange chromatography (HiTrap, GE Healthcare Biorad) step is
used Figure 3.1 and Figure 3.2. Using a two-buffer approach where high ionic
interaction helps isolate the protein of interest based on charge, Buffer A (50 mM Tris
pH 8.0) and buffer B (50 mM Tris pH 8.0, 500 mM NaCl) where used to charge and
equilibrate the column. The programmed protocol included five CV of 100% buffer B
followed by at least 10CV of buffer A (0% B) to be flowed through the detector.
Additionally, it includes a 5CV wash with 15% buffer B and finishes with a 20-25 CV

gradient from 15% to 60% buffer B, followed by 5CV of 100% buffer B to clean the
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column. The protein of interest elutes around (80-90 CV). The protein is then
concentrated in a 15-mL centrifugal concentrator with a 3 KDa cutoff filter to
approximately 1mM. The protein purity is analyzed by 15% SDS-PAGE and UV-Vis
spectroscopy, comparing the A 280 to the A 458. The extinction coefficient for NAF-1
8500 Mt cm™ at 280 nm and 10000 M - cm * at 458 nm. 5354 Purified protein is then

stored in -80 °C

2.6.3 CISD3 purification Original method

Original method adopted by Christopher Susanto. Frozen harvested cells of
CISD3 are thawed and 1 mM of PMSF is added to the mixture. Cell pellets are diluted
with up to 100 ml of lysis buffer (50mM Tris pH 8.0 ,50 mM NaCl) before using an
Avestin Emulsiflex-C5 High pressure homogenizer for lysis (ATA Scientific). After
homogenizing, 40 pL of Deoxyribonuclease (DNase I) (New England Biolabs) and 2mM
MgCl2 are added to the mixture and incubated at room temperature for 20 minutes.
After incubation, the mixture is transferred to a 50 ml tube and centrifuged at 15,000
rpm and 4 °C for 45 minutes. The supernatant is collected and filtered with a 33 mm
diameter 0.22 um syringe filter unit, (Millipore) twice. The filtered supernatant is then
subjected to cation exchange by FPLC, similar to NAF-1 (see 2.6.2). The supernatant is
injected into the FPLC machine and purified by cation exchange in three steps using a
single HP SP 5mL column (GE Healthcare Life Science). The buffering system included
Buffer A (50 mM Tris pH 8.0) and Buffer B (50-mM Tris pH 8.0, 1 M NaCl), respectively.
The initial cation exchange run is isocratic at an ionic concentration of 360 mM NacCl.

The second and third cation exchange runs use a gradient from 30 mM NaCl to 600 mM
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NaCl. The reducing agent dithiothreitol (5mM, DTT) (Biopioneer) is only added to the
purification of WT CISD3 under cold conditions (Ice). The protein of interest in this
method eluted around 12-15 CV (330-360mM NaCl) and resulting eluent is further
purified by size exclusion chromatography using a HiPrep 26/60 Sephacryl (S-100) (GE
Healthcare Life Science) for the final purification step. The buffer used to run the size
exclusion column contained 50 mM Tris pH 8.0, 150mM NaCl and 5mM DTT. The
protein DM elutes around (12-15CV which is 310-350mM NaCl) and WT elutes around
(14-16CV which is 340-380 mM NacCl). The elution fraction is then combined and
concentrated. Solution undergoes buffer exchange over several dilutions may occur to
remove DTT. Comparing the A 280 to the A 458. The extinction coefficient for CISD3
8855 M1 cm™ at 280 nm and 10000 M - cm ! at 458 nm. >> The concentrated protein

samples are flash frozen and stored at -80 °C. *°

2.6.4 CISD3 Purification Modifications

CISD3 constructs are sensitive to temperature over time, thus modifications to
the ion-exchange steps in the protocol were explored in order to reduce the amount of
time the protein is exposed to stressful conditions. We tested four slightly different
methods: A, B, C and D, where modifications were made within the programming of the
gradient buffer. For these respective runs, Buffer B was modified to 50mM Tris pH 8.0,
600 mM NaCl, and an additional column was added resulting in two stacked 5mL of HP
SP columns (GE Healthcare Life Science).

The initial exploratory run of Method A included a 5CV wash with Buffer A, 0%

Buffer B, followed by a wash with 10CV of 20% Buffer B, then a gradient from 20% to
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45% Buffer B. These wash steps are followed by 10CV of 45%B and finally 5CV of
100% Buffer B in order to remove any remaining contaminants in the column. Fractions
were collected from the various steps in the protocol and run on an SDS-PAGE gel in
order to determine isolation efficacy. Protein of interest was concentrated in a 15 mL
centrifugal concentrator with a 3 KDa cutoff until the protein solution was near ImM. A
second attempt, Method B, is similar to method A with modifications at the various
gradient steps, optimizing for greater peak resolution. The volume of buffer used to
column wash was increased (10CV) which accounts for the larger void volume because
of the stacked columns. Furthermore, as peaks began to elute in the initial gradient
jump, the isocratic flow was set to 15% for 10CV, then dropped down to zero for 5 CV in
order to clear contaminants. To maximize the elution of the interest protein, a steeper
gradient from 30% to 75%B was tested. From here, the isocratic flow was increased to
100% Buffer B for 10CV followed by lowering it to zero for 10CV. We expected the
changes to yield the protein of interest within the steep gradient step. However, the
result showed two sharp peaks and we are looking to make it work as a single sharp
peak as possible. Therefore, we modified Method B a little further to test whether there
is a mixture of holo (active form) and/or apo (inactive form) of the CISD3 DM construct
Chapter 3 that may co-elute within the same peak. In this method, the gradient is
shallower on the elution step. Method C deviates from Method B with the gradient
initiating at 40% Buffer B for 10CV. The shallower gradient allows the protein to elute
around 55% Buffer B, where sharper and multiple peaks are present. Finally, an
additional improvement from Method C where small alterations were made resulting in

