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ABSTRACT OF THE THESIS

The NEET Proteins and Their Potential Binding Partners: Diabetes, Life, and Death

by

Danny Halim

Master of Science in Chemistry

University of California, San Diego, 2012

Professor Patricia Jennings, Chair

The NEET family recently emerged as an important class of proteins that are 

involved in multiple pathologies, including mitochondrial integrity, diabetes, and aging-

related  diseases.  Although two family members,  MitoNEET and  NAF-1,  have  high 

structural  similarity,  studies  and  literature  reports  indicate  that  the  two proteins  are 

involved in different pathologies; while MitoNEET is involved in diabetes, NAF-1 is a 
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key protein in mediating both longevity and skeletal muscle disorders in mice. Both 

MitoNEET and NAF-1 are essential factors in maintaining mitochondrial integrity and 

major cellular processes, such as autophagy and oxidative capacity. 

MitoNEET and NAF-1 constitute a novel family of [2Fe-2S] cluster containing 

proteins because of their unique coordination geometry, and they are generating high 

interest due to their unexpected binding of TZD diabetes drugs in a completely distinct 

fashion from the paradigm established by the TZD/nuclear transcription factor target 

PPAR-γ  in the treatment  of Type-II  diabetes.  While  standard TZD drugs that target 

PPAR-γ  can result in a host of undesirable side effects,  MitoNEET targeting does not 

appear to suffer these limitations. 

Here, we report our success in tuning the EM of the [2Fe-2S] center of the outer 

mitochondrial  membrane protein  MitoNEET over  a  range of  700 mV,  which  is  the 

largest EM range engineered in an FeS protein and, importantly, spans the cellular redox 

range. We have also learned that NAF-1 has multiple in vivo binding partners, identified 

several potential binding partners, and shown that NAF-1 is likely highly involved in 

autophagy, apoptosis, and general cellular stability, longevity, and integrity. 

xv



Chapter One: General Overview

The NEET family recently emerged as an important class of proteins that are 

involved in multiple pathologies, including mitochondrial integrity, diabetes, and aging-

related diseases.1, 2, 3, 4 Although two family members, MitoNEET and NAF-1, have high 

structural  similarity,  studies  and  literature  reports  indicate  that  the  two proteins  are 

involved in  different  pathologies;  while  MitoNEET is  involved in  diabetes,3 NAF-1 

deficiency  causes  the  neurological  disorder  Wolfram  Syndrome  2,  which  is 

characterized  by  accelerated  aging  and  early  death  (<15  year  lifespan),  diabetes 

insipidus, diabetes mellitus, optic atrophy, and deafness.5 In addition, NAF-1 is a key 

protein in mediating both longevity and skeletal muscle disorders in mice (Figure 1A, 

Figure  1B).1,  2,  6 Both  MitoNEET  and  NAF-1  are  essential  factors  in  maintaining 

mitochondrial integrity and major cellular processes, such as autophagy and oxidative 

capacity.4, 6, 7, 8 

Figure  1A.  Picture  adapted  from  Chen,  Y.  F.;  Kao,  C.  H.;  Kirby,  R.;  Tsai,  T.F. 
Autophagy. 2009, 5, 1043-1045. NAF-1 (Cisd2) knockout mice show increased muscle 
and neuronal degeneration and premature aging as a result of mitochondrial breakdown.

1
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Figure  1B.  Picture  adapted  from  Chen,  Y.  F.;  Kao,  C.  H.;  Kirby,  R.;  Tsai,  T.F. 
Autophagy. 2009, 5, 1043-1045. NAF-1 (Cisd2) expression levels decrease with age and 
is correlated with the loss of mitochondrial integrity in mice.

MitoNEET and NAF-1 constitute a novel family of [2Fe-2S] cluster containing 

proteins because of their unique coordination geometry (Figure 2A, Figure 2B, Figure 

3),9, 10, 11d and they are generating high interest due to their unexpected binding of TZD 

diabetes drugs in a completely distinct fashion from the paradigm established by the 

TZD/nuclear transcription factor target PPAR-γ  in the treatment of Type-II diabetes.3 
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Figure 2A.  The NEET family has a unique 3Cys-1His coordination geometry among 
[2Fe-2S] proteins. It is a hybrid coordination geometry between Ferrodoxins and Rieske 
proteins and has a resulting hybrid EM of approximately 25 mV at pH 7.0.

Figure 2B.  The 3Cys-1His coordination geometry of MitoNEET with second sphere 
AAs of interest shown. Modifications of these second sphere AAs can have a significant 
effect on the redox potential due to their effect on primary sphere coordinating AAs. 
The yellow spheres  correspond with  the  sulfur,  the  orange spheres  with  iron.  Blue 
residues of the AAs correspond with nitrogen, yellow sulfur, and red oxygen. 



4

Figure 3. Picture adapted from Conlan, A. R.; Axelrod, H. L.; Cohen, A. E.; Abresch, E. 
A.; Zuris, J. A.; Yee, D.; Nechushtai, R.; Jennings, P. A.; Paddock, M. L. J. Mol. Biol.  
2009,  392,  143–153.  The  3Cys-1His  coordination  geometry  of  NAF-1  with  its  SD 
sequence shown (AAs 57-135) and color coded for the beta cap and cluster binding 
domain. NAF-1, like MitoNEET, is a homodimer.

These two NEET proteins are especially relevant in the fight against  Type-II 

diabetes,  as  current  therapeutics  are  inadequate  and  at  times  harmful  to  a  person’s 

cardiac health. MitoNEET targeting, on the other hand, does not appear to suffer these  

limitations.7 NAF-1 was recently identified as a regulator of apoptosis/autophagy via 

stabilization  of  the  Beclin1/Bcl-2  interaction  by  binding  to  Bcl-2  outside  of  the 

canonical  BH3 binding site,  inhibiting the Beclin-1 mediated autophagic response;12 

NAF-1's significance is underscored by its link as a redox sensor to cellular life and 
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death decisions.   

Despite  the  importance  of  the  NEET  family  in  the  possible  treatment  of 

metabolic diseases, including Type-II diabetes, little is known about its in vivo binding 

partners  or  its  precise  mechanisms  of  action.  The  specific  pathways  by  which  it 

functions are unknown despite some knowledge about its localization.9, 13  We sought to 

understand how the  unique  coordination  geometry of  the  NEET family affected  its 

redox potentials, consequent binding affinity to its in vivo partners, the identity of those 

partners, and ultimately, the gross cellular effects of the proteins as a function of their 

amenable redox potentials. 



Chapter Two: MitoNEET Has A Rare Coordination Geometry and is Redox 

Tunable Over a Physiological Range

Iron  sulfur  (FeS)  proteins  are  integral  players  in  a  vast  array  of  biological 

activities from redox chemistry in respiration and photosynthesis to the regulation of 

transcription and gene expression.11 They perform these many diverse functions using 

only a small set of different FeS moieties, and their functions are largely derived from 

the protein environment around the FeS center.11  MitoNEET defines a unique class of 

[2Fe-2S] proteins and is a newly discovered mitochondrial target of the TZD class of 

antidiabetes  drugs,  such  as  pioglitazone  (Actos)  and  rosiglitazone  (Avandia).3 The 

crystal structure shows that MitoNEET is a homodimer, with each protomer binding a 

[2Fe-2S] center through a rare  3Cys-1His coordination geometry (Figure 4A, Figure 

4B).10 

Figure  4A. Protein  backbone  of  the  cytoplasmic  exposed  domain  of  the  outer-
mitochondrial  membrane  protein  MitoNEET (PDB code  2QH7)  showing  the  redox 
active [2Fe-2S] centers.10a MitoNEET is a homodimer,  with one protomer shown in 
magenta and the other in green. Each protomer contains a [2Fe-2S] center (shown as 
spheres)  coordinated  by  3Cys-1His,  with  the  hallmark  single-coordinating  His87 
indicated. The distance between the [2Fe-2S] centers is ~  16 Å from center-to-center. 
His87 coordinates to the outer, more solvent exposed, Fe of the [2Fe-2S] center, where 
the electron is predominantly localized upon reduction. 

