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Introduction  

Discovery of CISD Proteins  

 A protein of novel fold was discovered in 2004 due to its binding with thiazolidinedione 

drugs (TZDs)1.  This protein was named mitoNEET.  The studies that led to the discovery of 

mitoNEET were undertaken after TZDs were approved for clinical use in treating Type II 

diabetes.  Type II diabetes occurs when the body is not able to properly use insulin, also known 

as insulin resistance; this condition can result from different lifestyle factors2.  TZDs, were 

approved for clinical use through a lipid-lowering mechanism of actions and the subsequent, 

improvement in insulin sensitivity in targeted tissues3-5.  TZDs mechanism of lipid-lowering was 

thought to be through direct activation of the nuclear receptor peroxisome proliferator-activated 

receptor-ɣ (PPARɣ).  Surprisingly, not all PPARɣ activators have antidiabetic effects6.  

Additionally, pioglitazone (Figure 1.1) was found to have a greater reduction of circulating lipids 

than TZDs with higher binding affinity to PPARɣ.  Thus, a search for other binding partners of 

pioglitazone was undertaken and the result was the discovery of mitoNEET7.  It was a 

monumental finding that pioglitazone binds with a previously 

uncharacterized protein found in the mitochondria and it was 

quickly hypothesized that the pioglitazone would bind to 

mitoNEET and be an exciting new target for treatment of Type 

II diabetes1.   

 

 

.      

Figure 1.1.  The structure of 

pioglitazone is shown as part of 

the TZD family.   
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The gene for mitoNEET was named CISD1 for CDGSH iron sulfur domain 1.  The 

CDGSH domain of mitoNEET was used to find other members of this new protein family8.    

The second member of this family has the gene name CISD2.  This protein is most commonly 

referred to as NAF-1 (natural autophagy factor-1), due to the role it plays in autophagy9 and 

lifespan control10, 11,  but has a host of possible names such as ERIS (endoplasmic reticulum 

intermediate small protein)12 and Miner1; meaning mitoNEET related 113.  Mutations in the 

CISD2 gene make a prematurely truncated NAF-1 protein that is a  causative agent in Wolfram 

Syndrome-212.  The third member of this family is the gene CISD3 which codes for a protein 

called either Miner2 or MiNT.  Cellular localization for members of this protein family are NAF-

1 and Miner2 were found to be localized in the endoplasmic reticulum, and the mitochondria10, 

14. MitoNEET was found to be majorly localized in the outer mitochondrial membrane in cells14.  

It was later discovered that NAF-1 was a mitochondria-associated ER membrane (MAM) 

protein8.  
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CISD Protein Structure  

 Three crystal structures of mitoNEET were determined using multiwavelength 

anomalous diffraction (MAD) by one group and it was discovered that all three samples had 

nearly identical structures15-17.  The crystal structure revealed that it is a homodimeric protein17. 

Each monomer was found to bind a [2Fe-2S] cluster, in the soluble portion of the protein17.  It 

was found that the fold of the protein had no similarity to any 

other structures of proteins with a [2Fe-2S] cluster and was 

given the unique fold that was termed the “NEET fold”15.  

MitoNEET and NAF-1 (Figure 1.2) were found to have 

distinct domains, one being a beta-cap domain that contains a 

hydrophobic core, while the [2Fe-2S] binding domain is 

generally more hydrophilic and charged13.  The crystal 

structure of NAF-1 was obtained under similar conditions to 

mitoNEET, and it also showed that NAF-1 is also a 

homodimer harboring two redox-active [2Fe-2S] clusters one 

in each monomer16. Although NAF-1 has a very similar 

structure to mitoNEET (Figure 2), it was observed that NAF-1 has changes in the beta-cap 

domain that differ from mitoNEET which result in different stability properties of the clusters 

present in NAF-1 16.  NAF-1 also displays significant differences in surface charge and overall 

hydrophobicity that could play a role in possible interactions between NAF-1 and other proteins 

partners in comparison to mitoNEET13.   

 

Figure 1.2.  The structure of mitoNEET 
(tan) compared to the structure of 
NAF-1 (light blue).  The structures are 
very similar when overlapped with 
each other. PDB ID of mitoNEET is 
2QD0, and the ID of NAF-1 is 4OO7. 
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 The [2Fe-2S] cluster present in these proteins is monumental 

due to the unique ligation that has not been previously observed in other 

proteins and is presumed to play a role in the structure and function(s) 

of these proteins.  Other proteins that contain a [2Fe-2S] cluster have 

formed two different types of families, the first one is known as 

ferredoxin and ligates its cluster with four cysteine residues.  The 

Rieske family ligates its cluster with two cysteine residues and two 

histidine residues.  MitoNEET and NAF-1 contain a cluster that is 

ligated by three cysteine residues and one histidine residue giving it an 

unsymmetrical ligation of the cluster, leading to the current dogma that 

this unique ligation contributes to the cluster lability at lower pH 

(Figure 1.3)18, 19.  

 

 

 

 

 

 

 

 

 

Figure 1.3.  There are different 
ligations available for [2Fe-2S] 
clusters.  These are the 
ligations know for a [2Fe-2S] 
cluster, Ferredoxin, Rieske, and 
mitoNEET/NAF-1. 
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Function(s) of NEET Proteins  

The [2Fe-2S] cluster present in the CISD proteins are hypothesized to play a role in the 

function(s) of these proteins.  CISD proteins have been proposed to be involved in cluster 

transfer, electron transport (Figure 1.4).  Similar to Rieske proteins, CISD proteins have pH 

dependent reduction potential.  Due to the lability and asymmetrical ligation of the cluster it has 

been hypothesized that these proteins can be 

categorized as cluster donors15.  Similarly, to 

Rieske proteins, it was proposed that the 

protonation of the ligating histidine residue, 

His87 in mitoNEET and His114 in NAF-1, could 

trigger cluster release (Figure 1.5).  These 

proteins were found to experience cluster transfer 

to apo-protein under in vitro conditions, and 

when the ligating histidine residue was mutated 

to a cysteine residue the mutants did not transfer their clusters20, 21.  These CISD proteins are 

localized on the outer mitochondrial membrane and NAF-1 is also localized on the membrane of 

the endoplasmic reticulum (ER), which is thought to assist in the function of these proteins as 

cluster/iron transfer into and out of these the mitochondria, due to the fact that when these 

proteins are not present there is an accumulation of iron in the mitochondria13, 22.  The 

involvement of these proteins in cluster/iron transfer within the mitochondria indicates at the 

possible involvement of these proteins in cellular iron homeostasis although this is still a 

hypothesis13.   