the protein eluting around 330mM NaCl and sharper and stronger peaks, Method D
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lengthens the second elution to 10CV instead of 5CV at 0% Buffer B, allowing the

column to wash more thoroughly before the steep gradient.

2.6.5 Size Exclusion Column (SEC) Chromatography

Following the cation exchange chromatography, the eluted fractions of interest
are combined, concentrated, and buffer exchanged to a final volume that is
approximately 10mL. The SEC column is equilibrated with 50 mM Tris pH 8.0, 150 mM
NacCl. Prior to injection, 100mM of PMSF is added to the concentrated protein solution.
The SEC chromatogram reveals the protein elutes at 255-285 mL. SDS-PAGE gels
were used to confirm the efficiency of each step as well as the size and purity of the
protein peaks. The protein concentration was assessed by comparing the UV-Vis
spectrum at A 280 to A458. The peak of interest was collected and concentrated and

flash frozen for immediate storage at -80 °C. Purified protein is then stored at -80°C.

2.7 Biophysical assays and analysis
Ultraviolet-Visible (UV-Vis) Spectroscopy

Stability assays of protein NEET CISD3 were carried out using a Cary 50 Bio
(Varian) spectrometer connected to a CFT-25 Refrigerated recirculating water bath.
Samples of protein (20 uM) were prepared in a buffer containing 50 mM Tris pH 8.0,
150 mM NaCl. Assays were performed at 37 °C, with a 1 cm pathlength quartz cuvette
(Spectrocell). Additionally, | 100 pL of paraffin oil (Hampton Research) was added to the
top of the sample to prevent evaporation and condensation. Each assay depends if

pioglitazone (pio) or Gambogic acid (GA) was run as 20 puM of CISD3 protein, 10%
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DMSO and/or 10%DMSO with a drug of interest ( pio or GA). Method ran 200-800nm
for 100cycle and 10 or 20 minutes/cycles. Data was analyzed using an excel sheet

shown in Chapter 4.

Circular Dichroism (CD) Spectroscopy

Multiple experiments were conducted using a Circular Dichroism Spectrometer
Model 215 (Aviv Instruments Inc). Protein was scanned in several different wavelength
ranges:200 nm to 300nm and 300 nm to 800 nm. Protein samples of 20 uM in a buffer
containing 50 mM Tris pH 8.0 and 150 mM NaCl were scanned in a 0.1 cm pathlength
cuvette. A Peltier temperature controller was also used to maintain the individual 15 °C
runs. The AVIV in-house software was used to set up collection parameters with a data
pitch of 1 nm, 50 nm/min scanning speed and 1 nm bandwidth. Scans were typically
averaged over three runs. The Spectra Analysis program was used to analyze the
spectra. For the near to far UV-range of 200 nm to 300 nm, Chapter 4 will show the
overall structure was assessed and compared between WT and DM proteins. was
collected at 15 °C and 37 °C. Samples collected from 300 nm to 800 nm assessed to

analyze if the cluster is being changed when additional small molecules are added.
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Chapter 3

Purification Results CISD3 Protein with New Method
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3.1 Introduction

Modification of NAF-1 purification done first for comparative reason and to
ensure that the structure of protein will retain, and Figure 3.1-3.3 shows result of
purification and decay. The objective of modifying the protein purification protocol
CISD3 is to maximize the yields of the protein of interest while maintaining its structural
and functional integrity. Purification steps of a non-tagged construct of MiNT before
modification were limited. We modified the method to increase reproducibility of purified
protein, less time and higher yield. Lysate is extremely viscous after homogenizing and
that made harder to purify with old method, an excess amount (40 pL of 2000 U/mL
stock) of bovine pancreatic deoxyribonuclease | (DNase 1) with 2 mM MgCl 2 are added
into the homogenate and it is incubated for 20 minutes at room temperature. This
ensures that most of the DNA has been cleaved. Cation exchange is run only one time
in the new method and that helps with yield as well as time. An example of a
chromatogram is as shown below for the DM construct elution. Graph 3.4 shows the A-
D IEX method and since DM is more stable at room temperature compared to WT. We
used DM to test different methods and to get better results, we used two SP HP 5mL

columns in the IEX step.
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3.2 Result and discussion

600

Absarbance/ mau

L

I 26 f 0 80 100 120 140 160 180

Column number, column volume= 5.03 mL

MAF-1 SEC column

Figure 3.1: FPLC chromatogram of NAF-1 with thrombin cleaved site purification
S100 column. Last step of purifying NAF-1, Size Exclusion column s100 has been used
to clean protein.
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Figure 3.2: SDS Gel of NAF-1 thrombin Cleavage. This Gel shows wash 1 as 5mM
imidazole, wash 2 ,35mM imidazole. Cleavage flow though; 50mM NaCl + 2.5mM
CaCl2 + 25mM Tris pH 8.0. We are expecting to see protein at around ~9.6 KDa band
in to make sure of purification steps .
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Figure 3.3: This graph shows decay NAF-1: it ran 50 cycles for 20 min/cycle. Buffer
condition SEC; 50mM Tris PH 8.0 + 150mM NacCl. Half life of NAF-1 is around ~ 250
minutes.