6
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Figure  4B. Structure  near  the  [2Fe-2S]  center  (Fe  atoms  as  red  spheres,  sulfur  as 
yellow) of MitoNEET showing both the ligating and nearby (<5 Å) titratable residues.

Both  the  fold  and  the  coordination  of  the  [2Fe-2S]  centers  suggest  that 

MitoNEET could have novel properties compared to other known [2Fe-2S] proteins. 

For example, the unusual coordination of the [2Fe-2S] center contributes to the atypical 

proton-coupled EM,7  of +25 mV at pH 7.0.14 Tuning the redox potential (EM) of the FeS 

center is critical for controlling the conditions under which the protein responds to its 

environment and its interacting partners. As a class, FeS proteins span a wide redox 

range under normal cellular conditions,11 indicating that FeS centers are fundamentally 

tunable. This broad redox range is achieved using several different protein scaffolds. 

Progress has recently been made in tuning the EM over a large range within the 

same  protein  scaffold  of  two  non-FeS proteins,  a  cupredoxin  and  a  superoxide 



8

dismutase.15,  16 The upper  EM limit of both of these systems is close to +1 V, which 

indicates that these proteins could be useful catalysts in key chemical redox processes 

such as water oxidation.11, 15 However, neither the cupredoxin or superoxide dismutase 

could access the solution potentials in cellular environments (−300 mV to +200 mV).17 

Because different FeS proteins naturally span this range,11 we rationalized that the EM of 

a single FeS protein could be engineered to span both above and below the cellular 

solution range. Such a class of proteins could serve as reporters of cellular redox or be 

used to perturb the normal redox potential  of the cellular  solution for physiological 

studies. 

We used potentiometric redox titrations and protein-film voltammetry to assess 

changes in the  EM,7 resulting from mutagenesis of first and second shell residues near 

the [2Fe-2S] center.18,  19 Single and double mutations were designed to test  both the 

robustness of the [2Fe-2S] center and the EM range that could be achieved. 

 Before we characterized the mutants, we first improved our characterization of 

the WT. We had previously shown that the EM of WT MitoNEET is pH-dependent above 

neutral  pH, indicating that reduction is coupled to proton uptake.14,  20 Potentiometric 

redox  titrations  indicated  that  the  [2Fe-2S]  cluster  of  MitoNEET undergoes  a  one-

electron reduction step: [2Fe-2S]2+/[2Fe-2S]+:H (Figure 5). 
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Figure 5.  Measurements and fit of optical titration data of WT MitoNEET and several 
mutants at pH 7.0. All samples were measured in 100 mM Bis-Tris pH 7.0. Data were 
fit to a Nernstian curve (Equation 4).  EM,7 values of each MitoNEET mutant, in order 
from  left  to  right,  are  as  follows:  H87C  (-290  mV),  K55M/H87C  (-270  mV), 
D84S/H87C (-210 mV), S77A (-2 mV), WT (+25 mV), D84N (+48 mV), D84E (+66 
mV), D84S (+90 mV), K55E (+185 mV), K55Q (+200 mV), D84G (+270 mV).

At a pH just above its pKa in the oxidized state (pKox), uptake of a proton occurs 

upon reduction, resulting in a pH-dependence for the EM.21 This occurs up to the point 

where the pH matches the pKa of the proton in the reduced state (pKred). The most likely 

candidate for a site of protonation in the WT MitoNEET is His87 (Figure 4B), which 

shows pH-dependent vibrational interactions with the [2Fe-2S] center.22 His87 is ligated 

to  the  outermost  Fe  of  the  [2Fe-2S]  center,  where,  upon  reduction,  the  additional 

electron is  predominantly localized based on previous  EPR studies.23,  24 In  addition, 

pulsed EPR studies indicated that His87 is  protonated in the reduced state.23 At the 
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appropriate  pH,  protonation  of  His  upon reduction  is  observed in  redox  studies  on 

Rieske type [2Fe-2S] centers that involve His coordination.25, 26

His87 will contribute to the observed proton-coupled reduction in the pH range 

above its pKox and below its pKred. In a previous study, detailed PFV data were fit to two 

models.20 Both  models  included  His87  as  an  integral  player  in  proton  coupling  to 

electron  reduction  but  differed  in  the  pH  range  over  which  protonation  of  His87 

contributed  to  the  pH  dependence.  Here,  we  use  direct  UV−vis  titration  as  an 

independent method to determine the pH range over which His87 contributes to the 

proton coupling.27 This allows us to distinguish between the two models, as differences 

in the absorption peaks are expected to reflect the state of protonation of the titrating 

ligand.27 Indeed,  changes  in  the absorbance  peak position  of  the  WT protein  in  the 

oxidized state were sensitive to pH and indicated a titration with an apparent pKa = 6.8 

± 0.2 (Figure 6A). In addition, peak changes in the reduced state indicated that the pKred 

was 12.4 ± 0.2 (Figure 6B).
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Figure 6. A) Optical  pH titration shifts  for WT MitoNEET (black squares) and the 
K55E mutant (orange squares) in the oxidized state. Data were fitted to a pH titration 
equation (Equation 1) and showed a single titration from pH 5 to 14. Spectra indicate 
that the pKox of Nε on His87 shifts from 6.8 ± 0.2 in the WT to 9.6 ± 0.2 in the K55E 
mutant. Peak wavelength values at 463 nm correspond to protonated His87, whereas 
those at 457 nm correspond to deprotonated His87. B) Optical pH titration shifts for WT 
and the K55E mutant in the reduced state fit with Eq. 2. The pKred for His87 in the WT 
was determined to be 12.4  ± 0.2. The H87C mutant showed no shifts in either state, 
confirming the assignment of the single titrating group to His87.

This  value is  consistent  with values  for  pKred of  ~ 12.5 reported for  the His 

ligands in Rieske centers.26 The lack of spectral changes in the H87C mutant confirms 

the assignment of these changes to the protonation of His87. Thus, protonation of His87 

is predominantly responsible for the pH-dependence of the EM over the entire range of 
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pH measured in this study. These new data required a refinement of the previous model 

used to describe the pH-dependence data.20

In the refined model, we explicitly include His87 as a major contributor to the 

observed titration across the entire measured range and implicitly include other groups 

and pH-dependent effects in a factor α (Eq. 5). Fitting of the data to the model (Figure 

7) yields values of pKox = 6.7 ± 0.2 and pKred > 11.5 for His87, which is in agreement 

with the values determined from UV−vis pH titration,  giving us confidence that the 

refined model provides an adequate explanation of the measured data. 

Figure 7. Representative pH dependency of the EM for select mutants. WT, D84G, and 
D84N exhibit similar dependency (−51 mV/pH) at pH ≥ 7, implying that in these cases, 
reduction remains proton-coupled. H87C shows a more shallow slope (−15 mV/pH) for 
the pH-dependence,20 indicating that His87 is principally responsible for the observed 
proton coupling in WT. Replacement of Lys55 with Glu (K55E) shifts the pKox of His87 
from 6.7 ± 0.2 to 9.2 ± 0.2. 
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We continued our mutant survey by replacing the single coordinating His ligand 

(His87) with Cys (Figure 4B). Initial studies showed that replacement of His87 with 

Cys (H87C) results in a significantly more stable protein with an EM,7 shifted from +25 

mV to −290 mV, decreasing to −360 mV at pH 11.0 (Figure 7). The recently determined 

crystal structure (PDB ID code 3LPQ) showed that the Sγ of Cys87 in the H87C mutant 

replaced the Nδ of His87 in the WT as a ligand of the outer Fe of the[2Fe-2S] center, 

with no observed long-range structural changes. The shift  to a more negative EM,7 can 

thus be attributed to the substitution of the neutral His with an anionic Cys ligand at the 

87 site.28 This finding was consistent with previous reports and demonstrates that His87 

is a critical ligand in tuning the EM.20 

Having established that  His87 is  a  critical  ligand in  tuning the  EM,  we next 

targeted Lys55, which is located ~ 4 Å from His87 (Figure 4B). Based on its  close 

proximity to His87, along with the observed changes in the side chain conformation of 

Lys55 in  the  H87C mutant,28 we anticipated  that  replacing  the  cationic  Lys55 with 

neutral or negative side chains would increase the pKa of His87 and thereby the EM,7 of 

the mutant protein.29 Replacement of Lys55 with the neutral Gln (K55Q) or anionic Glu 

(K55E) both resulted in EM,7 values of ~ +200 mV (Figure 9). The similar EM,7 values for 

the K55E and K55Q mutants indicate that their predominant effect on EM,7 is caused by 

removal of the cationic Lys. A fit of the data to the model (Eq. S5) yielded a pKox of 

His87 in the K55E that was shifted by ~ 3 pKa units to 9.2 ± 0.2 (Figure 7). This was 

confirmed by optical pH titrations, which gave a value of 9.6 ± 0.2 (Figure 6). In the 

WT,  Lys55 makes  an  interprotomer  interaction  with the  hydrogen on Nε of  His87. 