Figure 1.4.  Two possible functions of CISD proteins: 
electron transport, and cluster transfer. PDB ID 2QD0. 

e- H+

e-
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 Most proteins containing iron sulfur clusters are biologically responsible for electron 

transport in cellular processes.  Clusters are often ligated by a cysteine, histidine, serine, or 

aspartate residues18.  The [2Fe-2S] clusters present in mitoNEET and NAF-1 are ligated by 

cysteine residues and a histidine residue, however, there is an aspartate and serine in close 

proximity to the cluster.  The iron atom ligated by a histidine residue is redox active in a 

biological context.  Wild type mitoNEET has a redox potential about 25 mV at pH= 5, at pH= 7 

the redox potential is approximately 0 mV, but as the pH increases the redox potential decreases 

to about 250 mV at pH= 1223.  This would indicate that mitoNEET redox potential is pH 

dependent23.  

The lability of the cluster of mitoNEET is striking considering the stability of the other 

two families of proteins containing this [2Fe-2S] cluster.  It was found that this cluster can 

become stabilized when the protein binds with pioglitazone, the drug approved to  treat Type II 

diabetes15.  When pioglitazone was present in wild type mitoNEET the redox potential decreased 

from approximately 0 mV to -200 mV when bound to pioglitazone, and the mutant His87 to 

Cys87 (H87C) had a redox potential of 

approximately -300 mV that decreased to 

-400 mV21, these decreases in reduction 

potential enforce the idea that 

pioglitazone binding stabilizes the [2Fe-

2S] cluster.  It is possible that ligand 

binding with these proteins near the 

cluster could help improve cluster and 

overall stability for the protein.  The 

 
Figure 1.5.  Different mutations of different residues can have an 
impact on the redox potential of mitoNEET.  MitoNEET without 
mutations has a redox potential has a slightly positive redox 
potential.  When the ligating histidine residue (light blue residue) 
is mutated to a cysteine residue the redox potential is greatly 
reduced.  However, when the aspartic acid residue (purple 
residue) or the lysine residue (green residue) was mutated, the 
redox potential increased. 

His87

Lys55

Asp84

[2Fe-2S]
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unsymmetrical ligation of the [2Fe-2S] cluster plays a role in the overall stability of the cluster.  

The ligating histidine residue (His87) affects the overall stability of the cluster21. When His87 

was mutated to a cysteine residue the redox potential went from approximately 25 mV to -300 

mV only the histidine residue was mutated but stayed between -300 mV and -200 mV when the 

aspartic acid or lysine residues were also modified.  The H87C mutant was found to stabilize the 

cluster, thus inhibiting cluster transfer21.  The redox potential for NAF-1 was found to be 24 mV 

for the wild type, but he H114C mutant decreased it to -275 mV24.  The redox potential varied 

greatly across the different mutants of mitoNEET (Figure 5).  When the aspartic acid residue 

(D84) was mutated to serine (D84S) or asparagine (D84N) the redox potential increased to 

approximately 50 mV and 100 mV respectively, but when it mutated to glycine (D84G) the 

redox potential jumped up to 300 mV.  When the lysine residue (K55) was mutated to glutamic 

acid (K55E) or glutamine (K55Q) the redox potential increased to approximately 200 mV.  The 

redox potential of the H87C mutation is very low indicating the species will be reduced, making 

it harder to perform cluster transfer.  The redox potential of D84G mutation was very positive 

indicating the mutant will be oxidized while the Asp84 mutation to Gly84 (D84G) was very 

positive indicating the species was likely to be reduced21.   

MitoNEET and NAF-1 have had elevated expression in different types of cancer cells 25.  

In breast cancer cells mitoNEET and NAF-1 was found to have significant increases in 

expression26.  NAF-1 was found to have a significant increase in all three cancerous cell lines, 

MCF-7 (estrogen-receptor and/or progesterone-receptor positive), MDA-MB-468 (epidermal 

growth factor receptor positive) and HCC-70 (triple negative)26.  MitoNEET had a significant 

increase in two of the cancerous cell lines26.  This evidence supported the hypothesis that CISD 

proteins encourage the transformation and prevent autophagy in the mitochondria27.  The 
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overexpression of mitoNEET in rodent models of breast cancer increased the tumor sizes that 

developed from these cells27.  When mitoNEET and NAF-1 expression was knocked down the 

tumor development was diminished, as was the cell proliferation in these cancer cells26.   

NAF-1 Specific Function(s)   

NAF-1 has been found to be a MAM protein due to its involvement with the junction of 

the outer mitochondrial membrane mitochondria and the membrane of the endoplasmic 

reticulum (ER)8.  NAF-1 is also able to bind with a complex known as Bcl-2 also found in the 

membrane of the ER.  Bcl-2 is used to anchor Beclin-1 complex, a complex that controls 

autophagy in a cell, which is a survival mechanism if the cell is in a lethal environment instead 

of going through apoptosis or programmed cell death 9.  However, it was found that NAF-1 binds 

with Bcl-2 to form a foundation for this anchoring allowing Beclin-1 complex to bind and 

autophagosomes to be formed28.   

The NAF-1 protein is coded by the CISD2 gene which has been identified to be a 

causative gene linked to Wolfram Syndrome-2, which is an autosomal recessive 

neurodegenerative disorder10.  The CISD2 gene is also located in the region of chromosome 4q in 

humans, where the longevity component was thought to be in humans.  The role(s) NAF-1 plays 

in longevity was studied using knockout mice.  It was found that in naturally aging mice CISD2 

expression decreases as the mice get older 10.  The knockout models showed signs of aging at 

just 8 weeks old along with loss of femur density at 8 weeks, as well as muscle degeneration at 3 

weeks10.  Along with these signs of aging it was also found that these knockout mice had 

degeneration of their mitochondria10.  The degradation of the mitochondria induces autophagy, 

but not mitophagy, to eliminate the dysfunctional organelles from the cell11. 
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MitoNEET Function(s)  

 MitoNEET has been found to be involved in ATP production at the inner mitochondrial 

membrane despite its location on the outer mitochondrial membrane14.  However, the role of 

mitoNEET in the regulation of cellular energy generation is tissue dependent.  In adipose tissue, 

the overexpression of mitoNEET significantly alters complex I function.  The feeding of male 

mice a high fat diet increased mitoNEET expression in both adipose and liver tissue.  When 

female rodents in a type II diabetes model (ob/ob) were fed a high fat diet simultaneous with the 

selective overexpression of mitoNEET in adipose tissue, an egregious weight gain occurred.  

Interestingly, the rodent retained insulin sensitivity despite the weight gain and absence of leptin.  

The presence of mitoNEET induces massive adipose tissue expansion by causing an upregulation 

of adiponectin production and release of the adipocytes through selective modulation of electron 

transport activity that takes place in the mitochondria22.  The study determined that the MitoN-

Tg mice gained an excess amount of weight, but preserved euglymicemic blood glucose levels, 

while the other mice displayed diabetic hyperglycemic levels22.  It was indicated that mitoNEET 

induces expansion of adipose tissue, however the mechanisms remain poorly defined.    