Figure 3.1-3.3 showed modified purified NAF-1 with thrombin cleavage still retains
structure and protein shows half-life of 100 minutes. Following data Figure 3.4-3.9

shows modified purification of CISD3 protein and different methods tested to get a

higher yield faster method.
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Method A

UV280 nm )_mAL |

Figure 3.4: FPLC chromatogram of non-tagged DM constructed during IEX
method A-D. Each graph shows one overall IEX and zoomed in where the protein is
eluted.

A) In graph A protein eluted 228-252 mM NacCl (20-26 CV) and it was not on gradient.
Another higher peak showed more color which was eluted at 600mM NacCl (33-36CV) at
100%B.

B) Protein eluted 330-360mM NaCl (28-32 CV).

C) Protein eluted in non-gradient 240-252 mM NacCl (25-35 CV)

D) Protein eluted in non-gradient 324-348mM NacCl (31-33 CV).

In all the different methods, method D showed to be a more effective method with
better results. Figure 3.5 shows 15% SDS-PAGE used to check purity of protein. We

are expecting to see the 10.2 KDa band in to make sure this method is working.
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Figure 3.5: SDS-PAGE of DM non-tagged construct for method A-D: This is
showing the 15% bis-acrylamide SDS-PAGE gel with non-tagged DM. The numbers on
top refer to the column volume and red numbers refer to where red colors appeared,
and protein expected to be ~ 10.2kDa.

A) FPLC trace and gel shows that the protein eluted the early stage and non-
gradient area which suggested that protein washed out of the column sooner
than expected. The expected elution is 228-252mM NaCl and in a steep gradient.
However, in this method the desired protein did not elute as expected (90mM
NaCl) where pink color came out and it was not in gradient. Peaks that partially
showed up in gradient 220-270mM NaCl showed no color.

B) Light pink shows up around 330-360mM NaCl

C) shows that the protein eluted in non-gradient areas and this suggest steepness
of gradient is helping the protein elute in 240-252mM NaCl and so far, that
method B still is the better option to purify our protein.

D) Protein eluted on 324-348mM NacCl

Now that we made sure that method D is working on DM, we then further continued to

purify protein with HiPrep 26/60 Sephacryl S-100 Size exclusion column and used SDS-
PAGE to further confirm the purity of protein shows in Figure 3.6 and Figure 3.7.
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Figure 3.6: chromatogram of S 100 Size exclusion column purification step for DM
non-tagged construct. Protein eluted 255-280 mL DM construct is separated fraction
to test for content and purity of SDS-PAGE and which shown in Figure 3.7.
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Figure 3.7: SDS-PAGE of SEC DM non-tagged construct for method D: This is
showing the 15% bis-acrylamide SDS-PAGE gel with non-tagged DM. The numbers on
top refer to the column volume and red numbers refer to where red colors appeared,
and protein is expected to be ~ 10.2kDa. Protein eluted 255-280CV

WT CISD3 SEC Method D

Figure 3.8: FPLC chromatogram of non-tagged WT (A) constructed during

subsequent IEX, B) chromatogram of S 100 Size exclusion column purification
step for WT non-tagged construct. Protein eluted IEX (A) (32-35 CV) and SEC (B)
(240-280CV).
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Concentrated SEC

Figure 3.9: 15% SDS-PAGE ending with S100 column purification for non-tagged
constructs.

In Conclusion, method D shows better results in purifying sensitive protein such
as MINT for both types of WT and mutant. Maintaining the stability of the protein on
each step of purification is essential to obtain higher yield therefore reducing time of
purification will result in a better yield since MINT is very sensitive to temperature.
Troubleshooting is ultimately needed in optimized yield for the protein purification.

Purification shown above will serve as a foundation for further optimization, as the

dynamics of MINT become more elucidated.
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Chapter 4
Characterization of human monomer NEET protein MiNT and stabilization by drug

binding
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Introduction

Human NEET proteins that contain CDGSH iron sulfur domains are as follows:
mitoNEET (mNT, CISD1), nutrient-deprivation autophagy factor 1 (NAF-1, miner1,
CISD2) and mitochondria inner NEET protein (MiNT, miner2, CISD3). Even though they
have sequence differences, they are structurally homologous with a beta cap domain
and cluster binding domain. MIiNT is found in the mitochondrial matrix and plays a role
in several human diseases, most significantly it is implicated in cancer.1:°6 NEET
proteins are known to have redox sensor properties but specific biophysical
characteristics of these proteins, specifically MiNT, is still poorly understood. According
to the World Health Organization, almost 10 million people worldwide died of cancer in
2020, a number that is expected to rise to over 16 million annually by 2040.57:5 Among
the biggest problems facing current anticancer chemotherapeutics is chemotherapeutic
resistance and lack of drug specificity, which leads to poor prognosis and severe
toxicity.>® As a result, novel approaches that are more potent and selective against
cancer cells are required. The NEET class of proteins are a relatively new and unique
class of [2Fe-2S]-containing proteins that are located on the outer mitochondrial
membrane and endoplasmic reticulum (ER) of cells.° In known [2Fe-2S] proteins such
as [2Fe-2S] ferredoxins,®! the Fe-S clusters contain two iron metal centers that are each
coordinated to two cysteine residues (Figure 1A). In NEET proteins, however, the [2Fe-
2S] clusters are bound by two cysteine residues at one iron metal center and by a
cysteine and a histidine residue at the other (Figure 1B). 32 The histidine ligand can

