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CHAPTER 1: LITERATURE REVIEW 

I. Background of CISD Proteins 

Iron Sulfur Cluster Proteins 

 Iron-sulfur clusters are ancient biological prosthetic groups that are critical in numerous 

biological functions, most notably electron transfer, iron metabolism, photosynthesis, and 

cellular respiration1. In eukaryotic organisms, such as humans, these clusters often exist in [2Fe-

2S] and [4Fe-4S] and are often ligated through coordinate covalent bonds with a sulfur atom in 

cysteine residue(s) or a nitrogen atom in histidine residue(s)2-3. Some of these iron-sulfur cluster 

proteins include ferredoxins, which ligates its single [2Fe-2S] cluster with four cysteine 

residues4, and Rieske proteins, which ligates its [2Fe-2S] cluster with two cysteine residues and 

two histidine residues (Figure 1.1)5-6. Commonly, proteins that share a [2Fe-2S] cluster motif 

will share a consensus sequence, or a calculated order of most frequent residues, either 

nucleotide or amino acid, found at each position in a sequence alignment7. For the insertion of 

iron-sulfur clusters into proteins, three consensus sequences have been assigned: CXH, CXC, 

and CXXC8.  

Iron-sulfur proteins are found to be involved in electron transfer, transferring clusters to 

apo proteins, iron homeostasis in cells, and iron-sulfur cluster protein scaffolding4-5, 9-11. Iron 

sulfur cluster proteins have been implicated in several human diseases, including several 

cancers12-13. Iron sulfur cluster proteins are also found to play important roles in 

neurodegenerative diseases, such as Friedreich ataxia1, 14-15, diseases associated with iron 

deficiency, like sideroblastic anemia16-17, and mitochondrial dysfunction17-18. 

CDGSH Iron-Sulfur Domain Proteins 

 Another family of iron sulfur protein that was recently discovered are “CDGSH iron-

sulfur domain” proteins, which are often referred to as CISD proteins19. These proteins originate 
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from genes that share the family name (CISD1, CISD2, and CISD3), which coordinate to three 

human proteins: mitoNEET (also known as CISD1 and mNT), NAF-1 (also referred to as 

CISD2, Miner1, or NOSx), and Miner2 (also known as MiNT) respectively. Proteins in this 

family share a 39-amino acid stretch that codes for this domain that contains a binding site for an 

[2Fe-2S] cluster20. CISD proteins are typically found in the outer mitochondrial membrane; 

NAF-1 is also found in the endoplasmic reticulum21 and Miner2 is found in the mitochondrial 

matrix22 The consensus sequence for this family was discovered as C-X-C-X2-(S/T)-X3-P-X-C-

D-G-(S/A/T)-H, which contains its [2Fe-2S] ligation23. MitoNEET, named for its presence in the 

mitochondria and its Asn-Glu-Glu-Thr (NEET) motif, was discovered from an effort to find 

additional target site for pioglitazone, a small molecule in the drug family thiazolidinediones 

(TZDs), that is clinically approved as an anti-type II diabetic drug20, 24.  

 Because CISD proteins contain a [2Fe-2S] cluster, these proteins are frequently compared 

to Rieske proteins and ferredoxins. While ferredoxins ligate its cluster with four cysteine 

residues and Rieske proteins ligate their clusters with two cysteine residues and two histidine 

residues, CISD proteins ligate their cluster with three cysteine residues and one histidine residue 

(Figure 1.1).  

 

Figure 1.1: [2Fe-2S] cluster ligations of ferredoxin, Rieske proteins, and CISD proteins. 

These three protein families can be compared via UV-Visible Absorption Spectroscopy between 

wavelengths of 200 and 700 nm, where the ligand to metal charge transfer (LMCT) bands can be 
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identified due to the ligation to the [2Fe-2S] cluster20. MitoNEET shows peak maxima at 340 

nm, 450 nm, and 520 nm for its LMCT bands. Previous studies have suggested that, due to its 

asymmetrical ligation and wide range of redox potentials, the [2Fe-2S] cluster in NEET proteins 

is more labile than ferredoxin and Rieske proteins, which may account for NEET proteins’ role 

in cluster transfer20, 25.  

Compared to ferredoxin and Rieske proteins, this asymmetrical ligation of CISD 

protein’s [2Fe-2S] clusters cause unprecedented possibilities to tune the redox potential. These 

comparisons can be made using each protein’s reduction potential at a neutral pH (pH = 7.00). 

Ferredoxin has a reduction potential of -230 mV26; conversely, Rieske proteins have a reduction 

potential of +350 mV27. Because electrons travel from low to high potentials, ferredoxin will be 

more likely to donate an electron whereas Rieske proteins will accept an electron. NEET proteins 

have a reduction potential 

of 0 mV, which places 

them between the 

reduction potentials of 

ferredoxin and Rieske. 

However, using site 

specific mutations on 

mitoNEET, studies have 

shown that by mutating one 

or more amino acids near the cluster (Lys55, Arg84, and His87), NEET proteins can exhibit 

redox potentials ranging from -350 mV to +350 mV (Figure 1.2). Thus, because NEET proteins 

have an unprecedented range of redox potentials that suggests a potential role in redox sensing, 

Figure 1.2: Residues in mitoNEET (PDB ID #3ew0) that are responsible for 

modulating redox potentials, highlighted in green, with descriptions of 

mutations used. 
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unlike its [2Fe-2S] cluster counterparts’ ferredoxin and Rieske proteins. It is rare to find any 

cluster-containing proteins in the cytosol, so the redox properties of CISD proteins could be 

useful partners for redox reactions with metabolic intermediates, cofactors, and/or proteins 

localized in the cytosol at the outer mitochondrial membrane. 

Structural Comparisons of CISD Proteins 

 MitoNEET and NAF-1 are both 

homodimeric proteins. The structures of 

mitoNEET and NAF-1 are nearly identical; therefore, their crystalized structures can be 

superimposed with very few structural differences, as seen in Figure 1.3. MitoNEET and NAF-1 

share a beta cap, consisting of several ß-pleated sheets, and a cluster-binding portion, which 

binds the [2Fe-2S] clusters. The primary differences between these structures are some 

differences in hydrophobicity due to its aromatic side chain distribution (Figure 1.4A) and the 

charge distribution on its surface (Figure 1.4B)20. Miner2, the final member of this protein 

family, is only the monomeric form of this protein. However, Miner2 still houses two [2Fe-2S] 

Figure 1.3: Crystal structures of mitoNEET (PDB 

ID# 3ew0; blue) and NAF-1 (PDB ID# 2qd0; 

purple) superimposed, colored by heteroatom. 
Figure 1.4: Representations of structural differences 

between mitoNEET (PDB ID#3ew0) and NAF-1 (PBD 

ID#2qd0). A) Surface hydrophobicity; orange 

highlights hydrophobic surface aromatic groups. B) 

Charge distribution on surface (red=negative, 

blue=positive). 
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clusters like its sister proteins. While commonly referred to last in this family, there have been 

studies to implicate Miner2 as the possible prehistoric precursor. 

It is important to note that both Miner2 and NAF-1 were not used for experimentation in this 

research; however, it’s important to note their significance in the NEET family and in cellular 

function. 

Proposed Functions of MitoNEET 

 MitoNEET does not currently have confirmed cellular functions. However, there are 

several proposed functions that were identified in literature. Currently, the proposed functions 

are healthy adipose tissue expansion, lipid uptake, fatty acid metabolism, and mitochondrial 

function, cluster transfer, electron transport, and redox sensing. 

Healthy Adipose Tissue Expansion 

 In mouse models with both a diabetic/obese phenotype (ob/ob) and adipose-specific 

mitoNEET overexpression, mice exhibited substantially more body weight—approximately 6.5 

times heavier than the average mouse. Typically, mice predisposed to this level of weight gain 

show advanced signs of insulin resistance and are overall hyperglycemic. However, mice with 

this adipose-specific mitoNEET overexpression had normal blood glucose levels. These mice 

also exhibited increased whole-body insulin sensitivity, which is represented by increased 

glucose-infusion. This is even though the mitoNEET overexpression was restricted to adipose 

tissue. Furthermore, these transgenic mouse models had increased liver insulin sensitivity, a 

hallmark of healthy adipose tissue expansion28 considering the expedited processing of glucose 

in the liver. Interestingly, these mouse models, along with health adipose tissue accumulation, 

showed less reactive oxygen species (ROS)-induced lipid peroxidation. Because oxidative stress 
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has been a previously considered marker for diabetes29, this lack of ROS-induced lipid 

peroxidation could hold some promise in implicating mitoNEET in oxidative stress30. 

Lipid Uptake and Fatty Acid Metabolism 

 In the same transgenic mouse models of mitoNEET overexpression with normal weight 

phenotypes, mice exhibited an upregulation in FATP (fatty acid transporter protein). This 

upregulation was revealed in a surprising efficiency in clearing triglycerides from the blood 

stream, which suggests that mitoNEET alters the kinetics of cellular lipid uptake30. This was also 

identified in these transgenic mouse models by higher levels of adiponectin (similar to 

adiponectin overexpression models31), and induced lipolysis and lipoprotein lipase activity, 

which play a key role in clearing circulating triglycerides in the blood stream30. These same 

transgenic mouse models with mitoNEET overexpression also demonstrated increased lipid 

clearance and lower ß-oxidation levels (the catabolic process of breaking down fatty acid 

molecules32). These studies concluded that not only does mitoNEET play a role in the uptake and 

clearance of lipids in the blood stream, but mitoNEET could also participate as a mediator in 

how cells metabolize fatty acids30. 