MitoNEET is also able to be a cluster transfer protein, giving up its [2Fe-2S] cluster 15.  

The overall importance of this cluster transfer remains unknown; however, they may be 

important for mitochondrial iron metabolism22.  Therefore, when mitoNEET is overexpressed at 

the mitochondrial level it makes the iron metabolism out of balance in the mitochondria due to 

the link between iron metabolism and iron-sulfur cluster metabolism 22.  The MitoN-Tg mice 

have a lower iron levels in the mitochondria, indicating that mitoNEET is involved in iron 

homeostasis, and could be procuring iron for use in the electron transport chain (ETC)22.  The 
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lower iron levels would be the limiting component of the ETC; therefore, the overexpression 

would lower overall iron levels lowering the activity of the ETC.  

The [2Fe-2S] cluster is also redox active and is able to be partially reduced by monothiols 

(e.g. glutathione, L-cysteine7) or fully reduced by dithiothreitol7.  However, the cluster is also 

able to be reversibly oxidized indicating that is may be an oxidative signal sensor that help 

regulate mitochondrial functions7.  Cysteine ligations were found to play a role in redox 

regulations of proteins through exchange, electron, atom, and radical transfer29.  This would 

indicate that mitoNEET could be a redox signaling protein due to the ligating cysteine residues 

that ligate the [2Fe-2S] cluster.   

Pyridoxal Phosphate Dependent Enzymes   

 Enzymes are fundamental for chemical reactions to be efficient as possible within cells 30.  

Enzymes are necessary in essential biological processes such as respiration, food digestion, and 

muscle and nerve function to name a few31.  Enzymes are macromolecules, mostly proteins, that 

can catalyze specific chemical reactions to allow biological processes to take place at an efficient 

rate30.  In order to accomplish this, a substrate must bind at an active site and convert it to a 

specific product before it is released and the enzyme again binds a new substrate to continue the 

cycle31.  The defining characteristics of an enzyme are that it; 1) must have an active site 2) 

complete a reaction 3) be a catalyst for that reaction.   
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PLP is a non-specific lysine modifier (through the presence of an aldehyde functional 

group) that forms a covalent complex on the protein termed the internal aldimine (Scheme 1).  

However, PLP also serves as an enzyme cofactor when it specifically modifies activated lysine 

residues to form an enzymatic active site of PLP-dependent enzymes (PLPDE).  There are 

approximately 30 known PLPDE that are known to be present in humans32.  Once the coenzyme 

is bound, PLPDEs nearly exclusively react with amino acid substrates forming an external 

aldimine (Scheme 1.1), 33.  The amino acid substrates can then undergo a host of reactions 

catalyzed by PLPDE; transamination, decarboxylation, racemization, carbon-carbon bond 

cleavage and formation34.  PLP is known as an electron sink cofactor which is able to stabilize 

intermediate(s) formed in chemical reactions, lowering the activation barrier during catalysis for 

that reaction35.  The properties possessed by PLPDE make these enzymes very efficient and they 

have been found to be present in different catalysis chains in the human body34.  The information 

presented in this thesis will indicate that a human protein (mitoNEET) was found to react with 

PLP and may be a PLPDE.   

 

 

 

 

Scheme 1.1. The reaction scheme portrays that PLP binds with a lysine residue to form the internal aldimine, and addition 
of amino acid or other biological molecule (i.e. cysteine) to form the external aldimine.   
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Materials and Methods  

All materials were ordered from Sigma Aldrich or Fisher unless otherwise stated.   

Transformation Protocol 

LB agar (100 mL) was autoclaved before adding the antibiotic (final concentrations: 

ampicillin 269 µM and kanamycin 51.6 µM) for selection and allowed to harden in plates.  The 

recovery medium from Lucigen was thawed to room temperature, and a disposable 

polypropylene culture tube was placed on ice for 30 minutes to chill.  The competent E. coli cells 

from Lucigen, were thawed on ice for approximately 10-15 minutes along with the DNA 

(mitoNEET with ampicillin resistance genes DNA courtesy of Dr. Max Funk from the University 

of Toledo, and NAF-1 with kanamycin resistance genes DNA courtesy of Dr. Patricia Jennings 

from the University of California San Diego) of the specific protein for overexpression.  DNA 

was added to the overexpressed cells and mixed by stirring with pipet tip.  The mixture was then 

transferred by pipette to pre-chilled culture tube and incubated on ice for 30 minutes.  Cells were 

heat shocked by placed the cells in a 42 ⁰C water bath for exactly 45 seconds and replaced on ice 

for an additional 2 minutes after heat shock.  Subsequently, 950 µL of recovery medium was 

added to the culture tube and, placed in an incubator at 37 ⁰C shaking at 250 revolutions per 

minute (rpm) for 1 hour.  Varying amounts of the transformant culture was placed on the 

prepared plates, with varying amounts of culture for each plate (e.g. 25 µL, 50 µL, and 100 µL).  

The plates are incubated overnight at 37 ⁰C for growth and then placed at 4 ⁰C wrapped in 

parafilm for short term storage. 
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Expression Protocol  

Two cultures each with a 5 mL volume of previously sterilized 2XYT broth with appropriate 

antibiotic added (final concentrations of antibiotic in cultures: ampicillin 269 µM and kanamycin 

103µM), were inoculated in the morning.  Inoculation consisted of using a sterile loop to pick a 

colony.  These suspension cultures were allowed to grow for a minimum of 7 hours in an 

incubator at 37 ⁰C and agitated at 250 rpm, before they were simultaneously added into a flask 

containing 250 mL of 2XYT broth, along with 250 µL of preferred antibiotic.  This culture was 

allowed to grow for approximately 12 hours also at 37 ⁰C shaking at 150 rpm.  A total of 6 L of 

2XYT Broth was made in four 1.5 L aliquots.  A 5 mL sample of autoclaved broth from one of 

the flasks was taken to use as a blank during the growth.  Each flask received 1500 µL of 

antibiotic and 50 mL of the 250 mL culture.  Each of the four flasks were placed in incubator at 

37 ⁰C, shaking at 150 rpm.  A sample from a given flasks were periodically checked for the 

absorbance at λ= 590 nm.  When the absorbance reached 0.2 AU, 1600 µL of a 1 M solution of 

ferric ammonium citrate (FAC) with a final concentration of 1 mM in each flask.   The 

absorbance was checked periodically until an absorbance at λ= 590 nm of 0.8 AU is obtained 

and 1500 µL of 1 M Isopropyl-β-D-thiogalactopyranoside (IPTG) solution with a final 

concentration of 1 mM in each flask.  After addition of FAC and IPTG the incubator is cooled to 