render the iron-sulfur clusters labile, which causes the release of free iron.#> In cancer
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cells, certain levels of free iron have been shown to be beneficial for cellular
proliferation.®? Very high levels of free iron, however, can cause excessive reactive
oxygen species (ROS) production, which can lead to irreparable cellular damage
causing apoptosis and even ferroptosis.®® Cancer cells therefore must tightly regulate
the processes by which free iron and ROS are produced.® Recent studies on the role of
NEET protein isoforms CISD1 (mitoNEET) and CISD2 (NAF-1) in breast cancer cells
(Jennings & Theodorakis 2015) revealed that NEET proteins are highly involved in iron
and ROS homeostasis and are also key contributors to cancer tumor growth and
metastasis.®® Disruption of NEETs could therefore offer a new therapeutic strategy
against cancer whereby iron-overloaded cancer cells achieve a certain level of ROS-
induced damage that leads to selective cancer cell death (Figure 1D). 3¢ Recently, the
first class of small molecules in the caged xanthonoid class of natural products that
selectively bind and destabilize NEET proteins have been identified. Binding of caged
xanthonoid MAD28, for example, causes a destabilization of the wildtype NEET protein
CISD1 [2Fe-2S] metal cluster, which in turn causes excessive release of free iron within

cancer cells that eventually leads to cell death.®
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MAD28 cell death

Figure 4.1. Schematic illustration that shows when MAD28 binds to CISD3
protein. A) Ligands of a typical [2Fe-2S] cluster. B) novel [2Fe-2S] cluster where a
cysteine ligand has been replaced with histidine. C) Chemical structure of caged
xanthone MAD28, a NEET destabilizer D) Proposed mechanism of NEET protein
CISD1 destabilization by MAD28 leading to cell death. 33:3¢

In this chapter we will highlight two different methods to analyze protein stability
using two different drugs. Specifically, a UV-Vis spectroscopy assay and CD assay will
detail changes to the overall protein stability upon drug binding. The stability of NEET
protein binding for its [2Fe—2S] cluster was determined from monitoring their
characteristic absorbance at 458 nm as a function of time. Previous studies have shown
that the anti-diabetic drug pioglitazone was one of the first drugs described to interact with
the CISD family of proteins. % To date, no studies have investigated potential ligand
interaction of pioglitazone and DMSO with CISD3. Here we show that the thiazolidinediones
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pioglitazone along with DMSO binds to CISD3. We hypothesize that MiINT (WT and
mutant) will be stabilized by adding excess (~2 g/mL) Pioglitazone Hydrochloride (Pio)
(Bosche Science) and 10% Dimethyl sulfoxide (DMSQO). Furthermore, initial
experiments with of MiNT with other caged xanthones will shed light on the general
stability of the proteins. These preliminary findings may reveal additional pathways in
the broader search for viable cancer treatments. Additionally, future aims in drug

binding experiments with MiNT protein will be discussed in this chapter.

4.2 Method

4.2.1 Fe-S cluster transfer and stability assays in the presence of pioglitazone
Protein samples were generated for both WT and DM proteins in three conditions:
(1) 20 M in 50mM Tris—HCI pH 8.0, 150 mM NacCl buffer (2) similar conditions as (1)
with 10% DMSO added, (3) similar conditions as (2) with excess (2 g/mL)Pio.
Absorption spectra were recorded by UV-Vis from 200-800nm (CARY, 50Bio), with a
temperature control apparatus set at 37 °C. Here, the focus of the absorbance changes
was at 458 nm which is a signature [2Fe-2S] absorbance. Decays were performed at 37
°C and determined by monitoring loss of the 458 nm peak over time. Data were then fit

to a single exponential Figure 4.1 and Figure 4.2.
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4.2.2 Stability assays using circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectroscopy is a valuable biophysical tool for studying
biomolecular protein structures.®” Although CD does not provide residue specific
information like Nuclear Magnetic Resonance (NMR) and X-ray crystallography, it has
two major advantages. One advantage is that measurements are on small amounts of
material which can be in physiological buffers. Another advantage is that it provides one
of the best methods for monitoring any structural alterations that might result from
changes in environmental conditions, such as pH, and temperature.® CD data is
commonly reported as ellipticity, as it measures the differential absorbance of left and
right circularly polarized light. The equation indicates the ellipticity relationship:

Ellipticity =Theta = 33.0 (AL — AR)
Ellipticity (Theta) can be plotted against wavelength generating a typical CD spectrum.
Ellipticities typically are in the range 10 mdeg. CD spectroscopy has proved to be an
excellent tool for following protein-ligand interactions, mainly because of its ability to
sensitively detect protein conformational changes. For this reason, it has emerged as an
important tool for drug discovery, enabling screening for ligand interactions and drug
binding.*®
For the following experiments, we analyze MiNT (WT and mutant) protein in