Mitochondrial Function and Iron Regulation 

 As an outer mitochondrial membrane protein that binds an iron-sulfur cluster, mitoNEET 

has been charged with effecting mitochondrial function and iron homeostasis. In transgenic 

mitoNEET mouse models, studies have marked mitochondrial iron metabolism as “out of 

balance” or having significantly lower levels of mitochondrial iron in the cell when mitoNEET is 

removed from expression. Conversely, WT mice that were fed a high iron diet saw significant 

mitoNEET upregulation30. These observations have been used to infer a direct link between 

mitoNEET expression and regulation of iron, a limiting reagent in the electron transport system 
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and cellular respiration33. These studies also draw a link between mitoNEET and cellular 

respiration in the electron transport system in the mitochondria; transgenic mitoNEET mouse 

models revealed an increase in oxygen consumption and an increase in oxidized NADH. Because 

these changes in oxygen consumption and accumulation of NAD+ are markers of ROS-induced 

oxidative stress in cells34, mitoNEET could be considered a key player in the mitochondria’s 

ability to appropriately undergo aerobic respiration30, 35. 

Proposed Functions of NAF-1 

 Despite nearly identical 3-D structures, several functions have been identified as specific 

to NAF-1. NAF-1 regulates autophagy through its association with Bcl2 through Beclin-121. 

Additionally, Wolfram Syndrome-2 is caused by the truncation of NAF-1 protein by a mutation 

of the CISD2 gene located on human chromosome 4, is characterized by diabetes types I and II, 

optic atrophy, pituitary dysfunction, testosterone deficiency, neurological disorders, and an 

overall decrease in lifespan (average life span ≈ 30 years) 25, 36-38. 

Nonetheless, there are still some supposed functions that NAF-1 has that have been found 

in literature, using mice knock out models. NAF-1 has been associated with mitochondria 

dysfunction and autophagy; mice with no expression of the NAF-1 gene exhibited mitochondrial 

degeneration in the axons of the sciatic nerve, neurons, and cardiac and muscle cells, breakdown 

of the outer mitochondrial membrane, and increases autophagosome markers39.These knockout 

studies also confirmed the relationship between NAF-1 and Wolfram Syndrome 2, due to the 

presence of impaired glucose tolerance, increased insulin sensitivity, and diabetes resistance. 

Finally, NAF-1 has been implicated in mammalian life span control; knockout mice models 

exhibited osteopenia, opaque eyes and blindness, skin atrophy, and fur depigmentation at only 
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eight weeks. Generally, mice don’t exhibit these signs of aging until approximately 22 weeks. 

Ultimately, this correlates NAF-1 with human longevity and cancerous cell regulation40-41.  

Proposed Functions Involving Both MitoNEET and NAF-1 

Cluster Transfer 

 The iron-sulfur cluster in mitoNEET, as previously mentioned, is ligated with three 

cysteine residues (Cys72, Cys74, and Cys83) and one histidine (His87) (Figure 1.5). At a near 

neutral pH, the His87 residue of mitoNEET (pKa = 6.5)42 , as well as the His114 residue of NAF-

1, can undergo changes in protonation. 

This protonation can trigger the release of 

the iron sulfur cluster in CISD proteins, 

making it an ideal candidate for cluster 

transfer to apo-proteins. This observation 

was characterized in literature through 

NEET cluster transfer assays, where 

holoNEET proteins readily transfer their cluster to apo ferredoxin 100% of the time. This 

transfer, however, did not occur with mitoNEET mutants that changed His87 to a cysteine to 

resemble the ligation of ferredoxin. This concludes that the asymmetrical ligation of NEET 

proteins with a readily protonated histidine makes them prime contenders for cluster transfer20-21, 

43. 

Breast Cancer Proliferation 

 Whilst all NEET proteins have their own proposed functions, mitoNEET and NAF-1 

have been identified in a few potential cellular roles. Intriguingly, MitoNEET and NAF-1 have 

literature corresponding to its role in breast cancer proliferation and tumor growth. Dual 

Figure 1.5: Magnification of one mitoNEET [2Fe-2S] 

cluster with amino acid residue identities, colored by 

heteroatom. 
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mitoNEET and NAF-1 knock out mouse models were created using breast cancer cell lines 

MCF-7, MDA-MB-468, and HCC-70; MCF is ER/PR, MDA is Her2/neu positive, and HCC is 

triple negative. These breast cancer lines that cell lines that commonly reappear in breast cancer 

patients and can stably overexpress NEET proteins44-45. These knock out models exhibited 

several details, including decreased cell proliferation in breast cancer cell lines, more 

autophagosomes sans apoptotic bodies, and suppressed tumor growth. Conversely, these breast 

cell lines found increased levels of both mitoNEET and NAF-1, implicating these proteins as 

participants in breast cancer20, 39. 

Redox Sensing 

 As mention previously, because CISD proteins have such a vast range of redox potential 

capabilities and participate in electron transfer, CISD proteins could participate in redox sensing. 

Primarily, when oxidized, mitoNEET triggers its cluster transfer and/or loss; reduction abrogates 

this transfer; and, the presence of oxygen significantly changes the lability of the cluster but does 

not change the transfer reaction, contrary to other [2Fe-2S] cluster transfer proteins46. The ability 

of mitoNEET to perform electron transfer has been studied to aid the transfer of electrons from 

oxygen to flavin mononucleotide (FMNH2)
47. In literature, mitoNEET is also presented as 

particularly resistant to reactive oxygen species like H2O2, which will only destabilize the cluster 

at an acidic pH34, 48. This is in line with the implication of mitoNEET sensing and repairing other 

Fe-S cluster proteins in cases of oxidative stress, especially because these adjustments can make 

the [2Fe-2S] cluster labile and released from the cluster binding site43. 

II. Oxidative Stress and Lipid Peroxidation 

 Because mitoNEET has been implicated in literature as a redox sensor46-47, it is 

compelling to hypothesize if mitoNEET plays a role in oxidative stress30, 49.  
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Causes of Oxidative Stress 

Oxidative stress is defined as a disturbance in the balance between the production of 

reactive oxygen species, such as free hydroxyl radicals (OH˙) and superoxide radicals (O2˙
-) and 

antioxidant defenses50. These reactive oxygen species, or ROS, account for approximately 1-2% 

of all molecular oxygen, primarily excess oxygen incorrectly reduced in Complexes I and III in 

the electron transport system in the mitochondria34, 51-52. The pathway of formation for ROS is 

pictured in Figure 1.653. 

 

Figure 1.6: Formation of reactive oxygen species from molecular oxygen. Abbreviations- SOD: Superoxide 

dismutase; GpxI: glutathione peroxidase 1; PrxIII: Peroxiredoxin III 

When excess molecular oxygen is made available, a one electron reduction forms a stable 

superoxide anion intermediate. This reduction can be caused by endogenous sources like 

enzymatic reactions (i.e. cytochrome p450 oxidase), electron leaks from the electron transport 

system in the mitochondria, or by environmental sources like UV light exposure and pollutants. 

When superoxide radicals are present in the cell, superoxide dismutase (SOD) will alternately 

catalyzes the dismutation of superoxide anion radical either back into molecular oxygen or into 

hydrogen peroxide which can be degraded into water by other enzymes like glutathione 

peroxidase (GpxI) and peroxiredoxin (PrxIII)51-53. By itself, hydrogen peroxide is not a radical 

oxygen species; however, it is frequently included in the family of ROS. Hydrogen peroxide can 



17 
 

cause damage to proteins and DNA, and it also serves as a signaling molecule for oxidative 

stress. However, hydrogen peroxide’s most important feature is its ability to diffuse across cell 

membranes, which oxygen radicals cannot do34, 54. Once it has crossed a cell membrane, 

hydrogen peroxide can interact with superoxide anion radicals via a Haber-Weiss reaction, which 

includes a Fe2+ driven cleavage of hydrogen peroxide via Fenton Chemistry—the oxidation of 

Fe2+ into Fe3+ to cleave hydrogen peroxide—to form a hydroxyl radical and a hydroxide anion 

(Figure 1.7). Hydroxyl radicals are the most frequently referenced ROS in terms of cellular and 

tissue damage55-56. 