29 ⁰C and growth continued for 8 hours.  Once 10 hours were completed the cultures are ready 

for spin down in a centrifuge.  The centrifuge temperature was approximately 4 ⁰C and spun at 

10,000 rpm for 10 minutes.  After the first spin, a pellet was formed at the bottom; liquid was 

decanted from the top and this was done in an iterative fashion until all the cells were collected 

as pellets.  Each pellet was washed with 5 mL of 1X Phosphate Buffer Solution (PBS) at pH 7.4, 

prepared by diluting 10X PBS from Gibco, and spun one additional time at the same rate and 
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duration.  After wash the 1X PBS was discarded and 25 mL of lysis buffer; 0.05 M TRIS, 0.3 M 

NaCl, 0.01 M imidazole, 6.7 µM phenylmethanesulfonyl fluoride (PMSF), 0.5 µL of β-

mercaptoethanol (BME), and trace amounts of DNase and RNase, was added to each pellet for 

resuspension (150 mL of lysis buffer total).  Once resuspended, the solution was separated into 

25 mL conical vials and stored at -80 ⁰C as lysate.   

Lysing Protocol 

The lysate from previous expression was thawed at room temperature.  Once thawed, triton, 

and PMSF solution (concentration in ethanol), and 0.5 µL of BME, with a final concentration of 

0.5% v/v of Triton, 200 µM of PMSF, and 0.001% of BME.  After the additions the mixture was 

sonicated (using a Branson Sonifier 250 at Output Control 3) for 10 seconds with a minute break 

between each sonication, for a total of 6 times.  Once sonication was completed 8 mg/mL of 

lysozyme is added to the mixture along with trace amounts of DNAse and RNAse.  The mixture 

is then agitated for one hour at 4 ⁰C, then it was centrifuged at 20,000 rpm for 1 hour at 4 ⁰C.  

The supernatant was labeled “ready to column” and stored at -80 ⁰C.    

Purification 

Sample was taken out of -80⁰C and thawed before being placed on ice.  Buffers were 

prepared for purification process; one buffer was 0.05 M TRIS, 0.3 M NaCl, and 0.01 M 

imidazole with pH 8.5 (Buffer A).  The other buffer prepared with 0.05 M TRIS, 0.3 M NaCl, 

and 0.5 M imidazole with pH 8.5 (Buffer B).  Finally, another buffer was made from the 2 

previously made buffers, to have an imidazole concentration of 0.02 M (Buffer A2) Column used 

was a 5 mL HisTrap FF from GE Healthcare Bio-Sciences AB. A new column was prepared by 

pushing through 5 column volumes (CVs) of distilled water, followed by 5 CVs of Buffer B, and 
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finally 10 column volumes of Buffer A.  Once the column was prepared the column was 

equilibrated by 2 CVs of Buffer A and collected in beaker 1.  The sample was filtered using a 

syringe filter from Restek and loaded on the column and the flow through was collected in 

beaker 2.  Column and sample were washed with 5 CVs of buffer A and collected in beaker 3.  

Then washed with 5 CVs of Buffer A2 and collected in beaker 4.  The column was then eluted 

with Buffer B and the sample was collected in a conical vial.  The sample was placed in dialysis 

tubing and dialyzed in 500 mL of Buffer A for a half hour, then dialyzed in another 500 mL of 

Buffer A for another half hour in order to lower the amount of imidazole.  After the hour of 

dialyzing the sample is placed on the column and the protocol was repeated, and after the 2nd 

column the sample was placed in dialysis tubing again and placed in 1 L 1XPBS  at pH 7.4 for 

one hour, then dialyzed in another 1 L of 1XPBS for another hour.  After dialyzing in 1XPBS the 

sample is placed in a conical vial and stored in the -80⁰C.   

Concentration  

Concentration is used to remove excess water/buffer from the soluble protein using a Stirred 

Ultrafiltration Cell from Millipore.  The apparatus contained a Ultracel 10 kDa Ultrafiltration 

Disc and was attached to pressurized nitrogen gas.  The liquid was concentrated to half of the 

original volume before freezing sample.  The concentration was checked the next day using UV-

visible spectrometer measure absorbance at λ= 280 nm and an ɛ=8885 L/mol*cm to find the 

concentration of the sample.  The sample was concentrated until the stock solution was 

approximately 250 µM.  
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Modification of MitoNEET by PLP 

A stock solution of mitoNEET was diluted with 1xPBS to a final concentration of 30 µM.  A 

spectrum was taken of the mitoNEET against a 1xPBS blank solution on a UV-visible 

spectrometer (Agilent Cary 8454).  After an initial spectrum was taken the spectrum was 

switched to kinetics mode and set to up to follow wavelengths λ= 380 nm and λ= 435 nm to 

monitor changes.  The spectrometer was set to run for 400 seconds taking a spectrum every 5 

seconds after an addition of 1mM PLP stock solution was added to the solution with a 

concentration of 2x (70 µM) compared to the concentration of mitoNEET.  The spectra were 

graphed using Graphpad Prism software.   

Proteomics  

Samples of PLP treated mitoNEET and untreated mitoNEET, both mitoNEET samples were 

reduced with sodium borohydride, and were sent for proteomic processing at Indiana University 

School of Medicine Proteomic Core to determine the sites of PLP modification on mitoNEET.  

The samples were analyzed in a fashion similar to methods that identify protein post-

translational modification.  Both samples were digested by trypsin, the fragments were then put 

through High-Pressure Liquid Chromatography (HPLC), followed by Tandem Mass-

Spectrometry (MS/MS), and finally were deconvoluted to identify modified residues.   

PLP/ furosemide and MitoNEET 

A stock solution of mitoNEET was diluted with 1xPBS to a final concentration of 30 µM.  A 

spectrum was taken of the mitoNEET with the 1xPBS on a UV-visible spectrometer.  Then a 10 

mM furosemide stock was made using DMSO and was added to mitoNEET with a final 

concentration of 70 µM and allowed to react for 10 minutes before another spectrum was taken.   
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After the initial spectrums were taken the spectrum was switched to kinetics mode and set to up 

to follow wavelengths λ= 380 nm and λ= 435 nm to monitor changes after the addition of PLP 

solution (70 µM).  Kinetic analysis was done over 400 seconds taking a spectrum every 5 

seconds.  The spectra were graphed using GraphPad Prism software.   