50mM Tris—HCI pH 8.0, 150 mM NaCl buffer at a protein concentration of 20 yM. We
then assessed similar protein samples with an addition of 10% DMSO, followed by
protein samples with excess (2 g/mL) Pio. Individual spectra were recorded from 200-

300nm with a temperature control apparatus. Multiple sets of wavelength scans were
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collected at different temperatures:15°C,18°C and 37 °C, to assess the changes in
stability of the proteins in the presence of Pio.
4.2.3 Fe-S cluster transfer and stability assay (UV-Vis) with gambogic acid
Using similar techniques in the assessment of Pio, additional experiments were
conducted to assess cluster transfer and protein stability changes in the presence of
gambogic acid. While the general experimental conditions were the same, the
concentration of DMSO (1%) was changed to 10%DMSO. Experiments assessed the
effects of both free gambogic acid (GA) and gambogic acid pyridine. After these two
runs, we then used the same method to test GA01-130 derivative of GA but instead of
1% DMSO we used 10% DMSO to see any potential effects the increase DMSO would
cause. Absorption spectra were recorded from 200-800nm (CARY, 50Bio), equipped
with a temperature control apparatus set at 37 °C. Similar to previously described

(4.2.2), changes in absorbance at 458 nm was observed over time.

Results and Discussion

The Crystal structure of MiNT (PDB ID no: 6AVJ) is the double mutant construct
designed to help us to further understand WT MINT. Stability assays using UV-Vis to
monitor the change in absorbance at 458 nm were collected for both DM and WT in the

presence of DMSO and Pio (Figure 4.1 and Figure 4.2.)
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Figure 4.2: Decay and stability assay of the iron-sulfur clusters at 37 °C for WT
with just Buffer, Buffer and 10% DMSO as well as pio 10% DMSO with buffer and
20uM purified protein. Buffer condition is Buffer conditions are 50mM Tris PH 8.0 and
150 mM NacCl. line shows WT with buffer, Red line shows WT in buffer with
10%DMSO and Blue line shows WT in buffer with 10% pio DMSO.
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Figure 4.3: Decay and stability assay at 37 °C of the iron-sulfur cluster for
Double- mutant MiNT. DM 20 uM with Buffer ( line) buffer contains 50mM Tris
PH 8.0 and 150 mM NacCl, DM 10% DMSO (Red line) DM Pio DMSO (Green line),
indicate a difference in the cluster stability over time.

Figure 4.2 and figure 4.3 both indicate changes in protein stability in the presence of
Pio-DMSO. While WT is not stable at high temperature, the initial data indicate that both

Pio and DMSO increase the protein stability.
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Figure 4.4 Circular dichroism spectra of 20uM MiNT and its mutant scanned in a
range of 200 nm to 300 at 15°C. Different first run Just WT or DM with Buffer, Second
WT or DM with 10% DMSO and lastly WT or DM with Pio 10% DMSO and 20uM
purified protein. Buffer condition is Buffer SEC conditions are 50mM Tris PH 8.0 and
150 mM NacCl. Blue line shows WT/DM with/without DMSO, Orange line shows WT/DM
with/without Pio and red line shows WT/DM with/without SEC buffer.
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Figure 4.4 and Figure 4.5 both indicate changes in protein conformation for DM
and WT, at 15 and 37 °C, respectively, when adding Pio and DMSO. These preliminary
results suggest that there are varations in the binding interactions for the respective
conditions (Pio, DMSO, temperature) and further analysis is necessary in order to better

understand the binding conformational dynamics. .

Ellipticity (mdeg)
Ellipticity (medg)

- 5
wavelength/nm Wavelength/nm

——DM 15¢ DM diso15C. “——PioDM s Di ——PioDm dmso37C ——DM 37C  ——DM Dmso 37C

Figure 4.6: Circular dichroism spectra of DM 20uM MiNT and buffer, DM DMSO
and DM pioDMSO in15 °C (right panel) 37°C (left panel) . Buffer conditions in 50 mM
Tris PH 8.0 and 150 mM NacCl. This figure indicates data collected from the CD to
monitor the iron sulfur cluster in similar conditions as those monitoring the UV region of
the spectra. While conformational changes were observed (Figure 4.3 and Figure 4.4),
these differences do not appear to relate to the iron-sulfur cluster interactions which
prove the hypothesis that pio most likely binds to the side of the cluster away from

cluster.
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Since the preliminary data indicates conformational changes upon pio binding, we
screened several gambogic acid analogs. Due to promising results obtained from our
previous studies of the interaction between MAD28 and CISD1 and CISD2, the
hypothesis is that caged xanthones analogs will also destabilize CISD3 which is another
additional pathway in the search for a treatment of cancers. The half-life increased from
~320 min for just DM with buffer to ~600 min for DM with buffer and eventually stayed
constant at 37 °C in DM with Pio- DMSO Figure 4.3. For WT, half-life increased from
~40min WT with buffer, 45 mins with DMSO and ~95 mins with Pio-DMSO Figure 4.2
This show dependency on temperature for overall protein stability. Typical half-life of
WT MINT and WT NAF-1 is ~50 minutes and ~500 minutes, respectively.5® while WT
MINT has a half-life of ~40 minutes.CD assay between 200 nm and 300 nm (Figure 4.5)
might suggest that the WT MINT construct might destabilize the Iron-sulfur cluster by
changing its confirmation at 15° C which need further investigation and by that might
reveal that WT with Pio and dmso have conformation change from negative to positive
alpha helix. On the other hand, in this study Figure 4.6 shows no conformational

changes seen in the visible range of CD.