Damage Caused by 

Oxidative Stress 

Mitochondria are both 

the leading source of ROS 

and the primary target for damage by oxidative stress50. Additionally, when ROS are formed, 

they can cause damage to multiple types of molecules in living cells, including DNA, proteins, 

and lipids. DNA damage can equate to modifications to purine and pyridine bases, breakdown of 

the deoxyribose backbone and breaks in the strand, which can cause mutations and issues in 

transcription. Regarding mitochondrial DNA (mtDNA), oxidative stress can cause the disruption 

of electron transport, changes in mitochondrial membrane potential, and disruption of ATP 

generation57-58. Proteins can be oxidized by by-products of oxidative stress such as products of 

lipid peroxidation; however, ROS can directly damage protein backbones and amino acid side 

chains. This damage causes oxidation and inactivation of iron-sulfur cluster proteins, which is of 

interest regarding CISD proteins59-60. Fatty acids and lipids can undergo peroxidation which can 

suppress mitochondrial metabolism such as ß-oxidation and can impair cellular respiration. This 

Figure 1.7: Reaction scheme of a Haber-Weiss Reaction, including the reduction 

of iron to create molecular oxygen (kinetically slow step) and a Fenton reaction, 

which re-oxidizes the iron species to form the hydroxyl radical and hydroxide 

anion. 
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damage to lipids can cause oxidative phosphorylation and impair Ca2+ buffering capacity61-62. 

ROS can also cause failures in cellular division like overstimulation or inhibition of cellular 

proliferation52. In total, these modifications of cellular macromolecules result in autophagy63, 

which can lead to unregulated cell death such as necrosis64 and ferroptosis65. 

Because oxidative stress has been identified as being responsible for various kinds of 

damage in the cell, oxidative stress has been linked to a myriad of human disease. Over the last 

two decades, oxidative stress has been associated with the free radical theory of aging, which 

suggests that the age-associated functional losses in the human body are caused by the 

accumulation of oxidative damage to lipids, DNA, and proteins. Thus, oxidative stress has been 

associated with the frailty of aging, including bone and muscle density loss and arthritis66-67. 

Oxidative stress has also been associated with Alzheimer’s disease, Parkinson’s disease, and 

other prevalent neurodegenerative disease, which are also often linked to human aging67. 

Unsurprisingly, due to its role in the extreme proliferation of cells, oxidative stress has also been 

connected to cancers, both in its initiation and propagation45, 68. Finally, oxidative stress has been 

implicated in chronic kidney disease69-70, cardiovascular disease like arteriosclerosis71, both types 

of diabetes29, 62, 72, and even diseases related to smoking like COPD73. Ultimately, oxidative 

stress could play a role in some of the largest groups of diseases in humankind and is of broad 

interest in studies of human health and disease. 

Lipid Peroxidation 

 One of the forms of damage oxidative stress can cause is the cell in the peroxidation of 

lipids66. After superoxide radicals and hydrogen peroxide become free present in the cell, a 

primary target for these molecules is the membrane lipid bilayer, which is rich in 

polyunsaturated fatty acids (PUFAs). The oxidation of these PUFAs through free radial chain 
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reactions will form lipid hydroperoxides as primary products that can decompose into reactive 

lipid electrophiles. Linoleic Acid is the most prominent PUFA in human (mammalian) tissue; 

thus, these degradation products of lipid peroxidation will be formed from linoleic acid. Figure 

1.8 shows the scheme of formation for some lipid electrophiles from linoleic acid, as described 

by X. Zhu et al74. 

 

 

 

 

 

 

 

These oxidation products often come in a form of α, ß-unsaturated aldehydes, like 4-

hydroxy-2-nonenal (HNE) and 4-oxo-2-nonenal (ONE). Linoleic acid, however, is not the only 

source of lipid peroxidation; there is also literature that suggests these lipid electrophiles can also 

be formed from the oxidation of arachidonic acid and the mitochondrial phospholipid 

cardiolipin, which could be significant sources for the small molecules HNE and ONE75. 

4-Hydroxy-2-nonenal, 4-Oxo-2-nonenal, and Malondialdehyde 

Reactive electrophiles 4-hydroxy-2-nonenal (HNE) and 4-oxo-2-nonenal (ONE) are α, ß-

unsaturated aldehydes identified as products of lipid peroxidation.  As previously mentioned, 

both HNE and ONE are prominent biomarkers in oxidative stress. While HNE and ONE are 

Figure 1.8: Scheme for the formation of select reactive lipid 

electrophiles from linoleic acid, based from X. Zhu et al. 
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found in cellular cytosol, approximately 30% of HNE and 

ONE is found cellular membranes as products of lipid bilayer 

peroxidation76. 

HNE is reported to be in near micromolar concentrations in the 

cell and can reach concentrations as high as 5 mM to as low as 

10 nM is human plasma77. HNE commonly modifies proteins 

as indicators of oxidative stress, and HNE has a hierarchy of 

preference for reacting with certain amino acids. Cysteine is 

the most reactive with HNE due to its large sulfur group; histidine has the next highest reactivity 

due to the resonance of its heterocyclic structure; finally, lysine is the third highest reactivity due 

to the reactive nitrogen group78-79. With these amino acids, HNE would undergo a Michael 

addition due to its resonance structures providing an electrophilic carbon ideal for nucleophilic 

attack. This reaction mechanism is shown in Figure 1.10 with a lysine residue. Additionally, after 

some electron transfer, this new conjugate addition product also has resonance stability that 

allows for the cyclization to the official Michael adduct referred to in literature (Figure 1.11)80.  

Occasionally, HNE will form a Schiff base as a minor product with amino acids with a nitrogen 

group, which can cyclize into a pyrrole81.  

 

Figure 1.9: Structures of 4-hydroxy-

2-nonenal (HNE) and 4-oxo-2-

nonenal (ONE) with differing 

functional groups highlighted in 

red. 
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Figure 1:10: Mechanism of Michael addition with HNE. 

 

Figure 1:11: Reaction mechanism for formation of the Michael Adduct with HNE 
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ONE, however, was initially less formally studied with proteins than HNE because ONE 

had been established as present in modifications to DNA in oxidative stress82. ONE has a similar 

hierarchy of reactivity with amino acids (Cys>>His>Lys) with additional reactivity with 

arginine. ONE has also been found to perform a Michael addition and form a Schiff base; 

however, HNE has a greater reactivity toward the lysine-Michael addition while ONE prefers the 

conjugate addition of imidazole and thiol nucleophiles82. ONE is on average 6-31 times more 

reactive with proteins than HNE and is 4-5 times more neurotoxic due to its inability to cyclize 

on its own and its additional carbonyl that is an available binding site83. 

 

Figure 1.12: A) Structure of malondialdehyde and its keto-enol tautomerization; B) The resonance structure 

of the enol form of malondialdehyde; C) The cis,cis-isomer of malondialdehyde and its intramolecular 

hydrogen binding. 

 

 Malondialdehyde (MDA) also belongs in this family of reactive electrophiles, also 

causing many human diseases like HNE and ONE. Aside from being generated by radical 

mediated lipid peroxidation, MDA can also be generated via thromboxane A2 synthesis and 

gamma irradiation of DNA84-85. MDA, while not traditionally depicted as an α, ß-unsaturated 
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carbonyl, tautomerizes into an enol formation, giving the α, ß-unsaturated carbonyl motif like 

HNE and ONE86. The enol tautomer of MDA can also maintain a cis, cis- isomer that allows for 

intramolecular hydrogen bonding, which may shift equilibrium toward the enol tautomer due to 

its stability (Figure 1.12). When reacted with proteins, MDA demonstrates an affinity for amine-

based residues such as lysine and arginine but can also form protein adducts with histidine76, 87-88. 

 Therefore, due to its potential roles in various diseases and its links to oxidative stress as 

a redox sensor, this thesis will seek to propose a role for mitoNEET as a mediator in oxidative 

stress. This will be done by studies mitoNEET’s binding affinity to products of lipid 

peroxidation such as HNE, ONE, and MDA. 
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CHAPTER 2: MATERIALS AND METHODS 

All reagents were obtained from Sigma Aldrich or Fisher Bioreagents unless otherwise noted. 

I. Transformation of C43 (DE3) Cell Lines with MitoNEET DNA 

Transformation of Escherichia coli C43(DE3) cells with a plasmid containing DNA 

coding for both mitoNEET and ampicillin resistance gene (kindly provided by Dr. Max Funk, 

University of Toledo)  was accomplished using the protocol provided by the  Lucigen 

OverExpress® Chemically Competent cells89. Briefly, MitoNEET plasmid (1 µL) is added to a 

tube of OverExpress® cells and stirred in with a pipet tip. The mixture is transferred to a culture 

tube that has been pre-chilled in ice and incubated on ice for 30 minutes. Immediately after, the 

tube is heat shocked at 42°C in a hot water bath for exactly 45 seconds, then returned to the ice 

for two minutes. Then, RT Recovery Medium (Lucigen Technologies; 950 µL) are added to the 

culture tube, and the tube is incubated at 37°C in a shaking incubator at 250 RPM for one hour. 

LB-Agar plates are made using 100 mL Lennox LB Agar Medium (40 capsules/L stock) and 

autoclaving at approximately 121°C for an hour, adding 100 µL of Ampicillin (100 mg/mL 

stock, final concentration = 290 µM), and pouring into cell plates and allowed to solidify.  The 

culture of the transformed cells (25 µL, 50 µL, and 100 µL respectively) were placed on three 

LB-agar plates and incubated at 37°C overnight. 