MitoNEET•PLP and L-Cysteine 

A stock solution of mitoNEET diluted with 1xPBS to 30 µM and a 1 mM stock of PLP was 

made using 1xPBS.  MitoNEET (30 µM) and PLP (70 µM) from stocks were mixed an allowed 

to react for 10 minutes.  Once the formation mitoNEET•PLP was complete, an initial spectrum 

was taken on a UV-visible spectrometer.  A stock solution of 20 mM of L-cysteine in 1xPBS was 

made and added to the mitoNEET•PLP in varying final concentrations; 0.5 mM, 1 mM, 2 mM, 

2.25 mM, 2.75 mM, 3 mM, 3.25 mM, 4 mM, 6 mM, and 7 mM, with constant volume.  Kinetics 

analyses were done over 600 seconds taking a spectrum every 0.5 second, and wavelengths at λ= 

330 nm and λ= 410 nm were used to monitor the reaction(s).  Each concentration was run in 

triplicate to determine the reaction rate.  The linear rates were determined using GraphPad Prism 

and were fit with an allosteric curve and a Michaelis-Menten curve.   

MitoNEET•PLP, L-Cysteine, and α-Ketoglutarate  

 The same procedure was followed for mitoNEET•PLP with L-cysteine, along with added 

addition of α-ketoglutarate.  A stock solution of 20 mM L-cysteine in 1xPBS was made, as well 

as a stock solution of 20 mM α-ketoglutarate was made.  The target final concentration in the 

cuvette was 1 mM for both possible substrates.  Kinetics analysis on the UV-visible spectrometer 

was done over 600 seconds with a spectrum taken every 10 seconds, and the wavelengths at λ= 

330 nm and λ= 410 nm were used to monitor the reaction(s).   
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MitoNEET•PLP, L-Cysteine, and LDH 

 A 0.2 M tris(hydroxymethyl)aminomethane (TRIS) buffer was made at pH 7.3 for 

reactions to take place in.  Stock solutions of 30 µM mitoNEET diluted with 1xPBS, 1 mM stock 

solution of PLP in 1xPBS, 6.6 mM stock of NADH in TRIS, and 20 mM stock of L-cysteine in 

1xPBS were prepared.  A UV-visible spectrometer was used to test different scenarios. Five 

combinations in quintuplets were run: mitoNEET, PLP, and cysteine; PLP and cysteine; 

mitoNEET and cysteine; mitoNEET and PLP; pyruvate. Additionally, LDH was added to all 

trials. A blank was recorded on the UV-spectrometer then NADH was added. The target 

concentrations for each of these components were approximately 30 µM mitoNEET, 60 µM of 

PLP, 0.22 mM NADH, 5 mM L-cysteine, and 1 mg/mL maximum for LDH.  The parameters set 

for the kinetics were a run time of 120 seconds with a spectrum taken every second tracing the 

absorbance at 340 nm.   

HPLC Experiments  

 HPLC was performed on a Waters 2695 instrument using an Acclaim 120 C18 column 

(4.6 X 150 mm, 5 µM), with a Water 2996 Photodiode Array Detector.  Standard samples were 

made containing both PMP and/or PLP of varying concentrations including 5 µM, 15 µM, 35 

µM, 75 µM, 100 µM, and 150 µM for a standard curve, and a solution containing the same 

concentrations of PLP and PMP to determine if they could be separated and separately 

determined.  The products were separated with an isocratic elution with 2%CH3CN/0.1M 

potassium phosphate buffer at pH 7.5.   Once it was determined that could be done a sample 

containing mitoNEET•PLP with L-cysteine and a sample containing mitoNEET•PLP, L-

cysteine, and α-ketoglutarate were prepared to be analyzed on the HPLC.  The controls were a 
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sample containing mitoNEET and L-cysteine, PLP and L-cysteine, PLP, PMP, and PLP, L-

cysteine, and α-ketoglutarate.  This mixture was allowed to react for 2 hours before using a 

Millipore Amicon Ultra Centrifugal Filter, 3kDa Ultracel, 0.5 mL, to collect the products but 

remove the protein from the mixture so a sample could be analyzed.  The sample was then 

analyzed using the HPLC to determine the components of the mixture.  The target concentration 

for each component was approximately 180 µM mitoNEET, 360 µM PLP, 1 mM cysteine, and 1 

mM α-ketoglutarate for all samples and the volume was kept constant with 1XPBS.    

MitoNEET•PLP and D-Cysteine  

A stock solution of mitoNEET diluted with 1xPBS to a final concentration of 30 µM and 

a 1mM stock solution of PLP was made using 1xPBS.  MitoNEET (30 µM) and PLP (70 µM) 

from stocks were mixed and allowed to react for 10 minutes.  Once the formation 

mitoNEET•PLP was complete, an initial spectrum was taken on a UV-visible spectrometer.  A 

stock solution of 20 mM of D-cysteine in 1xPBS was made and added to the mitoNEET•PLP in 

varying concentrations; 2.25 mM, 2.75 mM, 3 mM, 3.25 mM, 4 mM, 6 mM, and 7 mM, with 

constant volume.  Kinetic analyses were done over 600 seconds taking a spectrum every 0.5 

seconds, and wavelengths at λ= 330 nm and λ= 410 nm were used to monitor the reaction(s).  

Each concentration was run in triplicate to determine the reaction rate.  The linear rates were 

determined using GraphPad Prism and were fit with an allosteric curve and a Michaelis-Menten 

curve.   

MitoNEET•PLP and Glutathione  

A stock solution of mitoNEET was diluted with 1xPBS to a final concentration of 30 µM 

and a 1mM stock solution of PLP was made using 1xPBS.  MitoNEET (30 µM) and PLP (70 
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µM) from stocks were mixed and allowed to react for 10 minutes.  Once the formation of 

mitoNEET•PLP was complete, an initial spectrum was taken on a UV-visible spectrometer.  

Stock solutions of 20 mM of glutathione reduced (GSH) and glutathione oxidized (GSSG) in 

1xPBS were made and added to the mitoNEET•PLP in varying final concentrations; 0.25 mM, 

0.5 mM, 0.75 mM, 1 mM, 2.5 mM, 3.5 mM, and 5.5 mM for GSH and GSSG, with constant 

volume.  Kinetic analyses were done over 600 seconds taking a spectrum every 0.5 seconds, and 

wavelengths at λ= 300 nm and λ= 410 nm were used to monitor the reaction(s).  Each 

concentration was run in triplicate in order to determine the reaction rate.   
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Results 

Modification of MitoNEET by Pyridoxal Phosphate 

 Pyridoxal phosphate (PLP) is a known enzymatic cofactor and has also been used to react 

with lysine residues and/or the N-termini 

(Scheme 3.1).  Chemical modification has 

been used as a tool to study key residues in 

iron-sulfur Rieske proteins, so this 

technique was extended to the CISD protein family1.  PLP 

bound to mitoNEET forms a complex that we designate as 

mitoNEET●PLP with an unknown biological function.  

MitoNEET contains 11 lysine residues in the soluble portion 

of the protein, all of which are solvent exposed (Figure 3.1).  