Concentrations of the MiNT constructs are usually calculated by using the 458 nm

peak instead of the 280 nm peak as a single 2Fe-2S ligand extinction coefficient for

NEET protein is about 10000 M -1 cm using Arabidopsis NEET protein as a reference
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Chapter 5

Mitochondrial Stress Response in Development and Regeneration of Muscle Fibers

Once Exposed to Electronic Cigarettes: Electronic Cigarettes Vapor Deteriorates Mouse

Skeletal Muscle Function Preventing Injury Recovery
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5.1 Introduction

Cigarette smoking remains a leading cause of preventable disease and
premature death in the United States and other countries.®® On average, 435,000
people in the United States die prematurely from smoking-related diseases each year;
overall, smoking causes 1 in 5 deaths. The chance that a lifelong smoker will die
prematurely from a complication of smoking is approximately 50%. “° Nicotine is the
addictive molecule found in an important component of Electronic cigarettes (E-cigs),
which acts as a mimic to the acetylcholine neurotransmitter that is involved in many
functions including muscle movement, breathing and memory. Despite its potential
noxious effects, nicotine intake is reinforced via the dopaminergic system 71-7¢ Within
the nervous system, a synapse is a complex and specialized structure representing a
junction point between two neurons shows in Figure5.1. A network of interconnected
neurons forms a network of electrical activity where the synapse is the fundamental unit
of electronic transfer. 72-”® Binding and release of neurotransmitters by neurons leads to
a signal change inducing physiological changes to adjacent neurons. The
neuromuscular junction (NMJ) is an example of a synapse formed between motor
neurons and skeletal muscle fibers that is covered by Schwann cells (SCs).”* NMJ
formation requires intimate interactions among motor neurons, muscles, and SCs and is
essential for controlling muscle contraction.” The ability of muscles to regenerate
successfully depends on the following damage diminishes with age which appears to be
a major contributor to the development of muscle weakness. “*Muscle regeneration

occurs early in the healing process where successful regeneration is dependent on
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appropriate reinnervation of the injured muscle(s).”” Although studies indicate that age
may impact the interaction(s) between nerve and muscle, other external factors also
contribute to slowed or impaired muscle repair. Significantly, constant exposure to
nicotine may contribute to muscle weakness and physical frailty.”®"° It is poorly
understood how the use of E-cigs affects muscles and muscle recovery. More
significantly, as E-cigs are targeted for young adults, understanding these effects will be
vital in understanding recovery of muscles from injury and overall long-term health for
this population Figure 5.2. The objective of this study is to test whether the exposure to
E-cigs vapor weakens muscle function, limits exercise performance, or interferes with
repair following injury. Here, inhalation of E-cig vapor delivers high doses of nicotine,
raises systemic cytokine levels, and can compromise cardiopulmonary function.
Through analysis of NMJ by changes in endplate size and pre- and post-apposition
were observed suggesting changes in innervation. These initial data implicate E-Cig use
as a negative impact on locomotive force development and exercise tolerance as a

result of the compromised function of neuromuscular junctions.
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Figure 5.1: Chemical synaptic transmission. This graph is adopted from Kibenge
paper and it shows Chemical synaptic transmission: chemical communication between
an axon of a neuron and a dendrite of two separate neurons across a narrow
extracellular space, the synaptic cleft. This is show how presynaptic and postsynaptic
communicate and this is also shows that unconventional neurotransmitters like nitric
oxide (NO) are not stored in synaptic vesicles and may carry messages from the
postsynaptic neuron to the presynaptic neuron. Also, rather than interacting with
receptors on the plasma membrane of their target cells, they can cross the cell
membrane and act directly on molecules inside the cell. &
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Figure 5.2: NMJ development in Mice at different ages. This figure is adopted

from Li. Xiong and Mei paper. This shows NMJ development in mice at different ages

and indicated contribution of mitochondria in muscle and nerve terminals. (a) Prior to
the arrival of nerve terminals, myotubes form primitive, small, thin AChR clusters that
are distributed in a broad middle region (axons E11-E12; E13-E14).Blue circles are
nuclei shows inside muscle fibers and Red dashes indicated AChR cluster. Nerve-

induced clusters are initially oval plaques, often innervated by multiple axons (E16—
P14). As NMJs mature, AChR clusters become perforated and complex, resembling

pretzels with arrays or branches that are innervated by one axon per NMJ (adult). AChR
clusters become fragmented and denervated in aged mice and in muscular dystrophic

mice.(b) NMJ structures at different magnifications.. *°
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5.2 Methods