Removal of this H-bond should affect the [2Fe-2S] center, with no observed long-range 
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structural  changes.  The  shift  to  a  more  interprotomer  contact,  which  would  have 

additional consequences on the stability of the reduced [2Fe-2S] centers, consistent with 

the unexpectedly higher EM observed even at lower pH (Figure 7). We have shown that 

replacement of a charged group next to a coordinating His can dramatically affect both 

the pKa of the His and the EM of the [2Fe-2S] center. In the K55M/H87C double mutant, 

the  EM,7 was −270 mV (Figure 9, Table 1), close to that of the H87C, supporting the 

notion that the predominant effect of Lys55 is through a  pKa shift of His87, which is 

absent in the double mutant. 

Another titratable side chain located near the [2Fe-2S] center is Asp84 (Figure 

4B). Asp84 is within hydrogen bonding distance to the proximal inorganic sulfur of the 

[2Fe-2S]  center,  suggesting  that  Asp84  may  be  in  the  protonated  state.  This  was 

confirmed by replacement with Asn (D84N), which resulted in EM values similar to the 

case of  the  WT over  a  pH range from 6.0 to  11.0 (Figure 7).  Similar  values  were 

obtained upon replacement with Glu (D84E) and Ser (D84S) (Figure 9, Table 1). The 

D84S/H87C double mutant showed that the effects of the two mutations on the  EM,7 

were additive (Figure 9, Table 1), which suggests that further unique EM,7 values could 

be obtained with double mutants utilizing sites 84 and 87. 

Surprisingly, replacement of Asp84 with Gly (D84G) resulted in a much more 

positive EM,7 of +270 mV (Figure 9), increasing to +305 mV at pH 6.0 (Figure 7). This 

is not a result of gross structural changes, as the optical spectrum of the D84G mutant is 

similar to that for the WT (Figure 8). However, the D84G mutation likely alters the 

solvent accessibility of the cluster, which has been shown to strongly affect EM,7 values 

in other FeS systems, such as Rieske centers.30
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Figure 8. Optical Spectra of WT MitoNEET (black) and the D84G (blue) mutant at pH 
8.0. Samples were measured in 50 mM Tris 100 mM NaCl. Optical spectra indicate 
similar coordination geometries for the WT and D84G as the signature peak at 458 nm 
appear to be similar in both species. Peaks at 334 nm and 534 nm are also very similar. 
In  contrast,  the  H87C  mutant  displays  large  changes  at  the  458  nm peak,  with  a 
significant shoulder appearing near 420 nm as previously reported.8

We have shown that MitoNEET is amenable to manipulation of residues located 

near the [2Fe-2S] centers. We were able to tune EM over a range of 700 mV (Figure 9, 

Table 1). This system’s resultant range of EM,7 values is the largest EM range engineered 

in an FeS protein and, importantly, spans the cellular redox range. Combined with pH 

modulation, the EM of the [2Fe-2S] center can be tuned to essentially any value within a 

range from −360 mV to +305 mV, making it potentially useful for both physiological 

studies and industrial applications as a stable, water-soluble, redox agent. 
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Figure 9. EM values of WT and mutant MitoNEET have been engineered over a range 
of ~ 700 mV and can be tuned to obtain nearly any value within the EM range shown. 
Measurements adjusted to SHE values, with errors (±10 mV) indicated by cross bars. 
*EM extremes (see Figure 7). The EM values of several cellular environments are shown 
on  the  left  bar.  Abbreviations:  Resp.  (Respiratory  tract  fluid,  +200  mV),  β-Cell 
(Cytoplasm  of  beta  cells,  producers  of  insulin  in  the  pancreas,  +55  mV),  Cyt 
(Cytoplasm, −205 mV), ER (Endoplasmic Reticulum, −217 mV), Mito (Mitochondria, 
−260 mV).17
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Table 1. Redox Potentials of MitoNEET and mutants. Redox measurements performed 
by  optical  titration  methods  and  spot  checked  by  PFV  with  EM,7  values  for  both 
techniques shown (Figure 11, Figure 12). WT and different mutants are shown in order 
of residue number with double mutants shown last. A systematic shift (EM

Opt – EM
PFV) of 

25 ± 4 mV was observed for the two methods. This systematic shift matches previous 
reports20 and is the same at 25˚ C and 4˚ C, and thus is not attributable to temperature 
effects. Errors for both optical and PFV measurements were estimated to be around ± 10 
mV.  aThese values agree with previously reported values.14 bThese values agree with 
previously reported values.20

MitoNEET Mutant EM,7 Opt 
(mV)

EM,7 PFV 

(mV)
WT +25a 0b

K55E +185 +166
K55Q +200 +176
S77A -2 n.a.
D84E +66 n.a.
D84G +270 +255
D84N +48 +19
D84S +90 n.a.
H87C -290b -320b

            K55M/H87C
           D84S/H87C

-270
-210

n.a.
n.a.
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Materials and Methods:

To  assess  the  potential  redox  range,  MitoNEET  was  cloned  into  bacterial 

expression vectors, mutated with standard site-directed mutagenesis protocols, purified, 

and the redox potential measured by optical spectroscopy and protein-film voltammetry. 

Protein  Expression  and  Purification:  Over-expression  and  purification  of 

MitoNEET proteins were performed as outlined.14 

Optical Spectroscopy and pH Titrations: All UV-Visible absorption spectra were 

measured from the near UV to the near IR (300 - 700 nm) on a Cary50 spectrometer 

(Varian Inc, Palo Alto CA) equipped with a temperature-controlled cell (T = 25° C) (50-

100 µM protein in 25 mM Tris-HCl, 100 mM NaCl, pH 8 buffer). The pKox of His87 

when the [2Fe-2S] centers are in the oxidized state was determined by monitoring the 

shift in the wavelength peak position as a function of pH:

          λobs = λunprot + ∆λ/ [1 + 10(pH – pK(ox))]                                       (Eq. 1)

where  λobs is the observed maximum peak value near 458 nm at a given pH for the 

species under investigation, λunprot is the wavelength peak when His87 is deprotonated, 

and ∆λ is the difference between the wavelength of the fully protonated species and the 

fully unprotonated species. The pKa (red) of His87 when the [2Fe-2S] centers are in the 

reduced state was determined similarly using the equation below:

          λobs = λunprot, red + ∆λ/ [1 + 10(pH – pK(red))]                                  (Eq. 2)

where λunprot, red is 546 nm (for WT) or 544 nm (for K55E) and represents the reduced 

peak that undergoes a shift at high pH.  As in Eq. 1, λobs , ∆λ, and pH are the observed 

wavelength, the difference in peak wavelength (546 nm vs. 553 nm) between the pH 
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extremes, and the [H+], respectively. For more information see reference 27.