PLP modifies mitoNEET as determined by UV-visible 

spectroscopy (Appendix 1), indicated by the peak at λ= 380 

nm decreases due to disappearance of free PLP in solution, 

while the peak at λ= 410-435 nm 2increases indicating the 

formation of the internal aldimine, and there is a concurrent 

increase at λ= 280 nm. It is not known what chemical 

reaction is responsible for this increase.  The rate of 

decrease at λ= 380 nm was consistent with the rate of 

increase at λ= 435 nm (Appendix 1C) indicated that PLP is forming the internal aldimine with 

mitoNEET.  PLP also modified NAF-1, but it was at a faster rate than mitoNEET (Appendix 

 
Scheme 3.1. PLP is known to react with primary amines and 
modifies lysine residues found in proteins to form the internal 
aldimine.  

 

Figure 3.1.  This figure portrays the 
structure of mitoNEET a homodimeric 
protein with each monomer portrayed 
in different colors.  All the possible 
lysine residues that can undergo PLP 
modification are indicated by the green 
structures with the blue tips.   
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1D).  Proteomic analysis (IUSM Proteomics) determined that PLP modifies 6 different lysine 

residues in mitoNEET but modifies one lysine residue more frequently than others.  PLP  

 

 

 

 

 

 

 

 

 

 

Lysine 

Residue # 

Unmodified 

Lysine 

Residues 

Modified Lysine 

Residues (PLP) 

Percent of 

Modified 

Residues  

55 27 25 48.1 

68 646 53 7.6 

79 62 4 6.1 

89 78 2 2.5 

104 200 3 1.5 

105 15 2 11.8 

Table 3.1. Proteomic analysis of control and PLP-modified samples of mitoNEET. 
The total number of lysine residues at a given position are shown as either 
unmodified or modified and the percentage modified calculated. The modified 
samples were treated with NaBH4 to reduce the unstable imine to the amine. 

 

 

Figure 3.2. Lys55 is in a hydrogen-bonding network with histidine residue that 

ligates the [2Fe-2S] cluster. 

 

Lys55

His87

2.486 Å

2.801 Å
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modified Lys55 48.1% of the time (Table 3.1) and Lys55 is located near the [2Fe-2S] cluster 

(Figure 3.2).  Furosemide is a small molecule was crystallized with mitoNEET and interacts with 

Lys55 (Figure 3.3) and the addition of furosemide inhibits formation of mitoNEET●PLP.  

MitoNEET●PLP Reactions External Aldimine Formation  

The first step in all PLP-catalyzed 

reactions is the formation of the internal 

aldimine with the enzyme.  The second step is 

the binding of an amino acid substrate and 

imine transfer from the nitrogen of the active 

site lysine to the amine of the amino acid to 

form the external aldimine (Scheme 3.2).  

After the external aldimine formation, there is 

a wide variety of reactions that are catalyzed through this electron-sink coenzyme.  Therefore, it 

was hypothesized that the mitoNEET●PLP would react with specific amino acids.  The next step 

was to determine what amino acids this complex was able to react with, and it was found that 

this complex was able react with L-/D-cysteine (Appendix 2).  The reaction of mitoNEET●PLP 

with L-cysteine to produce the external aldimine was confirmed by the increase of the signal at 

λ= 330 nm and the decrease of the signal at λ= 410 nm (Appendix 2) consistent with the loss of 

the internal aldimine to form the external aldimine3 (Appendix 2, Scheme 3.2)  

Figure 3.3. Furosemide is a molecule that was also found to 

hydrogen bond to mitoNEET at Lys55 and His87.    

 

2.785 Å

2.771 Å
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Treatment of mitoNEET●PLP with other proteinaceous amino acids, such as serine, did 

induce significant spectral changes.  Previous work by the Konkle laboratory showed that the 

ligating cysteine residues of mitoNEET were capable of forming disulfide bonds.  Since the 

primary different between the cysteine and serine is a sulfur vs. oxygen atom present in the side 

chain, it was predicted that 

other sulfur containing 

molecules may react with 

this state of mitoNEET.  

Glutathione, in its oxidized (GSSG) and reduced (GSH) forms, is the primary redox controller in 

cellular biology.  It was found that mitoNEET●PLP could also found to react with sulfur 

containing small molecules oxidized glutathione (GSSG) and reduced glutathione (GSH).  It 

reacted with oxidized glutathione (GSSG) we saw an increase at λ= 300 nm and a decrease at λ= 

410 nm (Appendix 3), it seemed as if the signals were consistent as they were with cysteine, but 

when the wavelengths were traced over time they were very inconsistent.  When 

mitoNEET●PLP reacted with reduced glutathione (GSH) the signal at λ= 300 nm decreased over 

time while the signal at λ= 410 nm increased over time (Appendix 4).  We are unsure what 

chemical species these signals correspond to at this time.  

Once it was confirmed that a 

reaction was occurring the next step 

was to determine which PLP reaction 

was occurring.  In order to do this, it 

was pertinent to determine the products 

of the mitoNEET●PLP with L-

 
Scheme 3.2. When the internal aldimine reacts with a specific amino acid it can form 
the external aldimine.      

 
Scheme 3.3. MitoNEET●PLP reacts with L-cysteine to form the 

external aldimine and may undergo a transamination reaction forming 

the products 3-mercaptopyruvate and PMP 
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cysteine.  The proposed products of this reaction are 3-mercaptopyruvate and pyridoxamine-5’-

phosphate (PMP).  This would indicate that mitoNEET●PLP complex undergoes a 

transamination process when L-cysteine is involved (Scheme 3.3).   

 

Possible Products 

To determine that 3-

mercaptopyruvate was a 

product being formed we 

performed a coupled assay with 

lactate dehydrogenase (LDH), LDH is a known enzyme that produces L-lactate from pyruvate 

and transforms NADH to NAD+.  In order to confirm the production of 3-mercaptopyruvate, 

using UV-visible spectroscopy to trace the disappearance of NADH from the solution at λ = 340 

nm.  The problem with this approach was that the absorption of the product produced by 

mitoNEET●PLP with L-cysteine absorbs at λ = 330 nm which could influence the absorbance at 

λ = 340 nm.   

Another method was to determine the production of pyridoxamine phosphate (PMP) 

using high pressure liquid chromatography (HPLC).  When standards of PMP and PLP were 

mixed with multiple 

concentrations it could still be 

determined by elution time and 

the wavelength of absorbance.  

However, in order to test the 

Figure 3.4. (A)The chromatogram shown is from the sample containing 
PLP●mitoNEET with L-cysteine, we saw different peaks at λ = 410 nm. (B) The 
peak at 3.5 minutes had an absorbance near what would be expected for the 
internal aldimine. 