Muscle mounting for NMJ analysis. Tibialis Anterior (TA) muscle from multiple mice
were collected and placed inside a 2% paraformaldehyde-PBS solution overnight. These
samples were collected from an injured and non-injured leg (right and left, respectively).
After 24 hours, the muscles were placed in 1 mL of 30 % sucrose overnight to wash off
excess paraformaldehyde. Subsequently, muscles were placed in 1mL 0.01%
paraformaldehyde for storage in 4° C until the fiber separation step with the aid of the
dissecting microscope. Fibers were subjected to a blocking buffer to ensure that the ACH
receptor do not bind to any nonspecific antibodies during incubation which in 5% NGS,
5% BSA, 2% Triton X-100 in PBS for 24 hours. The muscle fibers were then incubated
overnight with Alexa594-conjugated a-bungarotoxin (ThermoFisher Scientific, 5ug/mL
concentration), a stable fluorescent dye used as a cell tracer that generates a signal for
cell imaging, in order to identify acetylcholine receptors (AChR). Muscle bundles were
mounted on slides with ProLong Gold Antifade Mountant (ThermoFisher
Scientifics). After curing, slides were sealed with coverslips and magnets and stored in
the dark 4° C until imaging. Additionally, the presynaptic motor neuron terminals are
labeled with yellow fluorescent protein in (Thy1l-YFP) mice.

Labeled neuron termini (Thyl-YFP and a-bungarotoxin) were detected by
confocal microscopy with a Leica SP8 Confocal Lightening Deconvolution system using
a 20X lens and 488 nm and 594 nm lasers, respectively. NMJ image stacks are collected
with pre-established parameters using 400 dpi and various gains and Z-stacks for
imaging. Maximal intensity projections were obtained using LASX software before

analysis and calculation with Fiji. NMJ image stacks were collected with pre-established
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parameters 400 dpi, 60%-80%gain, speed 500 Hz-700Hz, no offset, Z stack (500 —
1200 um) all samples. Neuromuscular junctions were characterized for endplates based
on total endplate area, pre and postsynaptic apposition between axon terminals, and
AChRs. A total of ~ 640 samples of NMJs from all different groups having n=4 (n= number
of mouse per group); AIR, VG/PG and E-CIGs groups were collected. As this initial study
was conducted blind, all details regarding the mice and all the respective conditions (Air,

E-Cigs, Injured, Non-injured, male/female) were withheld throughout the analyses.

5.3 Antibody Analysis

To check which antibody is suitable for the assay previously described to
pinpoint the location of mitoNEET, testing of different secondary antibodies are required
to check for cross-reactions. The first comparison is to check the differences between
samples with and without a-bungarotoxin as mitoNEET is primarily located in the Outer
Mitochondrial Membrane (OMM). And for positive control, keeping NMJ with YFP and
bungarotoxin to show the NMJs can be detected. One of the mice right and left leg were
incubating in a-bungarotoxin (Thermo Fisher scientific, 5ug/mL concentration) and fixed.
The other mice right and left leg incubate in anti-mito-NEET, rabbit host for primary and
secondary anti-rabbit with 633 nm. The result shows cross talk and photobleaching
occurred therefore the result is unable to be determined as the excitation curve of 633

nm is interfering with the 594-excitation curve Figure 5.3.
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488nm 594nm 633nm

Figure 5.3: This is an emission and excitation curve. Alexa Fluor (Green,488 nm),
Goat anti Mouse 1gG ( ,594 nm) and VDAC(Red,633nm) and it shows that 594
nm and 633 nm interfering.!

CISD1 with VDAC polyclonal antibody marker

Next, a similar assay was explored with a Mito-NEET Alexa Fluor 488 antibody. We
use primary VDAC polyclonal antibody and secondary Alexa 546 Goat anti Mouse 1gG
(Thermo Fisher). After fiber incubation in a blocking buffer overnight, the fibers were
washed with PBS and transfer to primary antibody CISD1 (1:200) (Thermo fisher) and
subsequently transfer to secondary CISD1 antibody overnight. Then, transfer to primary
VDAC antibody and next day transfer to secondary antibody Alexa Fluor 546 Goat anti-
mouse IgG (1:400) (Thermo Fisher) Figure 5.4. The VDAC is used because we know
that VDAC can be found at the mitochondria. In this experiment we wanted to find out
the frequency of that in a normal NMJ, it was also to find the link between the CISDs

and NMJ, and it requires further refinement.
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488nm 546nm 633nm

Figure 5.4 : This is an emission and excitation curve. Alexa Fluor (Green ,488 nm),
a-bungarotoxin ( ,546 nm) and VDAC (Red,633nm) and it shows that 488 nm and
546 nm interfering more than 546 nm and 633nm.4®

Alexa-594-a-bungarotoxin

In this assay, different mice were collected on both legs. This is to prove that
bungarotoxin is marking the AChR. Figurel shows that it usefully marks the a-
bungarotoxin. In this assay after blocking with a buffer the next day, samples are
washed with PBS and transfer to a-bungarotoxin (Thermo Fisher scientific, 5ug/mL
concentration). Then seal and store in 4° C for one months until dried. Figure 5.5 shows
the a-bungarotoxin successfully marks the AChR (Red) and NMJs reveal a larger

fragmented morphology.
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NON
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Figure 5.5: Representative NMJ images collected by confocal microscopy of each
exposure group. Red - Alexa-594-a-bungarotoxin. Green — YFP labeled motor
neurons. Bar =20 um. Yellow overlap of Red and Green . Figure 1A shows YFP+
Alexa-594-a-bungarotoxin. Figure 1B shows only Alexa-594-a-bungarotoxin.
Representative images of NMJs in LCP-injured TA fiber bundles were captured at 20x
(top) and (bottom). Green — YFP labeled motor neurons in Red — immunofluorescent
detection of acetylcholine receptors with Alexa-594-a-bungarotoxin PG/VG+Nicotine
NMJs reveal a larger, fragmented morphology.
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Alexa-594-a-bungarotoxin+Alexa-546-synaptophysin+YFP