II. Expression of MitoNEET protein 

Inoculation 

2xYT Broth (100 mL; 31 g/L solution) is autoclaved at 121 °C for one hour. The 

autoclaved 2xYT Broth is added to two culture tubes (5 mL each) and a sterile loop is used to 

scrape cells into the culture tubes. The tubes are incubated at 37°C in a shaking incubator at 150 

RPM for at least eight hours. 2xYT Broth (250 mL) is autoclaved at 121°C for one hour. After 
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incubation of the 5 mL cultures overnight, both are added to the 250 mL culture and incubated at 

37°C in a shaking incubator at 150 RPM for at least eight hours. 2xYT Broth (6 L (4 x 1.5 L)) is 

aliquoted and autoclaved at 121°C for one hour. After incubation of the 250 mL culture, 50 mL 

of the 250 mL culture is added to each of the 1.5 L volume of broth and placed into the shaking 

incubator at 37°C at 150 RPM. All broth contained ampicillin at a final concentration of 290 µM. 

Induction 

Approximately 3 mL of a chosen 1.5 L culture is removed, and its absorbance is 

measured at  = 595 nm via UV-visible Spectroscopy. The absorbance is checked periodically, 

between every 30 minutes to every hour, until the absorbance at  = 595 nm is approximately 0.2 

AU. At 0.2 AU, 1.6 mL of 1 mM ferric ammonium citrate solution (final concentration = 1.06 

µM) is added to each 1.5 L culture. The absorbance is again checked periodically until the 

absorbance at  = 595 nm reaches approximately 0.8 AU. At 0.8 AU, 1.5 mL of 0.5 M isopropyl 

β-D-1-thiogalactopyranoside (IPTG) (final concentration = 500 µM) is added to each 1.5 L 

culture. All four cultures are left to incubate at 29°C in the shaking incubator at 150 RPM for 10 

hours. 

Spin Down and Resuspension 

After 10 hours of incubation, the 1.5 L cultures are separated into 250 mL centrifuge 

bottles and centrifuged in ten-minute increments at 10,000 RPM to form pellets and the 

supernatant discarded. Once all the cells from the culture has been spun down into pellets, the 

pellets are washed with 5 mL of 1x Dulbecco’s Phosphate Buffered Saline (1x DPBS) and 

centrifuged again at 10,000 RPM for ten minutes. Pellets are resuspended in 25 mL of lysis 

buffer (50 mM TRIS, 0.3 M NaCl, 10 mM imidazole in deionized water, pH = 8.5, with 7.2 µM 

of ß-mercaptoethanol and trace amounts of DNase and RNase) and stored at -80°C90. 
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III. Lysis of MitoNEET Resuspension Cells 

To a thawed conical vile of lysate, Triton 100-x is added at a ratio of five times a 1:1000 

ratio (i.e. 20 mL of lysate would need 100 µL of Triton 100-x). A 1:1000 ratio of 

phenylmethanesulfonylfluoride (PMSF) (i.e. 20 mL of lysate would need 20 µL of PMSF (200 

µM) and 7.2 µM of ß-mercaptoethanol is also added to the lysate. The lysate is then sonicated at 

30 kHz six times total with 10 seconds of sonication and 60 seconds of rest on ice.  

After sonication, 8 mg/mL of lysozyme from chicken egg is added to the lysate tube with 

trace amounts of DNase and RNase, and it is agitated at 4°C for an hour. The lysate is then 

centrifuged at 4°C and 18,000 RPM for an hour. The supernatant is removed from the centrifuge 

tube and stored at -80°C. 

IV. Purification and Concentration 

 Purification is performed either by gravity or via Fast Protein Liquid Chromatography on 

a HisTrap FF 5 mL column (GE Healthcare). Binding buffer contains 50mM TRIS, 0.3M NaCl, 

and 10mM Imidazole in deionized water, pH=8.5. Wash buffer contains 50mM TRIS, 0.3M 

NaCl, and 20mM Imidazole in deionized water, pH=8.5. Elution buffer contains 50mM TRIS, 

0.3M NaCl, and 250 mM to 1 M Imidazole in deionized water, pH=8.5. The column is prepped 

with five column volumes (1 column volume = 5 mL) of deionized water, five column volumes 

of elution buffer, and ten column volumes of binding buffer. The column is equilibrated with two 

column volumes of binding buffer. 

 After equilibration, thawed lysate supernatant is filtered through a 0.03-micron syringe 

tip filter and is loaded into the column, no more than 40 ml. The sample is washed with 5 column 

volumes of binding buffer and 5 column volumes of washing buffer. Then, purified protein is 

eluted from the column with elution buffer, approximately three column volumes. All flow 
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through from the column is collected in five to ten mL fractions. The purified sample is dialyzed 

back into binding buffer, 500 mL every 30 minutes, 1 L total, and purified a second time. This 

purified protein is dialyzed into phosphate buffer (1x DPBS, pH = 8.5), 1 L every one hour, 2 L 

total. Protein is stored at -80°C. 

 Concentration is performed using an Amicon™ Stirred Cell concentrator, pressurized 

using Nitrogen gas. Generally, protein sample is concentrated by half using an Ultracel® 10kDa 

Ultrafiltration disc and then frozen at -80°C for 24 hours to facilitate the precipitation of 

misfolded protein. The protein is then thawed and concentrated by half for a second time, frozen 

at -80°C for 24 hours to precipitate misfolded protein, and thawed again to take a final 

concentration via UV-visible Spectroscopy using Beer’s Law (𝐴 = 𝜀𝑐𝑙) and the absorbance at λ 

= 280 nm). The final concentration of protein is approximately 250 µM. 

V. Proteomics of MitoNEET-HNE and MitoNEET-ONE Adducts 

 Three samples of mitoNEET adducts are made with 127.5 µM mitoNEET and 1x DPBS. 

One sample is treated with 64 mM HNE (Cayman Chemical; final concentration = 128 µM) or 

32 mM ONE (Cayman Chemical; final concentration = 80 µM) and observed via UV-visible 

Spectroscopy (Aligent Technologies® Cary 8454 UV-Visible Spectrometer) for one hour with 

measurements recorded every 60 seconds from wavelengths of 190 nm to 1100 nm. The second 

sample is treated with HNE or ONE and incubated on a table top for one hour, then treated with 

NaBH4 (final concentration = 120 µM) for reduction of lysine residues91. HNE was used in 

higher concentration than ONE due to ONE’s increased reactivity and cytotoxicity83. The last 

sample is treated with 20% ethanol (0.8 µL for HNE and 0.5 µL for ONE) and incubated on a 

tabletop for one hour to act as a control. Samples were shipped to IU Proteomics to perform a 

trypsin digestion and analysis with tandem Liquid Chromatography-Mass Spectroscopy and 
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Mass Spectroscopy for residues of a similar molecular weight to HNE and ONE, 156 g/mol and 

154 g/mol respectively. 

VI. UV-Visible Spectroscopy of MitoNEET reactions with HNE, ONE, and MDA 

 The background of the UV-Visible Spectrometer was set to zero with 1x DPBS in a UV 

quartz (Aligent Technologies® 2mm aperture/1 cm pathlength/700 µL volume) cuvette. 

MitoNEET (100 µM) is diluted with 1x DPBS (final concentration = 50 µM) and absorbance is 

measured at  = 280 nm to measure mitoNEET concentration in the quartz cuvette. Then, HNE 

(final concentration = 128 µM) is added to the cuvette, agitated briefly, and measuring in the 

UV-Vis. Measurements taken every 60 seconds over one hour (3600 seconds). Trials were 

running in triplicate for error. 

The same procedure is utilized for ONE (final concentration = 80 µM) and MDA (final 

concentration = 20 µM) with volumes at 1x starting at 0.5 µL. Spectra were processed by 

exporting comma-separated values files of each spectrum and opening via Microsoft Excel. 

VII. SDS-PAGE of MitoNEET Adducts 

Samples are prepared using mitoNEET (70 µM), L-glutamate dehydrogenase 1 (28 µM) 

and 4-HNE (Cayman Chemical; 320 µM), 4-ONE (Cayman Chemical; 160 µM), or MDA (80 

µM). Sample identities are as follows: sample 1 – mitoNEET; sample 2 – L-GDH1; sample 3 – 

mitoNEET and L-GDH1; sample 4 – mitoNEET and XNE/MDA; sample 5 – mitoNEET, L-

GDH1, and XNE/MDA; and sample 6 – L-GDH1 and XNE/MDA to serve as a negative control. 

Another SDS-PAGE gel was run where samples of mitoNEET were treated with 0.5 µL of BME 

for 10 minutes before treated with HNE (320 µM) or ONE (160 µM). SDS PAGE was also used 

to measure anti-oxidation by treating mitoNEET with reduced glutathione (GSH; final 

concentration 1 mM) or oxidized glutathione (GSSG; final concentration = 1.4 mM) from ten 
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minutes before treatment with HNE (320 µM) or ONE (160 µM) and after 10 minute treatments 

with HNE or ONE. Solutions are mixed in 1.6 mL Eppendorf tubes with 1xDPBS to 100 µL. 