 

 

 

 

 

 

Figure 3.5. (A) The chromatogram shown is from the sample containing 
PLP●mitoNEET, L-cysteine, and α-ketoglutarate, and there were peaks present 
at λ = 410 nm.  (B) The peak at 3.5 minutes showed a disappearance of the 
signal that would indicate the presence of the internal aldimine.   
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products of the mitoNEET●PLP and L-cysteine reaction the solution needed to be placed 

through a filter to remove the 

protein complex because it was 

unable to go through the 

HPLC.  After filtration, percent 

recovery of PLP was about 

50%.  In order to overcome this obstacle, the concentrations of the mitoNEET and PLP reactants 

were increased by a factor of 6.  The samples were run through HPLC to determine if PMP was 

present.  However, it was determined that the internal aldimine was present in the solution was 

detected at λ = 410 nm (Figure 3.4) in the sample containing mitoNEET●PLP and L-cysteine, 

therefore there was a sample prepared that 

contained mitoNEET●PLP, L-cysteine, and 

α-ketoglutarate to push the reaction forward 

and we saw the internal aldimine signal 

disappear (Figures 3.5).  Multiple controls 

were tested, but PLP with L-cysteine 

showed a peak in the chromatogram that 

was consistent with the other 

chromatograms, but the absorbance at 3.5 

didn’t indicate the internal aldimine being 

present (Figure 3.6). 

 

 

Figure 3.6. The sample tested using HPLC was PLP with L-cysteine (A) The 
chromatogram shows one peak at λ = 410 nm. (B) The peak at 3.5 minutes does 
not show the internal aldimine as present.   

 

 

 

 

 

 

Figure 3.7. Velocities of PLP●MitoNEET reactivity with L-

cysteine (A and B) and D-cysteine (C and D). Each rate 

represents mean with S.E.M n = 3. All curves have been fit 

with allosteric sigmoidal (red) and Michaelis-Menten 

(black) curves. Rates indicate an increase at λ = 330 nm 

following formation of the external aldimine product (A 

and C). Rates indicate a decrease at λ = 410 nm tracking 

the disappearance of PLP●mitoNEET internal aldimine 

reactant (B and D). 
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Formation of the External Aldimine from the Internal Aldimine  

It was proposed that cysteine is the intended amino acid substrate for the 

mitoNEET●PLP complex and different concentrations were used to construct a Michaelis-

Menten graph.  The Michaelis-Menten graph was made using a UV-visible spectrometer to 

determine the rate of the appearance of the product at 330 nm, for L-cysteine the KM= 4.0 ± 0.8 

mM, and a vmax= 3.0±0.7 E-4 Abs/sec, while for D-cysteine the KM= 4.8 ± 1.3 mM, and a  vmax= 

4.3 ± 0.7 E-4 Abs/sec and the disappearance of the mitoNEET●PLP complex at λ= 410 nm, for 

L-cysteine the KM= 2.8 ± 0.8 mM and a vmax= 4.3 ± 0.3 E-4 Abs/sec, while for D-cysteine the 

KM= 2.9 ± 1.4 mM, and a vmax= 5.3 ± 0.9 E-4 Abs/sec (Figure 3.7).   

The 2nd Partner in the Reaction  

Once it was confirmed that mitoNEET●PLP and L-cysteine was undergoing a reaction, it 

was important to find the 2nd partner in the reaction scheme (Scheme 3.5).  If PLP•mitoNEET 

and L-cysteine were undergoing a 

transamination reaction the products 

would be an α-keto acid with PMP.  The 

2nd partner would transform the PMP 

product into a Schiff base and also 

producing a different amino acid 

product.  It has been thought that α-

ketoglutarate is the 2nd partner of this 

reaction due to when it is added to the 

solution the internal aldimine formation 

Scheme 3.5.  In the 2nd partner in this reaction scheme is α-
ketoglutarate it will push PMP to become a Schiff base and 
form the internal aldimine again giving off an amino acid.   
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increases while the product formed at λ = 330 nm decreases, and therefore has the opposite trend 

of when just L-cysteine is added (Appendix 5).  
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Discussion 

MitoNEET is a PLP Dependent Enzyme  

 MitoNEET is an electron transport protein through a redox-active iron atom ligated by a 

histidine residue in the [2Fe-2S] cluster.  MitoNEET will also transfer a [2Fe-2S] cluster to an 

apo-protein -in vitro.   However, the work described in this thesis supports that mitoNEET 

selectively binds PLP at Lys55 and may be a PLP-dependent enzyme (PLPDE).  The defining 

characteristics of an enzyme are that it; 1) must have an active site 2) complete a reaction 3) be a 

catalyst for that reaction.   

An active site is a three-dimensional space of an enzyme where a substrate binds and is 

then converted to the product(s).  PLP selectively modifies Lys55, a residue that is in close 

proximity to both reactive amino acids (cysteine, histidine, and aspartate) and the metal cluster 

(Figure 4.1).  The combination of reactive amino acids in close proximity to the [2Fe-2S] cluster 

and the preferential binding of the enzyme cofactor PLP in 

the same space indicates that an active site is present in 

mitoNEET.   

MitoNEET●PLP catalyzes a reaction to form the 

external aldimine, the first step in a PLPDE catalyzed 

reaction, with amino acids with selectivity.  

MitoNEET●PLP reacts with L-/D-cysteine as confirmed by 

spectroscopic signals (see Appendix 1).  The decrease of 

the signal at λ= 410 nm is consistent with the loss of the internal aldimine, and the increase at λ= 

Figure 4.1. The [2Fe-2S] cluster is close 

to 3 reactive amino acids, cysteine, 

histidine, and lysine.  The cluster is 

ligated by the cysteine and histidine 

residues, and the histidine residue is in a 

hydrogen bonding network with a lysine 

residue. 

Lys55

His87
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330 nm confirmed the formation of the external aldimine.  This discovery confirmed that 

mitoNEET●PLP was able to perform a reaction.   

In order to determine the 

physiological relevance of 

mitoNEET●PLP it was crucial to 

determine the product(s) that 

formed from the mitoNEET●PLP reaction with L-cysteine.  It was hypothesized that 

mitoNEET●PLP would undergo a transamination reaction to produce 3-mercaptopyruvate and 

pyridoxamine phosphate (PMP) (Scheme 4.1).  The only other known enzyme to produce 3-

mercaptopyruvate is aspartate aminotransferase, and the KM value for mitoNEET●PLP with L-

cysteine of 2.8 ± 0.4 mM is 10-fold lower than aspartate amino transferase.  If mitoNEET is, in 

fact, producing 3-mercaptopyruvate it would be biologically significant because it would present 

a novel metabolic pathway for H2S gas, the most recently identified gasotransmitter. 