Optical Redox Titrations: A detailed explanation of optical titration methods can

be found in Dutton  et al. (1978).18 The reduction state was determined by monitoring 

the absorbance at 458 nm with 100  µM MitoNEET for both WT and mutants under 

appropriate  buffer  conditions,  depending  on  pH.  The  ambient  redox  potential  was 

adjusted by adding dithionite and measured with a Ag/AgCl dual reference and working 

electrode (Microelectrodes Inc, Bedford NH), and potentials were adjusted to Standard 

Hydrogen  Electrode  (SHE)  values  for  presentation.  The  accuracy  of  the  Ag/AgCl 

electrode  was  checked  after  each  experiment  using  a  set  of  quinone/quinhydrone 

standards (Sigma-Aldrich)  as recommended by the manufacturer.  An elixir  of redox 

mediators was used to ensure equilibration and stability. All mediators were purchased 

from Sigma-Aldrich  and  were  chosen to  span the  potential  region of  both  the  WT 

protein  and the  mutants  in  this  study.  The mediators  employed and their  respective 

concentrations were: 1,4-benzoquinone (50 µM), methylene blue (25 µM), menadione 

(50  µM),  1,4-naphthoquinone  (25  µM),  anthraquinone-2-sulfonate  (25  µM), 

dithiothreitol (50 µM), and methyl viologen (2 µM). Absorbance values at 458 nm were 

converted to fraction oxidized, in which the fully oxidized 458 nm peak corresponded to 

1.0 and the fully reduced 458 nm peak corresponded to 0.0.  The equation is  given 

below:

                      Fraction Oxidized = (Aobs –Ared) / (Aox – Ared)             (Eq. 3)

where Aobs is the measured absorbance at a given potential, Ared is the absorbance of the 

fully reduced sample, and Aox is the absorbance of the fully oxidized sample. Origin 6.1 
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(OriginLab Corporation) was used to determine the midpoint/redox potential (EM) from

a fit of the fraction oxidized versus potential using the Nernst equation below:

Fraction Oxidized = 1/{1 + 10[(EM-E)*n/59.1 mV)]}                     (Eq. 4)

where EM is the redox midpoint potential of the species, E is the ambient cell potential  

corresponding  to  each  fraction  oxidized,  and  n  is  the  number  of  electrons  in  the 

chemical reaction. Optical redox titration data was fit to a pKa using the equation below:

         EM =  Eacid  + 2.303(RT/nF)*log{([H+] + Ka 
red)/([H+] + Ka 

ox)} + α(pH)       (Eq. 5)

where EM is the measured redox potential of the species under study, Eacid is the redox 

potential limit at low pH, R is the universal gas constant, T is temperature measured in 

K,  n  is  the  number  of  electrons  involved  in  the  chemical  reaction,  F is  Faraday’s 

constant, [H+] is the concentration of protons in solution, and Ka ox and Ka red are the 

proton  equilibrium  constants  for  the  oxidative  reaction  and  reductive  reaction, 

respectively. We also introduce α(pH) as a global factor to account for all pH-dependent 

changes from pH 6 to 11 other than titration of His87, which is explicitly treated. To 

first  order  we  have  treated  α(pH) as  α*pH.  It  introduces  an  overall  decrease  in 

magnitude of the slope that amounts to ~15%. For the H87C mutant, there is no His87 

titration and so the equation reduces to EM  =  Eacid + α(pH), with α accounting for the 

shallow pH dependence that is observed in Figure 7. Units for the  EM are reported in 

millivolts (mV).

Protein-film voltammetry: A detailed description of protein-film voltammetry can 

be attained from previous work.31 Protein-film voltammograms were generated using a 

CHI 730C Electrochemical  Workstation (CH Instruments  Inc.,  Austin  TX) equipped 
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with  an  in-house  glass  electrochemical  cell  supporting  a  working  electrode,  a  3  M 

Ag/AgCl  reference  electrode,  and  platinum  wire  counter  electrode.  The  working 

electrode was purchased from ALS (Tokyo, JP) and was comprised of highly oriented 

edge-plane graphite (HOPG) with a surface area of 7 mm2. Preparation of protein films 

and the choice of buffers for different pH measurements were performed as reported 

previously.20 The glass cell and the sample buffer were chilled in a water bath set to 4° 

C. Scan rates were performed at 200 mV/s as reported previously20 over a range from 

+0.5 V to -0.6 V vs. SHE. No changes in EM outside of the normal uncertainty (± 5 mV) 

in  measurements  were  observed  over  scan  rates  from  50  mV/s  to  400  mV/s.  No 

appreciable shifts (± 5 mV) in redox potential were observed in the WT by going to 

either  higher  salt  concentrations  (1  M)  or  switching  to  different  buffers.  All 

measurements were taken at 4° C to enhance the amplitude of the anodic and cathodic 

peak potentials,31 and spot checking measurements at 25°  C showed the same results 

within uncertainty (± 5 mV).20 Baseline subtraction of voltammetry data was performed 

using  the  SOAS  software  package,  courtesy  of  Christopher  Leger.32  All  data  were 

obtained  using  the  Ag/AgCl  reference  electrode  (+205  mV SHE)  and  checked  for 

accuracy  using  methylene  blue  (Sigma-Aldrich)  as  a  standard.  Measurements  were 

corrected to SHE for presentation. 

A systematic shift of -25 ± 4 mV was observed for PFV compared to the optical 

method (Figure 10). The  EM for D84G at pH 6.0 was measured using PFV and was 

shifted by + 25 mV for comparison with the optical redox titration EM values shown in 

Figure 9.
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Figure 10. Redox potentials for WT MitoNEET as a function of pH measured using 
potentiometric  titrations  (red  squares)  and  protein-film  voltammetry  (blue  squares). 
Data were fit using Eq. 5 with pKox = 6.7  ± 0.2 and pKred fixed at 12.4 based on the 
optical titration data (Figure 6B). Data show a 25 mV offset between the two techniques 
that appears to be approximately constant across the pH range.  PFV and potentiometric 
titration data agree well with previously reported data for WT MitoNEET.20
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Figure  11A. Outset)  Protein-film  voltamogram  of  WT  MitoNEET,  pH  7.0.  Inset) 
Baseline subtracted anodic and cathodic peaks (not shown to scale). 
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Figure  11B.  Outset)  Protein-film voltammogram of  H87C,  pH 7.0.  Inset)  Baseline 
subtracted anodic and cathodic peaks (not shown to scale).          
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Figure  11C. Outset)  Protein-film voltammogram of  D84N,  pH 7.0.  Inset)  Baseline 
subtracted anodic and cathodic peaks (not shown to scale).
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Figure  11D. Outset)  Protein-film voltammogram of  K55E,  pH 7.0.  Inset)  Baseline 
subtracted anodic and cathodic peaks (not shown to scale).
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Figure  11E. Outset)  Protein-film voltammogram of  D84G,  pH 7.0.  Inset)  Baseline 
subtracted anodic and cathodic peaks (not shown to scale).
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Figure  12.  Outset)  Protein-film  voltammogram  of  D84G,  pH  6.0.  Inset)  Baseline 
subtracted anodic and cathodic peaks (not shown to scale).

Chapter Two, in part, is a reprint of the material as it appears in the Journal of 
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Conlan,  Edward  C.  Abresch,  Rachel  Nechushtai,  Mark  L.  Paddock,  Patricia  A. 

Jennings. 2010. 132 (38), pp 13120-13122. 



Chapter Three: The Transfection of NAF-1 and its Potential Binding Partners 

NAF-1 (previously known as Miner 1) is located on chromosome four, a genetic 

locus associated with longevity, and knockout studies in mice confirm the importance of 

NAF-1 in  preserving mammalian mitochondrial health and prolonging lifespan.1, 2, 33 As 

described  in  Chapter  One,  deficiencies  in  NAF-1  result  in  cognitive  defects, 

mitochondrial  breakdown,  premature  aging,  and  Wolfram  Syndrome  2,  which  is 

characterized by accelerated aging and early death, diabetes insipidus, diabetes mellitus, 

optic atrophy, and deafness.5 NAF-1 also binds to Bcl-2 and stabilizes the Beclin 1/Bcl-

2  interaction  which  is  responsible  for  autophagy,  antagonizing  the  autophagic 

response;12 as a key regulator at the crossroad between autophagy and cellular survival 

and  apoptosis  and  cellular  death,  NAF-1's  cellular  role  seems  indispensable  for 

maintaining life. Yet little is known about NAF-1's other binding partners or how its 

redox potential plays a role in its in vivo function.