Samples are incubated at room temperature (approximately 25 °C) for 45 minutes on a tabletop 

bench. Samples are concentrated by half—100 µL to approximately 50 µL—with an Ultracel® 3 

kDa 0.5 mL centrifuge filter by centrifugation at 15,000 RPM for 10 minutes at room 

temperature. Samples are then divided into six 10 µL aliquots in 10 µL of 2x Laemmli buffer and 

six 10 µL aliquots in in 10 µL of loading buffer treated with ß-mercaptoethanol (2x Laemmli 

buffer with 715 mM ß-mercaptoethanol). All twelve samples are heated at 95°C for 8 minutes 

using a Laboratory Devices USA Digiblock, Jr, and centrifuged briefly. A molecular weight 

ladder (Precision Protein Unstained Standards; BioRad) is used to compare molecular weights of 

protein bands. Samples are injected into Mini-PROTEAN® TGX™ Precast Gels (10 µL per 

sample). Gels are run in 1x Tris/Glycine Buffer with SDS for approximately one hour at 200 V 

in a Mini-PROTEAN® Tetra Vertical Electrophoresis Cell. Gels are stained using Coomassie 

Brilliant Blue R250 (0.1% R250 in 50% methanol, 40% deionized water, and 10% glacial acetic 

acid). 

VIII. UV-Visible Spectroscopy of MitoNEET reactions with HNE and Pyridoxal-5’-

Phosphate 

 The background of the UV-Visible Spectrometer was set to zero using 1x PBS in a 700 

µL quartz cuvette. 400 µL of mitoNEET is also measured in UV-Vis, and it is diluted to an 

average absorbance of 0.3 AU, which yields an average concentration of 34 µM. 
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HNE and PLP only 

DPBS (1x), 1 mM pyridoxal-5”-phosphate (PLP; final concentration = 70 µM), and HNE 

(final concentration = 80 µM) are mixed in a UV quartz cuvette and measured for 400 seconds 

with measurements taken every 20 seconds. Trials were run in triplicate for error. 

MitoNEET and PLP 

 DPBS (1x) and mitoNEET (34 µM) are mixed in a quartz cuvette and measured for 

concentration. 1 mM PLP (final concentration = 70 µM) is added to the cuvette and measured for 

400 seconds with measurements taken every 20 seconds. Trials were run in triplicate for error. 

MitoNEET, HNE, and PLP 

 First, mitoNEET (34 µM) and HNE (final concentration = 80 µM) are added to a cuvette 

with 1x DPBS and incubated for 10 minutes at room temperature. 1 mM PLP (final 

concentration = 70 µM) is added to the cuvette and measured for 400 seconds with 

measurements taken every 20 seconds. Trials were run in triplicate for error. 

 Then a new mixture of HNE (final concentration = 80 µM) and 1 mM PLP (final 

concentration = 70 µM) is placed in the cuvette and reacted for 10 minutes at room temperature 

in 1x DPBS. Then mitoNEET (34 µM) is added to the cuvette and measured for 400 seconds 

with measurements taken every 20 seconds. Trials were run in triplicate for error. 

IX. Cell Exposure 

Two pure protein controls were made with mitoNEET (final concentration = 171 µM) 

and either HNE (final concentration = 128 µM) or ONE (final concentration = 80 µM). In a 

sterile hood, HepG2 cells (Wild Type92, Myc-DDK tagged93, and GFP tagged94) were mixed 

with DMEM Media (10% fetal bovine serum) in petri dishes and treated with 20% ethanol as a 

control, HNE (final concentration = 1.28 mM), or ONE (final concentration = 400 µM). Petri 
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dishes were placed in a closed environment of 37°C with 5% CO2 and 100% humidity and 

observed at 30 minutes and one hour for confluence and apoptotic activity. 

X. Western Blotting of MitoNEET-HNE and MitoNEET-ONE Adducts 

Protocol is adapted from T. Mahmood et al. Western and Immunoblotting Protocol95. 

Bradford Assay 

 Seven standards of bovine albumin serum from 0.125 mg/mL to 1.5 mg/mL are made to 

create a Bradford standard curve to determine total protein concentrations of HepG2 samples. 

Assay is performed using the protocol described by N. Kruger96. 

SDS PAGE Electrophoresis 

Gels are made with deionized water, polyacrylamide solution (30% stock), TRIS-HCl 

solution, and 10% SDS. Resolving gel is made with 12% polyacrylamide and 1.5 M TRIS-HCl 

(pH = 8.8) The resolving gel is degassed for 20 minutes, then added to a preassembled gel 

cassette (glass plates with 1.5 mm spacers) to approximately two-thirds full and allowed to set 

for 20 minutes. The stacking gel is made with 6% polyacrylamide and 0.5 M TRIS-HCl (pH = 

6.8). The stacking buffer is degassed for 20 minutes, and then added on top of the resolving 

buffer until cassette is full. A well comb is added to the gel and allowed to set for 20 minutes 

before being removed. The electrode running buffer is made with 25 mM TRIS-HCl, 200 mM 

Glycine, and 0.1% (w/v) SDS. Gels can be stored at 4°C until used. 

 After one hour, the petri dishes from cell exposure experiment are removed from the 

closed environment and the DMEM media is removed. Cells are transferred to centrifuge tubes 

with cell lysis buffer and 10 µL/mL PMSF. Cell plates are washed twice with ice cold 1x PBS to 

transfer any remaining cells to the centrifuge tubes. The centrifuge tubes are centrifuged for ten 

minutes at 14,000 RPM to form a pellet. The pellet is sonicated at 30 kHz three times total with 
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five seconds of sonication and 30 seconds of rest on ice. After centrifugation, samples are spiked 

with either HNE (1.28 µM) or ONE (400 µM). Once the Bradford Assay has been completed, 

samples are made to be loaded into the gel with 10 µL sample and either 10 µL of 2x Laemmli 

buffer or 10 µL of loading buffer treated with ß-mercaptoethanol. Sample identities are the 

following: Pure mitoNEET + HNE; HepG2 WT + HNE; HepG2 Myc/DDK + HNE; HepG2 GFP 

+ HNE; pure mitoNEET + ONE; HepG2 WT + ONE; HepG2 Myc/DDK + ONE; HepG2 GFP + 

ONE. Gels are run at 120 V for two hours. 

Membrane Transfer 

 Once complete, the gels are removed from the cassette, trimming off the stacking gel and 

wells. The gel is immersed in transfer buffer (25 mM TRIS-HCl, 200 mM glycine, 20% 

methanol, pH = 8.3) for 30 minutes. Nitrocellulose paper (0.2 µm; BioRad) is used as a filter 

paper and is soaked in transfer buffer. The transfer stack is assembled as follows: a fiber pad, 

filter paper, gel, transfer membrane (Immobilon® PVDF Membrane), a second piece of filter 

paper, and a second foam pad. The transfer stack is placed into a tank, surrounded by ice as a 

cooling mechanism, with transfer buffer. The transfer tank is run for approximately one hour at 

100 mV. 

Immunodetection 

 Once the newly transferred membrane is removed from the cassette, the membranes are 

stained with Ponceau S Stain for five minutes to confirm transfer. The membranes are blocked 

by incubating in TBST solution (0.1% TWEEN20, 20 mM TRIS-HCl, 500 mM NaCl) with 5% 

skim milk for one hour. The primary anti-body, CISD1/mitoNEET (D5M4C) Rabbit mAb 

#83775 (Cell Signaling Technologies) is added to solution and membranes are incubated 

overnight at 4°C. After incubation, the membranes are washed with TBST for 5 minutes; this 
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wash is done three times. Then, the secondary antibody, NAF-1/CISD2 (D4X4E) Rabbit mAb 

#60758 (Cell Signaling Technologies) is added to 5% skim milk in TBST, and the membranes 

are incubated in this solution for one hour. The membranes are then washed again with TBST for 

5 minutes; this wash is done three times. 

Visualization 

 After incubation, the enhanced chemiluminescence (ECL) solution (250 mM Luminol, 90 

mM p-Coumaric acid, 30% w/v hydrogen peroxide, dimethyl sulfoxide (DMSO), and ECL 

buffer [0.1 M TRIS, pH = 8.6]) is prepared. The membranes are exposed to ECL solution for one 

minute. Membranes are visualized on film in a dark room, with exposure lasting 15 seconds to 

30 minutes. 
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CHAPTER 3: RESULTS 

I. MitoNEET’s Reactivity with HNE 

MitoNEET has broad reactivity with HNE 

 

Figure 3.1: Proteometric data for residues in mitoNEET modified by HNE. A) Identified amino acid residues 

modified by HNE on mitoNEET (PDB ID #3ew0), lysines in red and histidines in purple; B) Identify of modified 

residues, number of modified residues, and percent of amino acids modified. 

 HNE has a higher reactivity towards the nucleophilic atoms in cysteine, histidine, and 

lysine residues of proteins. Cysteine is the most reactive of the three amino acids, while lysine is 

the least reactive. The sequence of mitoNEET contains three cysteine residues, five histidine 

residues, and ten lysine residues. Additionally, the area near the metal cluster contains each of 

these residues. Samples of mitoNEET reacted with HNE were submitted to IU School of 

Medicine Proteomics to analyze for modified residues. HNE modifies nine amino acid residues 

in mitoNEET (Figure 3.1A), six lysine residues—Lys51, 55, 68, 79, 89, 104—and three histidine 

residues—His58, 87, and 90. With HNE, no one residue was modified more than 10%. 