We have confirmed that mitoNEET and PLP react to form the internal aldimine, 

mitoNEET●PLP.  The hypothesis is that mitoNEET●PLP is reacting with L-cysteine, to form 

the external aldimine, and undergoing a transamination or further reaction.  The enzymatic 

cofactor PLP has many different reactions it can undergo (Scheme 4.2).  There are PLPDEs 

known to catalyze the release of H2S gas directly from cysteine, but that possibility has been 

excluded for mitoNEET (R. Mena, T. Blake, unpublished, Konkle laboratory).   

 

 

 

 

Scheme 4.1. The reaction scheme if a transamination reaction was to 
occur would produce pyridoxamine phosphate (PMP) and 3-
mercaptopyruvate. 

+

Transamination 
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MitoNEET is not a PLP Dependent Enzyme  

 It is also possible that mitoNEET is not a PLP dependent enzyme, however it may 

be a model of post-translational modification.  Post-translational modification (PTM) is any 

change to the protein after assembly most commonly through enzymatic modification, and this is 

used to produce complete protein products1.  In the reaction with PLP, mitoNEET is undergoing 

a PTM when PLP modifies Lys55.  In most cases (e.g. phosphorylation/dephosphorylation) an 

enzyme is needed to implement the modification, but no enzyme is needed for the formation of 

mitoNEET●PLP.  MitoNEET●PLP reacts with cysteine which has an unusually high free 

concentration in the cell (5-10 mM) due to the role of cysteine in the formation of glutathione 

 

Scheme 4.2. This figure portrays the overall reaction scheme that we hypothesize is 

happening with mitoNEET, PLP, and L-cysteine.  After the formation of the external 

aldimine there are many different reactions that could take place producing different 

products.   
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and cellular redox homeostasis2.  The model is that increased amounts of free cysteine would 

cause PLP to detach from the protein non-enzymatically discontinuing the modification of the 

protein, (Scheme 4.3). 

There have already been several states of mitoNEET identified in the cell.  MitoNEET 

can be present in oxidized and reduced states with the [2Fe-2S] cluster present (Scheme 4.3).  

Since mitoNEET can be a cluster transfer protein under oxidized conditions, a certain percentage 

of mitoNEET would be in the apo form at any given time.   
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Scheme 4.3. The scheme describes the different forms of mitoNEET that can exist.  We have 

oxidized and reduced Holo-mitoNEET indicating the cluster is present and one of the iron molecules 

will have 3+ charge or a 2+ charge.  MitoNEET is also able to lose its [2Fe-2S] cluster resulting in 

Apo-mitoNEET.  Oxidized mitoNEET reacts with PLP to form mitoNEET●PLP and it is 

hypothesized that when cysteine reaches a certain concentration in the cell the PLP will disconnect 

from the protein returning it to its oxidized Holo-mitoNEET form.  
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Conclusions 

 MitoNEET and NAF-1 were both found to react with PLP to form the internal aldimine 

complex, and they were both modified at Lys55.  PLP is known to be an enzymatic cofactor in 

many different reactions and there are many PLP-dependent enzymes (PLPDE).  There are three 

characteristics that confirm an enzyme; 1) presence of an active site 2) perform a reaction 3) be a 

catalyst for the reaction.  MitoNEET has been confirmed through multiple tests to have an active 

site, it has been found to undergo a reaction with specific amino acids and select other molecules 

but has not confirmed to be a catalyst of a reaction.   

 It was also concluded that mitoNEET●PLP reacted with L-cysteine to form an 

undetermined product.  Therefore, it cannot be concluded which reaction pathway is taking place 

due to the diverse reaction type catalyzed by this electron-sink cofactor.  Some PLPDE that 

catalyze the release of H2S directly from cysteine, but that possibility has been excluded for 

mitoNEET (R. Mena, T. Blake, unpublished, Konkle laboratory).  There are however, PLPDE 

that produce racemases and that possibility has not been excluded for mitoNEET.  However, 

mitoNEET●PLP is hypothesized to undergo transamination reaction after conversion to the 

external aldimine.   

The future direction of this project is determination of the product(s) formed from the 

reaction between mitoNEET●PLP with L-cysteine.  Once the products of the reaction are 

confirmed it can be determined if mitoNEET is a PLPDE or if PLP binding to mitoNEET is a 

post-translation modification of mitoNEET.  Previous studies have shown that the binding of the 

ligand to the iron-sulfur cluster has significant effects on both the reduction potential as well as 
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cluster stability.  Therefore, future work will determine the impact that mitoNEET●PLP has on 

these basic biochemical properties.  The well-founded hope is that the results of basic science 

studies like these can be applied to future efforts in drug development with CISD targets as their 

aim.  

Appendices 

1)  

 

 

 

 

 

 

Appendix 1. (A) Tracks the reaction of mitoNEET and PLP. The peak at 380 nm decreases in 

correspondence with the disappearance of free PLP. (B) Difference spectra of (A). (C) Presents the 

decrease of the λ = 380 nm signal compared the increase of the λ = 435 nm signal. (D)The table 

represents the kobs (units of second -1)of modification of mitoNEET and NAF-1 with PLP.  The 

modification of NAF-1 is modified faster than mitoNEET. 
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2)  

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 2. UV-visible kinetics of PLP●mitoNEET reacting with L-cysteine. (A) Peaks at λ = 330 nm 
indicate the increase of the product being formed while the decrease at λ = 410 nm indicate the loss of 
PLP●mitoNEET product. (B) Difference spectra of (A). (C) The change at λ = 330 nm and λ = 410 nm over 
time.   
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3)  

 

 

 

 

 

 

 

Appendix 3. UV-visible kinetics of PLP●mitoNEET reacting with GSSG. (A) Peaks at λ = 300 nm indicate 

the formation of the products and the decrease at λ =410 nm indicates the loss of the PLP●mitoNEET 

product. (B) Difference spectra of (A).  (C) is the change in λ = 300 nm and λ = 410 nm over time. (D) 

portrays the structure of GSSG. 
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4)  

 

 

 

 

 

 

 

 

 

 

 

 
Appendix 4. UV-visible kinetics of PLP●mitoNEET reacting with GSSG. (A) Peaks at λ = 300 nm indicate 
the formation of the products and the decrease at λ =410 nm indicates the loss of the PLP●mitoNEET 
product. (B) Difference spectra of (A).  (C) is the change in λ = 300 nm and λ = 410 nm over time.  (D) 
portrays the structure of GSH. 
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5)  

 

 
Appendix 5. UV-Visible kinetics with PLP•mitoNEET with L-cysteine and α-ketoglutarate.  (A) Peaks at λ = 

410 nm indicate the formation of the internal aldimine also known as PLP•mitoNEET and the decrease at 

λ = 330 nm indicates the loss of the product formed.  (B) Difference spectra of (A).  (C) is the change in λ 

= 330 nm and λ = 410 nm over time.  
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