We sought to discover its other binding partners and the effects of mutations on 

its  in  vivo  function.  Through selective  mutations  affecting  its  [2Fe-2S]  cluster  and 

consequent  redox potential,  we sought  to  transfect  NAF-1  and  its  mutant  forms  in 

mammalian cells and assess apoptopic and autophagic responses based on a variety of 

cellular  conditions  including  oxidative  stress.  In  addition,  we  sought  to  discover 

potential new binding partners that would offer additional insight as to NAF-1's other in 

vivo functions or the mechanistic pathways by which it operates.  

NAF-1 was first cloned into appropriate vectors for mammalian transfection via 

Invitrogen's Gateway Cloning Technology. Constructs were prepared for both N and C 

terminal destination tags. After being cloned, high yield, high purity, transfection grade

26
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quantities of DNA were prepared. pEGFP-N1 constructs were available from previous 

work  in  our  lab,  but  needed  to  be  transformed  and  prepared  in  transfection  grade 

quantities. HEK-293T cells were then transfected with Fugene 6 as a preliminary test to 

determine the efficacy of the entire system, from vector expression to the detection of 

fused constructs. Fugene 6 was selected as the transfection reagent due to ease of use 

and  preliminary  effectiveness.  The  HEK-293T  line  was  chosen  for  its  ease  of 

transfection, although the line is less suitable for in vivo studies that would later be of 

interest. 

Tables 2 and 3 list the constructs that have been prepared for destination vectors 

and  destination  vectors  ready  for  transfection,  respectively.  Optimal  transfection 

conditions  with  this  system  have  been  determined  (Figure  13  –  Figure  21),  but 

difficulties remain in the detection process, as consistent and reliable detection of fused 

constructs has not yet been achieved (Figure 22 – Figure 26).    



28

Table  2.  Chart  of  prepared  entry  clones  of  both  full  length  and  soluble  domain 
MitoNEET and NAF-1, WT and mutant H87C and H114C, respectively. N-Terminal 
Ready clones have a stop codon at the end of the protein sequence, C-Terminal Ready 
clones do not have a stop codon at the end of the protein sequence. These entry clones 
can be readily transferred into Invitrogen destination vectors with a wide range of cell 
and tag types. 

Table 3.  Chart of prepared destination clones of both full length and soluble domain 
MitoNEET and NAF-1, WT and mutant H87C and H114C, respectively. Due to its size, 
GFP was attached to the C terminus of the protein, HA attached to the N terminus of the 
protein. Prepared destination clones are in transfection grade, high purity, DNA vectors 
of quantities > 200 ug.  

Entry Clones FL MitoNEET SD MitoNEET FL NAF-1 SD NAF-1

X X X X

X X

X X

X

WT N 
Terminal 
Ready
HC N 

Terminal 
Ready
WT C 

Terminal 
Ready
HC C 

Terminal 
Ready

FL MitoNEET SD MitoNEET FL NAF-1 SD NAF-1

X X X X

X X X X

X X

X X

Destination 
Vectors

WT GFP, C 
Terminal

WT HA, N 
Terminal

HC GFP, C 
Terminal

HC HA, N 
Terminal
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Figure 13. Fluorescent microscopy images of confluent 293T cells transfected with FL 
WT NAF-1 show that a 2 ug transfection of DNA (far right column) after 25 and 48 
hours  is  more  efficient  than  a  1  ug  transfection  (center  column).  Excess  Fugene  6 
(defined by a >15:1 Fugene 6 to  ug of  DNA ratio)  was used,  as  Fugene 6 is  non-
cytotoxic. 1 ug of pEGFP-N1 is used as a control (far left column). PEGFP-N1 + FL 
WT NAF-1 has a full length NAF-1 sequence inserted into the vector such that GFP is 
expressed on the C terminus of the protein. Note that fluorescence must be compared to 
background  noise,  as  pictures  were  taken  with  auto-exposure  settings  and  are  not 
normalized. Samples at 25 hours have high background as indicated by the lighter tint 
in the image. 
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Figure 14. Transfection results for FL H114C NAF-1 using 1 ug (center column) and 2 
ug (far right column) of DNA after 24 and 48 hours. 1 ug of pEGFP-N1 is used as a  
control with excess Fugene used to transfect the DNA. Expression of the mutant is 
noticeably better than that of the WT at both time points, likely because of the H114C 
mutant's higher stability and the importance of the histidine in NAF-1's function. 
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Figure 15A.  Preliminary data indicated that the HC mutant NAF-1 expressed better 
than the WT, but expression was low overall. Above are the results of using a 3:1 ratio 
of  Fugene  6  to  ug  of  DNA for  WT NAF-1  to  assess  expression  based  on  other 
conditions  specified by the manufacturer. The top center picture with 1 ug of FL WT 
NAF-1 was corrupted, but expression is much lower overall with this ratio of Fugene 6 
to DNA compared to using excess Fugene 6.  
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Figure 15B. Above are the results of using a 3:1 ratio of Fugene 6 to ug of DNA for  the 
FL mutant H114C NAF-1 (run concurrently with the FL WT NAF-1, Figure 15A). The 
bottom center picture with 1 ug of FL H114C NAF-1 was corrupted. At this level of  
transfection efficiency, the WT and HC mutant forms seem to have a similar expression 
level. 
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Figure 16. Above are the results of using excess Fugene 6 to transfect as before (Figure 
13 , Figure 14), but these HEK 293T cells were transfected immediately after passaging 
(in contrast with being confluent, as was done previously). Transfection after splitting 
cells significantly reduces efficiency and expression, and the HEK 293T do not uptake 
DNA better during their growth phase. 
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Figure 17. A summary of HEK 293T transfection results comparing the FL WT and HC 
NAF-1 with a 6:1 ratio of Fugene 6 to ug of DNA. Preliminary data suggests that a 
large quantity of DNA (2 ug in this instance) coupled with excess Fugene 6 on confluent 
HEK 293T cells results in the highest transfection efficiency. The mutant HC NAF-1 
appears to express better than the WT. 
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Transfections  with  MitoNEET  were  also  performed  concurrently  in  some 

instances. MitoNEET behaved similarly to NAF-1, with the more stable H87C mutant 

having a higher transfection efficiency than the WT.

Figure 18. Above are HEK 293T transfection results using a 3:1 ratio of Fugene 6 to ug 
of DNA for FL WT MitoNEET. This transfection was run concurrently with the NAF-1 
transfection using the same Fugene 6 to ug of DNA ratio (Figure 15A). A higher DNA 
quantity for transfection also results in higher efficiency for MitoNEET. 
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Figure 19. Above are HEK 293T transfection results using a 3:1 ratio of Fugene 6 to ug 
of DNA for FL H87C MitoNEET. This transfection was run concurrently with the NAF-
1  transfection  using  the  same  Fugene  6  to  ug  of  DNA ratio  (Figure  15B)  and 
demonstrates that the mutant HC MitoNEET has a higher transfection efficiency than 
that  of  the WT, also likely due  to  its  increased  stability and the  importance  of  the 
histidine in MitoNEET's function. 
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Figure 20. Above are the results of using excess Fugene 6 to transfect as before (Figure 
13, Figure 14), but these HEK 293T cells were transfected immediately after passaging 
(in contrast with being confluent, as was done previously). Transfection after splitting 
cells significantly reduces efficiency and expression, and the HEK 293T do not uptake 
DNA better during their growth phase. This transfection was run concurrently with the 
NAF-1 post split transfection (Figure 16). 
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Figure 21.  A summary comparison between the FL WT and H87C MitoNEET HEK 
293T transfection  results  with  a  3:1  Fugene  6  to  ug  of  DNA ratio.  With  a  lower 
transfection  efficiency,  differences  between  the  WT and  mutant  HC MitoNEET are 
reduced. 
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Fluorescence data was checked against various antibodies to confirm expression levels.