Surprisingly, though HNE as a traditionally higher reaction affinity for cysteine, no cysteine 

residues were modified97. Because the three cysteine residues of mitoNEET are involved in the 
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binding of the iron-sulfur cluster, it can be inferred that it is more energetically favorable to bind 

the [2Fe-2S] than it is to be modified by HNE.  

 In terms of modification of the ligating amino acids, His87, which is modified by HNE, 

also ligates the iron-sulfur cluster, which may have implications for the stability and redox 

properties of the metal cluster. The modification of His 90 in this in vitro experiment echoes the 

identification of the same adduct isolated from the liver tissue of rodents in an alcoholic liver 

disease model98.  

Both lysine and histidine formed the expected Michael adduct with HNE, which is 

identified by a +156 m/z via mass spectroscopy (Figure 3.1B). The formation of this protein 

adduct, which occurred in vitro (Figure 3.2), has been confirmed in vivo with other proteins66, 99-

100. 

 

Figure 3.2: Proposed reaction scheme of mitoNEET with lysine and histidine, making forming a Michael 

Adduct. Red structures highlight the change in structure with addition of mitoNEET 
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HNE Changes the Higher Order Oligomerization of mitoNEET 

 

Figure 3.3: Proposed mechanism of denaturation of mitoNEET in SDS PAGE  

 In solution, mitoNEET exists in a homodimer. mitoNEET strands can also bind to form a 

disulfide bond between the ligating cysteine residues: Cys83 with either Cys72 or Cys74101. 

When introduced to sodium dodecyl sulfate (SDS), this homodimer is reduced to two monomers 

and a separate covalent dimer. In SDS polyacrylamide gel electrophoresis (PAGE), this 

denaturation can be characterized by a homodimer band at approximately 24 kDa and a 

monomer band at approximately 12 kDa. Powerful reduction agents, such as ß-mercaptoethanol 

(BME), dithiothreitol (DTT), and tris(2-carboxyethyl) phosphine (TCEP), can reduce the 

remaining covalent bond, resulting in only one intense band. In SDS-PAGE, this is signified by a 

disappearance of the dimer band at 24 kDa and an increase of intensity in the 12 kDa monomer 

band. This proposed mechanism is shown in Figure 3.3. Cys numbers for mitoNEET-mitoNEET 

 MitoNEET also forms a disulfide bond complex with glutamate dehydrogenase 1 

(GDH1) between the Cys74 residue of mitoNEET and the Cys319 residue of GDH1.This 

complex can be identified in SDS PAGE with a thin complex band at approximately 62 kDa and 

a wide and intense band at 50 kDa, which is GDH1. This mitoNEET-GDH1 complex can also be 

reduced by BME, leaving only the GDH1 band at 50 kDa and mitoNEET monomer band at ~12 

kDa. 
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Figure 3.4: SDS PAGE of mitoNEET, GDH1, and HNE reaction mixtures. A) Lane identities are as follows: 

Lane 1-mitoNEET; Lane 2-GDH1; Lane 3-mitoNEET+GDH1; Lane 4-mitoNEET+HNE; Lane 5-

mitoNEET+GDH1+HNE; Lane 6-GDH1+HNE (control). Prime (‘) denotes treatment with BME. 13 kDa 

signifies the mitoNEET monomer band; 26 kDa signifies the mitoNEET dimer band; 56 kDa signifies the 

GDH1 band; and 71 kDa signifies mitoNEET-GDH1 complex B) Quantitative comparison of band area with 

error.  

 HNE was added to mixtures of mitoNEET, GDH1, and mitoNEET+GDH1 and then 

analyzed by SDS-PAGE to determine if HNE changes this higher order oligomerization that has 

been previously identified in literature101. Interestingly, HNE causes a significant decrease in the 

formation of the dimer band of mitoNEET (Figure 3.4B) but causes no changes to the formation 

of the mitoNEET-GDH1 complex (Figure 3.4A). While this change in band intensity occurs, the 

dimer band is still reduced by BME. Therefore, HNE effects the higher order oligomerization of 

mitoNEET by decreasing the presence of the mitoNEET dimer97. 

HNE Causes Changes to the LMCT Bands in UV-visible Spectroscopy 

 When observed in UV-visible Spectroscopy, mitoNEET can be identified by the presence 

of an absorbance peak at λ = 280 nm, and peak maxima at λ = 340 nm, λ = 460 nm, and λ = 530 

nm, which are referred to as the ligand-to-metal charge transfer (LMCT) bands. These bands are 

often correlated with the presence of the iron-sulfur cluster and the interactions between the 

cluster and its ligated residues: Cys72, Cys74, Cys83, and His87. Proteomics data (Figure 3.1) 
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confirms that HNE binds to His87, which can have some structural and functional implications 

for the iron-sulfur cluster. 

 After monitoring the reaction between mitoNEET and HNE over 60 minutes in UV-Vis, 

it was found that over time, there is a 

decrease in absorbance at λ = 236 nm and 

an isosbestic point at approximately λ = 250 

nm, indicating a reaction occurring between 

mitoNEET and HNE. Another notable 

change in UV-visible spectra between HNE 

and mitoNEET is a drastic increase in 

absorbance at  = 340 nm, which is a noted 

LMCT maxima in standard mitoNEET 

spectra (Figure 3.5)97. This is consistent with the result that HNE does bind to His87 and is 

reflected in the change in the LMCT bands of mitoNEET after exposure to HNE. 

 

 

 

 

 

 

 

 

 

Figure 3.5: UV-Visible Difference spectra of mitoNEET 

and HNE over 60 minutes, with spectra taken every 

minute. Difference spectra is created by subtracting the 

first measurement from all other measurements. Arrows 

indicate changes in absorbance and isosbestic point is 

highlighted. 
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II. MitoNEET’s Reactivity with ONE 

MitoNEET has specific reactivity with ONE to Lys55 

 

Figure 3.6: Proteometric data for residues in mitoNEET modified by ONE. A) Identified amino acid residues 

modified by ONE on mitoNEET (PDB ID #3ew0), lysine residues that formed imines in peach and residues that 

formed Michael adducts in purple; B) Identify of modified residues, number of modified residues, and percent 

of amino acids modified. 

Samples of mitoNEET reacted with ONE were submitted to IU School of Medicine 

Proteomics to analyze for modified residues. In contrast with HNE, ONE only modified four 

lysine residues—Lys55, Lys68, Lys104, and Lys105 (Figure 3.6A). Three of these four modified 

residues showed less than 10% modification by ONE; however, 50% of Lys55 residues were 

modified by ONE97. As previously noted in Figure 1.2, Lys55 exhibits hydrogen bonding with 

ligated His87 through what is denoted as HOH532 in the crystal structure 3EW0. It has also 

previously been observed as a binding site for a proposed mitoNEET enzyme via studies with 

cofactor pyridoxal-5’-phosphate (C. Kunk thesis, unpublished). Therefore, this modification 

could have implications on an enzyme activity of mitoNEET. 

While residues modified by HNE exclusively formed a Michael adduct (+156 m/z), select 

residues modified by ONE also formed a Schiff’s base, which is indicated by the +136 m/z mass 
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shift. These imine-adducts were also reduced in samples treated with NaBH4, forming an amine. 

This is indicated by the +138 m/z mass shift (Figure 3.6B). The proposed mechanism for the 

formation of the imine in vitro (Figure 3.7) has also been found in vivo81, 83. 

 

Figure 3.7: Proposed reaction scheme of mitoNEET with lysine, forming an imine (+136 m/z) with ONE and 

an amine (+138 m/z) after reduction with NaBH4. Blue structures indicate the change after addition of ONE 

and pink structures indicate changes after addition of NaBH4. 

ONE forms a bond with mitoNEET that is not sensitive to reduction by BME 

 

Figure 3.8: SDS PAGE of mitoNEET, and ONE reaction mixtures. A) Lane identities are as follows: Lane 1- 

3-mitoNEET; Lane 4-6-mitoNEET+ONE. Prime (‘) denotes treatment with BME. 13 kDa signifies the 

mitoNEET monomer band; 26 kDa signifies the mitoNEET dimer band; B) Quantitative comparison of band 

area with error. 
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 While HNE effects the higher order oligomerization of mitoNEET, ONE creates a bond 

that is unable to be reduced by BME. In SDS-PAGE, when BME is introduced in solution, the 

covalent dimer band is reduced, symbolized by the lack of band at 26 kDa (Figure 3.8A). 

However, when mitoNEET was treated with ONE before the introduction to BME, this band 

remains. Thus, it can be inferred that ONE creates a sort of cross-link that cannot be reduced in 

the same way as the disulfide bond97.  

ONE does not modify LMCT Bands in 

MitoNEET 

 Like HNE, ONE was monitored via 

UV-visible spectroscopy over one hour 

with measurements taken every sixty 

seconds (Figure 3.9). Also, like HNE, 

ONE cause a decrease in absorbance at 

 = 236 nm, an increase in absorbance at 

 = 256 nm, and an isosbestic point at  = 250 nm to indicate a reaction between mitoNEET and 

ONE. However, ONE does not cause changes in the LMCT bands of mitoNEET due to the lack 

of peak maxima at  = 340 nm,  = 450 nm, and  = 540 nm. Because ONE does not modify any 

ligating residues in mitoNEET, it would make sense that it would not change the absorbance of 

those peaks97.  