In this experiment, after blocking muscles transferred to a-bungarotoxin
overnight. Then the next day after PBS was washed, it was transferred to primary
synaptophysin (1:200) for overnight incubation. Then the next day, transferred to
secondary synaptophysin Alexa Fluor 546 (Thermo Fisher scientific, Goat Anti Rabbit
IgG) (1:500). After three weeks of 4°C storage, image them with confocal microscopy
with a Leica SP8 Confocal Lightening Deconvolution system using a 20X lens and 488
nm, 594 nm, and 546 nm lasers Figure 5.5. As shown in Figure 5.6 that is 546 nm and

less interfering with YFP (488 nm) that already exists in muscles.
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5.4 Results and discussion
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5.6 Correlation of pre- and post-synaptic apposition (%) and endplate area. highlight
a sub-population of NMJs that are greater in size in the injured TA of the AIR and PG/VG+nicotine exposed
groups. In contrast the NMJ in the TA of the PG/VG exposed mice reveal NMJ endplates with smaller more
uniform areas and pre-/post-apposition percentages. Analysis of the percent pre- to post-apposition in
large NMJs (> 500 um? endplate area) reveal a decrease in the injured TA compared to non-injured TA in
the PG/VG+Nicotine exposed mice (p=0.026). Nicotine had a predominant effect on both metabolism and
neuronal function mediated by catecholamines. The effects of PG/VG on muscle function are less clear
but smaller NMJs with
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Mouse #38 Deep TA CTRL 63x/YFP/BTX-CF554

Figure 5.7 Maximum intensity projection (MIP) of Z-Stack through a
neuromuscular junction (NMJ) in the deep region of the Tibialis Anterior (TA).
Bundles of deep TA muscle fibers were treated with AF594-conjugated a-bungarotoxin
to label nicotinic acetylcholine receptors in the neuromuscular junctions. YFP expressed
in the axon and nerve terminal are green. Acetylcholine receptors are labeled in red,
with areas of overlap appearing yellow. Markers of NMJ integrity, such as
fragmentation, overlap, and area of synaptic contact can be evaluated from these
images®
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Figure 5.8 Muscle injury due to lengthening contractions (LCP).

(TOP) NMJs from the deep region of the TA showing overlap of neurons (YFP - green)
and acetylcholine receptors (bungarotoxin - red). Non-complete overlap in injured muscle
indicates partial innervation. Bar = 20 um(Bottom) At day 3 following the LCP, when

NMJs and myofibers are disrupted, the force tested ex-vivo is decreased in the EDL and
recovers by 28 days. &
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PG/VG PG/VG+Nicotine

Figure 5.9: Representative NMJ images collected by confocal microscopy of

each exposure group. Red - Alexa-594-a-bungarotoxin. Green — YFP labeled
motor neurons. Bar =20 pm. Representative images of NMJs in LCP-injured TA fiber
bundles were captured at 20x (top) and 60x (bottom) magnification. Green — YFP
labeled motor neurons in B6.Cg-Tg(Thy1-YFP)16Jrs/J mice. Red — immunofluorescent
detection of acetylcholine receptors with Alexa-594-a-bungarotoxin. Bars = 20 pym.
PG/VG+Nicotine NMJs reveal a larger, fragmented morphology
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Future Directions

Even though some characteristics of MiNT have been elucidated, further
investigations have to be done to get a more accurate insight into the electron
communication network of MiNT. Though MINT has a role in several cancers, there are
still many aspects of MiNT to be explored and the findings shown in this thesis will help
illustrate further roles in the ISC pathways. Another significant thing about NEET is to
further investigate NMJs in CISD protein to find out how CISD proteins contribute to
sending signals from presynaptic to post synaptic vescles. A decline in mitochondrial
function in skeletal muscle and white adipose tissue (WAT) is associated with aging and
the progression of type 2 diabetes (T2D) and insulin resistance.83:84.8586 Accordingly,
mitochondrial dysfunction is observed in the skeletal muscle of patients with type 2
diabetes and elderly people. &7:88
Aim 1: Characterize the NEET binders via a combination of biochemical and biological
assays. Working hypothesis is that NEET binders that destabilize the [2Fe-2S] cluster
promote intracellular iron release, thereby altering iron metabolism and inducing cell
death. Next step is to evaluate how potency and selectivity of the proposed NEET
binders translates to cellular function. And then measure in vitro binding affinities of the
synthesized molecules using established cluster stability and cluster transfer assays.
Potent and paralog selective. NEET binders will be further characterized using cell-
based assays in terms of mitochondrial localization and function (e.g., mitochondrial

membrane depolarization, iron content and respiration) as well as cell death.
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Aim2: Use Initial studies that performed in this thesis and further express NEET protein
CISD3 and perform CISD3 binding studies of caged Garcinia xanthones library.

Aim 3: Further investigate CISD proteins' specifically CISD3 contribution on sending
signal through neuromuscular junction and see how they contribute to muscles

recovery.
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