Figure 22.  Transfected HEK 293T cells  were lysed and western blotted to correlate 
fluorescence levels with protein expression levels to confirm expression. However, GFP 
was not being consistently detected at levels correlated with visual fluorescence data. 
Polyclonal  anti  NAF-1  (left  blot)  detects  controls  and  samples  positively,  but 
monoclonal anti GFP (right blot) does not detect GFP consistently or in quantities we 
would  expect.  These  results  lead  to  trials  to  optimize  transfections  with  different 
conditions.
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Figure 23. After inconsistent detection of GFP levels as a function of fluorescence, the 
GFP antibody was tested against E. Coli transformed with the pEGFP-N1 vector and 
induced via IPTG. The cells were lysed and the lysate run against the GFP antibody, but 
this did not give consistent results demonstrating GFP antibody binding. Anti GFP did 
bind  at  the  correct  location  in  the  lysate  (~27  kD,  right  blot)  and  the  pEGFP-N1 
transfection  control,  but  did  not  show  strong  binding  to  other  samples  despite 
expression via fluorescent microscopy.
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Figure 24.  An N-Terminal  HA tag vector  was transfected and used to  determine if 
expression could be accurately characterized via  western blot.  This transfection was 
done in HeLa cells. However, the monoclonal antibody still had a significant amount of 
non-specific binding and poor resolution at smaller molecular weights. Differentiating 
between  tagged  and  natively  expressed  MitoNEET  and  NAF-1  requires  higher 
sensitivity.   
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Figure 25.  In order to achieve better resolution at lower molecular weights, a 16.5% 
Tris-Tricene  gel  was  utilized  to  analyze  transfections  in  HeLa  cells.  However, 
insufficient  resolution and antibody issues  did not  result  in  sufficient  differentiation 
between natively expressed and tagged proteins.  
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Figure 26. Fresh monoclonal HA antibody was used to assess this set of transfections in 
HeLa cells,  but  performance  with  the  polyclonal  anti-NAF-1 was  noticeably better. 
However,  without  the  ability  to  accurately  and  consistently  detect  the  tags  and 
differentiate between tagged and native proteins, this approach was suspended. In order 
to monitor in vivo cellular levels, a more reliable method of detection and confirmation 
is necessary. 
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The difficulties associated with fusion construct detection despite a variety of 

approaches, however, is thankfully independent of in vivo binding partner assays. SD 

NAF-1 was purified on His60 Superflow Resin beads and incubated with HeLa lysate. 

The beads were then washed and run on a gel and either Coomassie or Ag stained. 

Coomassie and Ag stains (Figure 27, Figure 28) clearly demonstrate that SD NAF-1 has 

multiple  in  vivo  binding partners.  Furthermore,  the  SD H114C NAF-1 has  a  lower 

binding affinity  to  the  same partners  compared  to  the  WT (Figure  29B).  However, 

because of contaminants,  identifying bands via  mass  spectrometry was not  a viable 

approach. 

Two dimensional  gel  electrophoresis  was  utilized  in  order  to  better  separate 

proteins for mass spectrometry (Figure 30). Furthermore, an iron chelator, DETAPAC, 

was used in order to ensure that cluster degradation was not having unintended effects 

on in vivo protein stability (Figure 31). Differences with and without the iron chelator 

appear to be negligible (Figure 30A and 21B, Figure 31A and Figure 31B). Using 2D 

gels and mass spectrometry in conjunction (Figure 32 and Figure 33), several logical 

potential in vivo partners were preliminarily identified. 
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Figure 27. A silver stain of a pulldown with the SD WT NAF-1 incubated in HeLa 
lysate. The four sets of lanes on the left correspond with the His60 Superflow Resin 
control to rule out non-specific binding to the beads. The four sets of lanes on the right 
corresponding with the SD WT NAF-1 protein bound with the His60 Superflow Resin 
after column purification. As can be seen with the lanes on the right side, SD WT NAF-
1 binds to multiple bands not seen in the control, indicating the presence of multiple in 
vivo partners. 
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Figure  28.  Small  amounts  of  contaminants  can  make  accurately  interpreting  mass 
spectrometry data extremely difficult. Quantities of incubated lysate and protein were 
increased in order to reduce problems associated with low concentrations of real in vivo 
partners and impurities. Above is a Coomassie of the His60 Superflow Resin control on 
the left side and the SD WT NAF-1 on the right side after incubation with HeLa lysate 
(as per Figure 27). These bands were cut out and assayed via mass spectrometry.
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Figure 29A. Above is a Coomassie stain, with the His60 Superflow Resin control on 
the left and SD WT NAF-1 on the right. There are still clear differences between the 
control and the sample, indicating the presence of multiple binding partners.

Figure 29B. Above is a pulldown result with the SD H114C NAF-1. Binding affinity is 
noticeably lower than that of the WT NAF-1 despite the higher stability of the mutant.  
This is to be expected given the importance of the histidine in the structure of the native 
protein, although it does not appear to bind to different targets than the WT based on 
this gel.    
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Figure 30A.  A 2D gel  was  also performed in  order  to  better  discriminate  between 
contaminants  and  in  vivo  binding  partners  as  it  offered  better  and  more  discrete 
separation.  Above  is  a  control  gel  of  His60 Superflow Resin  incubated  with  HeLa 
lysate.

Figure 30B. SD WT NAF-1 protein was incubated with HeLa lysate and run on a 2D 
gel. Based on the differences between the control containing just the His60 Superflow 
Resin  (Figure  30A)  with  the  NAF-1  sample  on  the  His60  Superflow Resin,  select 
samples were cut out and identified via mass spectrometry.
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Figure 31A. A control gel was also run with 1.5 uM DETAPAC (an iron chelator) in 
order  to  ensure  that  cluster  loss  was not  resulting  in  unintended side reactions  that 
would result in false positives or false negatives. 

Figure 31B.  SD WT NAF-1 was also incubated with 1.5 uM DETAPAC as well to 
assess the impact of iron cluster degradation on binding. Differences are negligible, 
indicating that iron cluster degradation is not a significant factor during the incubation 
process.
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Figure 32A. A titration was performed and the experiment was repeated with a different 
quantity of His60 Superflow Resin to assess the presence of low Kd in vivo partners. As 
the experiment was qualitative and not quantitative, above is the control that can be 
considered to be 100 uL of His60 Superflow Resin control.

Figure 32B. SD WT NAF-1 protein was incubated with HeLa lysate. Above is the gel 
comparable to the Figure 32A control, but this sample represents 100 uL of SD WT 
NAF-1 + His60 Superflow Resin beads.
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Figure 33A. Above is a control incubation of His60 Superflow Resin control with 200 
uL  of  beads,  essentially  doubling  the  amount  of  beads  in  the  incubation  sample 
compared to Figure 32A.

Figure 33B. Above is the SD WT NAF-1 sample representing 200 uL of beads, which 
is comparable to Figure 32B (100 uL of beads).  As expected,  the presence of more 
binding partners becomes apparent with increasing NAF-1 concentrations compared to 
Figure 32B.
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Major spots not present in the controls were cut out and run on a Hybrid MALDI 

MS/MS (Q-TOF). Multiple potential binding partners were discovered and are listed in 

no particular order:

1. BNIP3 Protein – “It interacts with the E1B 19 kDa protein, which protects cells 

from virally-induced cell death. The encoded protein also interacts with E1B 19  

kDa-like sequences of Bcl-2, another apoptotic protector. This protein contains a 

BH3 domain and a transmembrane domain, which have been associated with 

pro-apoptotic function. The dimeric mitochondrial protein encoded by this gene  

is known to induce apoptosis, even in the presence of Bcl-2.”34

2. Transcription  elongation  factor  A  protein-like  6  –  A  DNA-dependent 

transcription regulator.

3. FAM120B  –  A  constitutive  coactivator  of   PPAR-γ  that  functions  in 

adipogenesis through PPAR-γ  activation.

4. ACTB – This gene encodes for an actin  protein.  Actins are involved in  cell 

motility, structure, and integrity. 