 

 

 

 

Figure 3.9: UV-Visible Difference spectra of mitoNEET 

and ONE over 60 minutes, with spectra taken every 

minute. Difference spectra is created by subtracting the 

first measurement from all other measurements. 
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Comparative Reactivity of HNE and ONE with mitoNEET 

 

Figure 3.10: Comparing changes in absorbance of mitoNEET and HNE (circles) and mitoNEET and ONE 

(squares) over 3600 seconds. A) Changes in absorbance at λ = 340 nm. B) Changes in absorbance at λ = 236 

nm. 

 Figure 3.10 also highlights the differences in reactivity between HNE and ONE. 

Specifically, HNE shows a greater increase in absorbance over time at  = 340 nm than ONE 

(Figure 3.10A). This correlates to HNE having direct modification of the ligating residues in the 

iron-sulfur cluster. ONE does not. ONE, however, has a more substantial decrease in absorbance 

over time at  = 236 nm (Figure 3.10B). While the identity of the reaction at this wavelength is 

not known, it can be inferred that ONE has a greater effect on the reaction in that area97. 

Pre-Treating MitoNEET with BME Prevents ONE Crosslinking 

 Because the cross-link formed by ONE treatment is impervious to reduction by BME, it 

was important to observe how ONE reacts with mitoNEET when it has been pre-treated with 

BME.  
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Figure 3.11: SDS PAGE of mitoNEET, HNE, and ONE with pre and post treatment of BME A) Lane 

identities are as follows: Lane 1-mitoNEET+HNE (Control); Lane 2- mitoNEET+ONE (Control); Lane 3- 

mitoNEET+HNE with BME pre-treatment; Lane 4- mitoNEET+ONE with BME pre-treatment; Prime (‘) 

denotes post-treatment with BME; Double Prime (“) denotes pre-treatment with BME. 13 kDa signifies the 

mitoNEET monomer band; 26 kDa signifies the mitoNEET dimer band. B) Quantitative comparison of band 

area with error. 

The disulfide bond between the mitoNEET monomers was reduced in the presence of BME 

regardless of pre or post treatment. This was expected because HNE does not prevent the 

reduction of the covalent dimer. ONE retained the disulfide bond when mitoNEET treated with 

BME after incubation; however, ONE does not prevent the reduction of the covalent dimer when 

mitoNEET is pre-treated with BME. This was unexpected, and this result presents the possibility 

of the disulfide bond serving as an active site for ONE crosslinking. 

Reduced Glutathione prevents ONE Crosslinking 

 

 

 

 

Glutathione is an important  

Figure 3.12: SDS PAGE of mitoNEET, 

oxidized (GSSG) and reduced (GSH) 

glutathione, and ONE reaction mixtures. A) 

Lane identities are listed in order of addition 

to reaction mixture and are as follows: Lane 

1-mitoNEET+GSSG+ONE; Lane 2-

mitoNEET+GSH+ONE; Lane 3-

mitoNEET+ONE+GSSG; Lane 4-

mitoNEET+ONE+GSH; Lane 5-

mitoNEET+ONE (control); Prime (‘) 

denotes treatment with BME. 13 kDa 

signifies the mitoNEET monomer band; 26 

kDa signifies the mitoNEET dimer band. B) 

Quantitative comparison of band area with 

error. 
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antioxidant that protects against a variety of different antioxidant species, like oxygen radicals 

and lipid peroxidation products102. Glutathione exists in an oxidized form (Glutathione disulfide; 

GSSG) and a reduced form (GSH)103, and its associated enzyme, glutathione reductase, has been 

found to reduce the [2Fe-2S] cluster in mitoNEET, which further implicates mitoNEET as a 

redox sensor104. Because of its prominence as a cellular antioxidant, it was appealing to examine 

the effects both forms of glutathione have on ONE’s noncovalent binding to mitoNEET. 

Regardless of order of introduction to solution, reduced glutathione prevents ONE from 

forming its crosslink with mitoNEET. This occurred with and without BME treatment. Like the 

previous pre-treatment with BME, the inability for ONE to crosslink without the disulfide bond 

present suggests that the disulfide bond may act as an active site for ONE binding (Figure 3.12). 

III. MitoNEET’s Reactivity with MDA 

 MDA is another important product 

of lipid peroxidation and has prominent 

reactivity with proteins like HNE and 

ONE87. Thus, MDA was also introduced 

to mitoNEET to determine its reactivity 

with the redox sensor. Like HNE and 

ONE, MDA introduced to mitoNEET in 

solution and was monitored over 3600 seconds via UV-visible spectroscopy. MDA does not have 

the exact same reactivity as HNE; there appears to be some noise around  = 260 nm, and it is 

Figure 3.13: UV-Visible Difference spectra of mitoNEET 

and MDA over 60 minutes, with spectra taken every 

minute. Difference spectra is created by subtracting the 

first measurement from all other measurements. 
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unclear whether is caused by problems in the spectra or if MDA causes a drastic change at 

approximately  = 260 nm.  

 

Figure 3.14: SDS PAGE of mitoNEET, GDH1, and MDA reaction mixtures. A) Lane identities are as follows: 

Lane 1-mitoNEET; Lane 2-GDH1; Lane 3-mitoNEET+GDH1; Lane 4-mitoNEET+MDA; Lane 5-

mitoNEET+GDH1+MDA; Lane 6-GDH1+MDA (control). Prime (‘) denotes treatment with BME. 13 kDa 

signifies the mitoNEET monomer band; 26 kDa signifies the mitoNEET dimer band; 56 kDa signifies the 

GDH1 band; and 71 kDa signifies mitoNEET-GDH1 complex. B) Quantitative comparison of band area with 

error.  

Using SDS PAGE, MDA can also be introduced to mitoNEET and GDH1 solutions to observe 

its effects on mitoNEET’s higher order oligomerization. Unlike HNE, MDA does not cause an 

increase in intensity in mitoNEET’s monomer band at 13 kDa and a decrease in the presence of 

the dimer at 26 kDa. MDA also does not affect the mitoNEET-GDH1 complex. Because of this, 

it can be concluded that MDA has no reactivity with mitoNEET. 
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IV. Cellular Exposure of HNE and ONE to MitoNEET 

  

Figure 3.15: Western blot of pure mitoNEET and HepG2 protein lysate spiked with HNE or ONE. Anti-

mitoNEET antibody is present and shorter and longer exposure times are labeled. Lane identities are as 

follows: Lane 1 and 4-control; Lane 2 and 5- +HNE; Lane 3 and 6- +ONE. Lanes treated with BME are 

noted. 

HepG2 liver cells (Wild Type, Myc/DDK tagged, and GFP tagged) expressing 

mitoNEET were exposed to HNE and ONE to observe and measure any apoptotic activity caused 

by reactions with lipid peroxidation. After 30 minutes and one hour, cells showed no apoptotic 

activity and remained intact. 

 This HepG2 cells were also spiked with more HNE and ONE imaged via Western 

Blotting to measure how exposure to HNE and ONE effect the signaling of mitoNEET’s 

monomer and dimer bands. Images of Western blots were obtained courtesy of Robert Skolik at 

the University of Louisville.  

The western blots (Figure 3.15) revealed the BME insensitive bond that is only observed 

for ONE-treated pure mitoNEET, which was confirmed in SDS PAGE of mitoNEET and ONE 

in previous experiments. The HNE treatment of pure mitoNEET that was not treated with BME 
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has less dimer formation than control, which is also confirmed in SDS PAGE of mitoNEET and 

HNE in previous experiments. However, MitoNEET did not form a dimer in absence of BME in 

the cell extracts. With ONE exposure, the MitoNEET signal increased without BME, but the 

mitoNEET signal decreases with BME. 

 V. HNE inhibits accumulation of MitoNEET+PLP complex 

Pyridoxal-5’-phosphate (PPLP) is a derivative of Vitamin B6 and a common organic 

cofactor. PLP is also considered wildly diverse, with the Enzyme Commission classifying 140 

distinct enzymes that are PPLP dependent (just over 30 in humans)105. In the Konkle lab, Lys55 

has been identified as the primary binding site to PLP with Proteomics reporting 50% 

modification of Lys55 residues (C. Kunk Thesis, unpublished). Therefore, HNE was added to 

solutions with mitoNEET and PLP to determine if lipid peroxidation products will disrupt the 

accumulation of the mitoNEET-PLP complex. 

 

Figure 3.16: UV-visible difference data of PLP, mitoNEET+PLP, mitoNEET+HNE+PLP, and 

HNE+PLP+mitoNEET at λ = 435 nm over 400 seconds. Measurements were taken every 20 seconds. 

Difference spectra is created by subtracting the first measurement from all other measurements.  