5. Dynamin-like 120 kDa Protein / OPA1 – “Dynamin-related GTPase required for 

mitochondrial fusion and regulation of apoptosis. May form a diffusion barrier 

for proteins stored in mitochondrial cristae. Proteolytic processing in response to 

intrinsic  apoptotic  signals  may lead  to  disassembly  of  OPA1 oligomers  and 

release of the caspase activator cytochrome C (CYCS) into the mitochondrial 

intermembrane space.”35

6. HNRPM – “A Pre-mRNA binding protein in vivo, binds avidly to poly(G) and 
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poly(U) RNA homopolymers in vitro. Involved in splicing. Acts as a receptor for 

carcinoembryonic antigen in  Kupffer  cells,  may initiate  a  series  of  signaling 

events  leading to  tyrosine phosphorylation of  proteins  and induction of  IL-1 

alpha, IL-6, IL-10 and tumor necrosis factor alpha cytokines.”36

7. CTTNBP2 – “This gene encodes a protein with six ankyrin repeats and several 

proline-rich regions. A similar gene in rat interacts with a central regulator of the 

actin cytoskeleton.”37
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Materials and Methods:

In order to determine NAF-1's in vivo binding partners and function, NAF-1 was 

cloned into appropriate vectors for transfection and expression in mammalian cells with 

gateway technology.  Its  expression  was monitored  with  fluorescent  microscopy and 

cellular levels confirmed by Western Blot analysis. A combination of Coomassie and 

silver stains and 2D gel electrophoresis was used to identify the presence of in vivo 

binding partners, with mass spectrometry ultimately providing the specific identities of 

potential in vivo targets. 

Cloning of MitoNEET and NAF-1: MitoNEET and NAF-1 (FL and SD domains, 

WT  and  HC  mutants)  in  the  pEGFP-N1  vector  used  for  the  vast  majority  of 

transfections were available from previous work by others. cDNA was purchased from 

Open Biosystems, amplified by PCR, and subcloned into the vector by standard PCR 

and ligation protocols. Overlapping primers were ordered from IDT Technologies and 

site-directed  mutagenesis  performed  by  standard  protocols.  For  transfection,  the 

pEGFP-N1 vector with the appropriate insert was transformed into DH5 Alpha cells by 

standard protocols.  Cells  were then grown and purified via  Qiagen's  Maxi  Prep Kit 

(Catalog no.  12163) as per the manufacturer's protocol. DNA purity and quantity was 

assessed via an ND-1000 nanodrop. Constructs were confirmed by sequencing. 

Entry clones and destination clones excluding pEGFP-N1 were prepared using 

Gateway Cloning Technology from Invitrogen as per the Gateway Technology Manual 

Version E (Catalog nos. 12535-019 and 12535-027) via BP and LR reactions (for more 

information,  see  Reference  38).  Entry  clones  utilized  the  pDONR 221  vector  from 

Invitrogen (Catalog no. 12536-017). Invitrogen TOP10 Competent E. Coli (SKU # C40 
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40-03)  were used for DNA propagation for both the entry and destination vectors. N-

Terminal HA Tag destination vectors were provided by the Alexandra Newton Lab (UC 

San Diego) and were derived from a pcDNA3HA vector. In order to insert the genes of 

interest into the entry and destination vectors via BP and LR reactions, respectively, 

gateway sequences were designed and added to MitoNEET and NAF-1 via PCR as per 

the following sample primers:

FL MitoNEET Forward Gateway Entry Primer (5' –> 3'):  G GGG ACA AGT 

TTG TAC AAA AAA GCA GGC TTT ATG AGT CTG ACT TCC AG

FL MitoNEET Reverse Gateway Entry Primer (5' –> 3'): GGG GAC CAC TTT 

GTA CAA GAA AGC TGG GTC TCA AGT TTC TTT TTT CTT GAT GAT C

SD MitoNEET Forward Gateway Entry Primer (5' –> 3'): G GGG ACA AGT 

TTG TAC AAA AAA GCA GGC TTT AGA TTT TAT GTT AAA GAT CAT CGA AAT 

AA

SD MitoNEET Reverse Gateway Entry Primer (5' –> 3'):  GGG GAC CAC TTT 

GTA CAA GAA AGC TGG GTC TCA  AGT TTC TTT TTT CTT GAT GAT CAG

FL NAF-1 Forward Gateway Entry Primer (5' –> 3'):  G GGG ACA AGT TTG 

TAC AAA AAA GCA GGC TTT  ATG GTG CTG GAG AGC GTG G

FL NAF-1 Reverse Gateway Entry Primer (5' –> 3'):  GGG GAC CAC TTT 

GTA CAA GAA AGC TGG GTC TCA TAC TTC TTT CTT CTT CAG TAT TAG

SD NAF-1 Forward Gateway Entry Primer (5' –> 3'): G GGG ACA AGT TTG 

TAC AAA AAA GCA GGC TTT CGT CCA TTC CTC CCG

SD NAF-1 Reverse Gateway Entry Primer (5' –> 3'):  GGG GAC CAC TTT 

GTA CAA GAA AGC TGG GTC TCA TAC TTC TTT CTT CTT CAG TAT TAG TGG
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Underlined sequences represent the gateway sequences used to insert clones into 

the entry  vector via BP reactions.  Note that  these clones have a  TCA sequence to 

encode a stop codon at  the end of the reverse gateway sequence.  As a result,  these 

clones are only compatible with N terminal tags. In order to design clones compatible 

for C terminal  tags,  the TCA base pair  sequence encoding the stop codon at  the C 

terminal end was removed.  

Transfection of MitoNEET and NAF-1 into HEK 293T and HeLa Cells:  HEK 

293T and HeLa cells (ATCC, Catalog nos. CRL-1573 and CCL-2, respectively) were 

propagated  and  passaged  in Cellgro  Dulbecco's  Modification  of  Eagle's  Medium 

(Catalog no. 10-013-CV) and supplemented with Fetal Bovine Serum (FBS) to a final 

FBS (Omega Scientific, Catalog no. FB-01) concentration of 10% in a 37° C incubator 

at 5% CO2 on 100 mm x 20 mm polysytrene cell culture dishes (BD Falcon Product no. 

353003). Confluent  HEK  293T cells  were  transfected  in  six  well  polystyrene  cell 

culture  dishes  (BD  Falcon,  Product  no.  353046)  according  to  Roche's  provided 

protocols  for  Fugene  6  (Catalog  no.  05061377001).  Transfections  into  HeLa  cells 

followed  the  same  protocols.  Fugene  6  was  ultimately  selected  as  the  transfection 

reagent due high initial efficiency under the transfection conditions and the simplicity of 

the protocol. 

Analysis of  Transfection Results: GFP fluorescence of transfected HEK 293T 

cells was measured with a Carl Zeiss Axiovert 200M fluorescent microscope using the 

Metafluor Analyst program with auto exposure. DMEM + FBS media was aspirated and 

replaced  with  HBSS (Catalog  no.  21-022-CV)  supplemented  with  CaCl2 to  a  final 
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concentration of 1 mM. Pictures were taken and the HBSS aspirated,  replaced with 

fresh DMEM + FBS, and the plates returned to the incubator for further time points. At 

the end of the data collection cycle, the media was aspirated and the cells lysed with a  

lysis buffer (3.8 mL 4 M NaCl, 5.0 mL 1 M Tris pH 7.5, .5 mL 1 M MgCl2, 1.0 mL 0.1 

M EGTA, .446 g Na4P2O7 · 10H2O , 5.0 mL NaF, 0.5 mL NP-40, 1.0 mL 0.1 M NaVO3, 

2.5 mL glycerol, 79.7 mL H2O). Immediately before each use of the lysis buffer in all 

instances, the lysis buffer aliquot was supplemented with 2 uL of 100 mM PMSF per 

mL, 1 uL of 5 mg/mL Leupeptin per mL, and 1 uL of 1 mg/mL Aprotonin per mL.  

Samples were boiled in a 100° C sand bath and run at 100-150 V on 10%/12% 

Acrylamide/Bis gels in conjunction with a 1x Electrode Buffer (10x Electrode Buffer, 

1.0 L, consists of 30 g Tris Base, 10 g SDS (sodium dodecyl sulfate), and 144 g Glycine 

in H2O) after being diluted in a 4x Sample Buffer (25 mL 1 M Tris-HCl, pH 6.8, 8 g 

SDS, 40 mL glycerol, .008 g bromophenol blue, 20 mL β-ME). The protein ladder used 

for all samples (Western, Coomassie, Ag, and 2D gel samples) is Bio-Rad's Precision 

Plus Protein Dual Color Standards ladder (Catalog no. 161-0374). 