 The mitoNEET+PLP complex can be monitored for accretion at λ = 435 nm. HNE and 

PLP show no overall change in absorbance; however, when mitoNEET is treated with HNE 

before addition of PLP, the accumulation of the mitoNEET+PLP complex is hindered. The 
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formation of the complex is hindered further when HNE and PLP can react before addition of 

mitoNEET. This could insinuate that HNE competes with PLP for binding with mitoNEET, 

which hinders the ability to form the mitoNEET+PLP complex. 
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CHAPTER 4: DISCUSSION AND CONCLUSIONS 

I. Selectivity of ONE over HNE is Unprecedented 

 The selectivity of binding and consequent modification of HNE, MDA, and ONE with 

mitoNEET was unanticipated. HNE modified over the whole structure of mitoNEET at both 

histidine and lysine residues and formed the expected Michael adducts. However, the mitoNEET 

and ONE revealed a particularly reactive Lys55 residue. While the Michael adduct is 

traditionally more stable99, the amine of Lys55 is prone to form an unusually stable imine with 

ONE. This imine formation with HNE and ONE have been previously reported, but traditionally 

this stable imine formation is only preferred for lysine residues buried in a hydrophobic 

environment106.This may suggest that, because all crystal structures show Lys55 in a solvent 

exposed environment, that the local environment of Lys55 significantly increases this residue’s 

reactivity and/or that the crystal structures for mitoNEET do not accurately depict its solution 

structure. The next step in investigating this reactivity is finding the mechanism by which ONE 

competes to bind for Lys55 among the other redox active compounds in the cell (such as 

glutathione), as well as how this binding affects the stability of the cluster.   

II. MDA is not Reactive with MitoNEET Despite Structural Similarities to HNE and ONE 

 Though the enol tautomer exhibits the same α, ß-unsaturated carbonyl chemistry as HNE 

and ONE, MDA exhibited no reactivity with mitoNEET in SDS PAGE or UV-Visible 

Spectroscopy. This is further unexpected considering that in previously mentioned literature, 

HNE, ONE, and MDA has exhibited similar reactivity with proteins. Perhaps this can be 

attributed to the solubility of MDA verses HNE and ONE. HNE and ONE are relatively 

insoluble in water-based PBS (1.0 mg/mL and 0.5 mg/mL respectively based on Cayman 

Chemical product information). However, MDA exhibits high solubility in water (241 mg/mL). 
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This may affect the binding affinity for these small molecules for mitoNEET; HNE and ONE 

would prefer to bind to mitoNEET to avoid the water-based solvent, whereas MDA doesn’t have 

this desire to bind. Moving forward, using higher concentrations of MDA in solution and sending 

MDA treated samples of mitoNEET for Proteometric analysis would determine if MDA is 

entirely nonreactive with mitoNEET. 

III. Reduction of MitoNEET Prior to Exposure Inhibits ONE Crosslinking 

 It is also important that the presence of reductants and antioxidants in the cells affect the 

ability for HNE and ONE to bind. Because the covalent dimer appears to be reduced when BME 

is added to solution first, this suggests that the preexisting disulfide bond creates a sort of active 

site for ONE crosslinking. Additionally, even though ONE is twice as concentrated as BME in 

solution, BME reducing the disulfide bond still prevents the crosslinking of ONE. Similarly, the 

antioxidant glutathione appears to also reduce the disulfide bond between the mitoNEET 

monomers, inhibiting the crosslinking by ONE. Perhaps the presence of small molecules with 

available thiols like glutathione and BME serve as a protecting group of mitoNEET from 

modification by lipid peroxidation products like ONE.  

Ideally, the next step in investigating this idea is identifying where ONE is forming its 

proposed crosslink. This process will involve identifying exactly where the crosslink takes place 

as well as its mechanism of formation. To understand the mechanism of formation, it is 

important to understand if the oxidation state of the iron matters. This process can be done via an 

Ascorbic Acid assay and using pioglitazone as a probe for its binding site and mechanism 

because of its supposed ability to stabilize the cluster24. It would be necessary to classify any 

oligomeric states via SDS-PAGE. Additionally, this theory of ONE binding to free thiols as a 

protection for mitoNEET can be monitored by introducing free cysteine into the solution. 
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Cysteine is the most reactive amino acid according to literature due to its large sulfur group; 

thus, it would be ideal to monitor if the failure to crosslink is due to the binding of free thiols or 

the reduction of mitoNEET’s iron sulfur cluster. 

IV. Lipid Electrophiles Compete with PLP for Binding to MitoNEET 

 The Konkle lab identified that the coenzyme PLP binds to mitoNEET selectively at 

Lys55 and may be enzymatic. This complex was key in identifying the importance of Lys55 as a 

reactive site on mitoNEET. Therefore, reactive electrophiles could be competing for binding to 

Lys55 with PLP, which will limit the accumulation of mitoNEET•PLP complex. Interestingly, 

when HNE and PLP have been reacted before the addition of mitoNEET, this decreases the 

formation of the mitoNEET•PLP complex even further. This is unexpected, considering HNE 

and PLP are both reactive electrophilic aldehydes and would not be prone to react with one 

another. Moving forward, adding pyridoxal to solution as opposed to PLP would address this 

issue; pyridoxal does not react with mitoNEET and would reveal if HNE is simply competing 

with PLP or if HNE and PLP are reacting to prevent either from binding to mitoNEET. It is also 

important to investigate if ONE exhibits the same behaviors. This would be crucial since ONE 

and PLP bind to Lys55 selectively, and it would provide further insight on mitoNEET acting as 

an enzyme and either support of refute the case that Lys55 acts as a switch between function 

(PLP-bound and enzymatic) or dysfunction (modified by XNE during bursts of oxidative stress). 

V. The Electronic States of the Cluster-Associated Amino Acids Are Still Unknown 

 Despite identifying Lys55 as a critical binding point for mitoNEET reactions and the 

theoretical switch for mitoNEET’s function, the charges of the amino acids that correspond to 

the cluster are unknown in all crystal structures of mitoNEET. Lysine and histidine as general 

amino acids have different pKas that lead to the protonation or deprotonation of the molecule, 
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which leads to some uncertainty in terms of Lys55 acting as the electron donor or the electron 

acceptor. This is particularly important in terms of the crystalized water in the structure that 

hydrogen bonds Lys55 and His87. 

 

Figure 24.1: Possible states of hydrogen bonding between His87, Lys55, and the crystalized water in the 

structure. 

 

 Perhaps finding the crystallized structures of mitoNEET after treatment with HNE, ONE, 

or PLP would provide some insight into these uncertainties, but the importance of Lys55 cannot 

be denied. 
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VI. MitoNEET’s Rule as a Mediator in Oxidative Stress 

 Ultimately, this project aimed to suggest a role for mitoNEET in the cycle of oxidative 

stress. This hypothesis has been perpetuated in previous literature for mitoNEET. Previous 

studies have shown mitoNEET to be a redox sensor and mediator in the cell through knock-out 

experiments107. Additionally, mitoNEET has shown roles in altering oxidative phosphorylation 

and increasing levels of reactive oxygen species in the cell after being removed from gene 

expression in mouse models108, as well as appearing in similar roles in cancer cells through the 

dysregulation of ligating free iron in the cell109. 

  

Figure 4.1: Proposed cycle of mitoNEET-mediated oxidative stress. Arrows that are not colored in indicate 

portions of the cycle that have not been confirmed.  

Because of these observations, mitoNEET can be placed into a proposed cycle of 

mitoNEET-mediated oxidative stress, as seen in Figure 4.1. First, mitoNEET releases free iron 

from its [2Fe-2S] cluster. Second, this free iron reacts with excess molecular oxygen to create 
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reactive oxygen species like the superoxide anion radical and the hydroxyl radical; this is the 

aforementioned Fenton chemistry110. These radicals can then react with lipids, commonly in the 

cellular lipid bilayer, creating lipid peroxidation products like HNE, ONE, and MDA. These 

reactive electrophiles then react with mitoNEET residues, modifying the reactivity of the [2Fe-

2S] cluster, releasing the cluster and repeating the cycle. The mechanism and functionality of 

Fenton chemistry110 and the formation of lipid peroxidation products61-62 have long standing 

literature to support them. This project has presented reasonable data that mitoNEET fulfills the 

fourth step of modification by lipid electrophiles. MitoNEET has been previously suggested to 

release its cluster once the ligating His87 is protonated46, which would be crucial for the 

initiating step of the cycle. However, the bridge between the modification of mitoNEET residues 

and the release of free iron into the cell has yet to be identified. 

 Ultimately, the logical next step forward in this project is identifying how these 

modifications affect the stability of the cluster. This will be done via taking a closer look at the 

ONE crosslinking. This process will involve identifying exactly where the crosslink takes place 

as well as its mechanism of formation. To understand the mechanism of formation, it is 

important to understand if the oxidation state of the iron matters. This process can be done via an 

Ascorbic Acid assay and using pioglitazone as a probe for its binding site and mechanism 

because of its supposed ability to stabilize the cluster24. It would be necessary to classify any 

oligomeric states via SDS PAGE and completing in vivo studies with cell lines. 

 In summary, mitoNEET has shown interesting binding affinities to products of lipid 

peroxidation like HNE, ONE, and MDA. This binding has revealed a selective binding site for 

mitoNEET reactions in Lys55, and it has supported steps in the proposed mechanism of 

mitoNEET-mediated oxidative stress. Hopefully, this will continue further studies in 
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mitoNEET’s role in diseases linked to oxidative stress, like diabetes, several forms of cancers, 

and neurodegenerative diseases. 
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