After transfer onto a PVDF membrane (Bio-Rad Catalog no. 162-0219) at 300 

mA for  three  hours  with  a  corresponding  transfer  buffer  (9.1  g  Tris  Base,  45.2  g 

Glycine, 500 mL MeOH, H2O to 3 L, reused up to three times), the membrane was 

blocked  with  a  Blocking  Buffer  for  20  minutes  on  a  RT shaker  and  subsequently 

incubated  with  primary  and  secondary  antibodies  (GFP,  HA,  or  NAF-1  primary 

antibodies  and  rabbit/goat/mouse  secondary  antibodies)  diluted  in  antibody  diluent 

(66.6 mL 5x HEPES/NaCl pH 7.4, 1 mL 100% Tween-20, 167 mL Blocking Buffer) to 
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concentrations  of  approximately  1:1000  and  1:8000,  respectively.  To  prepare  the 

Blocking  Buffer,  1.0  L of  a  10x  HEPES buffered  saline  solution  was  prepared  by 

dissolving 23.83 g of HEPES (final concentration of 100 mM) and the solution pH set 

to 7.4. 292.2 g of NaCl was then added for a final concentration of 5 M. 500 mL of the 

Blocking Buffer can then be prepared with the following reagents: 50 mL of the 10x 

HEPES buffered saline,  15 g of 3% BSA, 50 mL of 10% goat serum of secondary 

antibody, and MilliQ  H2O to 500 mL. Primary antibodies were incubated overnight in a 

4° C  cold room on a shaker, and secondary antibodies were incubated on a RT shaker 

for approximately two hours.  

Membranes were washed with 1x PBS-T + 1% Tween 20 (10x PBS-T, 1.0 L, 

consists of 76 g NaCl, 38 g Na2HPO4 · 7H2O, 4.2 g NaH2PO4 · H2O, pH 7.5), incubated 

on a RT nutator for five minutes in a 50:50 solution of SuperSignal West Pico Stable  

Peroxide and SuperSignal West Pico Luminol Enhancer Solutions (Thermo Scientific 

Product nos. 1859674 and 1859675, respectively), and visualized on an Alpha Innotech 

FluorChem Q via Alpha Innotech's Alpha View Software V 1.3.0.6. 

16.5% Tris-Tricene  gels  (Bio-Rad,  Catalog  no.  161-1107)  were  also  used  at 

times to attempt to achieve better  resolution at lower molecular weights. These gels 

were run with Bio-Rad IEF Anode and Cathode Buffers (Catalog nos. 161-0761 and 

161-0762, respectively) as per the manufacturer's protocols. 

HeLa cells  were transfected  with  the  HA tag  exclusively and were  thus  not 

visualized  under  the  fluorescent  microscope.  Western  Blot  analysis  of  HeLa 

transfections follows the protocol for that of HEK 293T cells.
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HeLa Lysate Collection:  HeLa cells were first propagated and passaged under 

the same conditions as the HEK 293T cells  on a combination of 100 mm x 20 mm 

polysytrene cell culture dishes (BD Falcon Product no. 353003) and 150 mm x 15 mm 

polystyrene cell culture dishes (BD Falcon Product no. 351058) until confluence. Cells 

were  then  lysed  with  500  uL/1.5  mL lysis  buffer  respectively  supplemented  with 

protease inhibitors immediately before use as with the HEK 293T cells. In cases where 

HeLa lysate was not immediately incubated or used, it was stored in a -80° C freezer. 

His Tag SD NAF-1 Protein  Purification:  Both WT and H114C NAF-1 were 

transformed  into  BL21-CodonPlus(DE3)-RIL-X  competent  cells  from  Stratagene 

(Catalog  no.  230265).  Cells  were  then  grown  in  50  mL  of  Luria  Broth  (LB) 

supplemented with 30 mg/mL kanamycin (1 uL/mL) to an OD of .6. The solution was 

then  transferred  to  a  flask  with  200  mL  of  LB  and  kanamycin  and  grown  for 

approximately 16 hours in a 37° C incubator at 200 RPM. 100 mL of that solution was 

then transferred each to 4 L flasks with 2 L of LB each and kanamycin. The cells were 

then grown in a 33° C incubator at 225 RPM to OD .4. At OD .4, 125 mL of filtered 10 

mM  FeCl3  was  added  to  each  flask.  At  OD  .8,  1.0  mL  of  Isopropyl  β-D-1-

thiogalactopyranoside (IPTG) was added to each flask. Cells were then grown at 25° C 

at 200 RPM for approximately 16 hours. Cells were harvested by centrifugation at 5000 

RPM for 15 minutes and suspended in 40 mL of cell lysis buffer (20 mM Tris, 500 mM 

NaCl, 5 mM imidazole, pH 8.0). They were then sonicated and centrifuged at 13000 

RPM for 30 minutes at 4° C. The supernatant was collected and incubated with 4 mL of 

His60 Ni Superflow Resin (Clontech, Catalog no. 635660) on a nutator at 4° C for 45 
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minutes. The mixture was collected and washed with 50 mL of the cell lysis buffer in a 

gravity column. 50 mL of a wash buffer (20 mM Tris, 500 mM NaCl, 30 mM imidazole, 

pH 8.0) was then added and allowed to drain by gravity. The resin was then mixed with 

2.0 mL of a suspension buffer (25 mM Tris, 200 mM NaCl, pH 8.2) and stored in a 4° C 

fridge.

Protein  Complex  Immunoprecipitation:  100  uL  -  500  uL  of  Suspension 

Buffer/His60  Superflow  Resin  from the  purification  above  was  incubated  in  a  1:1 

mixture of incubation buffer (50 mM NaPO4, 20 mM NaF, 1 mM NaP2O7, 2 mM EDTA, 

pH 7.5) and HeLa lysate on a nutator at 4° C for 4 to 24 hours. A control sample was 

concurrently  performed  with  stock  His60  Superflow  Resin.  2D  gel  samples  were 

incubated for four hours, and Coomassie and Ag stain samples were generally incubated 

for 24 hours. The mixture was supplemented with 2 uL of 100 mM PMSF per mL, 1 uL 

of 5 mg/mL Leupeptin per mL, and 1 uL of 1 mg/mL Aprotonin per mL immediately 

before  use.  The  1:1  total  mixture  volume ranged  from 4  mL to  40  mL due to  the 

qualitative nature of the experiment. 

After  incubation,  the  mixture  was  centrifuged at  800 RPM at  4°  C and the 

supernatant pipetted out. The remaining beads were then washed with 5 mL of cold 

suspension buffer and centrifuged at 800 RPM at 4° C. This wash process was repeated 

two more times, and after the last spin, the supernatant was pipetted out and the beads  

collected in a 1.5 mL Eppendorf and stored in a -20° C freezer.        

2D  Electrophoresis  Protocol:  2D  Electrophoresis  is  a  common  method  of 

separating proteins.39, 40, 41 Protein beads incubated with HeLa lysate were suspended in 
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200  uL  of  Gnu  Sample  Buffer  (2  M  Thiourea,  5  M  Urea,  0.25%  3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate  (CHAPS),  0.25%  Tween-20, 

0.25% SB 3-10, 10% isopropanol, 12.5% H2O-saturated butanol, 5% glycerol, dash of 

bromophenol blue) supplemented with 15 mg Dithiothreitol (DTT) and 3 ul Bio-Rad 

Bio-Lyte 3/10 Ampholytes (Catalog no. 163-1112) immediately before use. The beads 

were then spun at 15000 RPM for one minute and the supernatant pipetted into a linear 

well plate. A Bio-Rad Readystrip IPG pI 3-10 NL (Catalog no. 163-2016) was placed 

into each sample lane and the gel passively rehydrated at 20° C and 50 V for four hours. 

The gels were then covered with 2 mL of mineral oil and actively rehydrated at 50 V for 

eight hours. Without pausing after rehydration, the gel was run at 250 V for 15 minutes 

and then 8000 V for two and a half hours and then 8000 V for 45,000 Volt-hours with a 

500 V hold. 

Equilibration  Buffers  One  and  Two were  then  freshly prepared  immediately 

before use. Each buffer contains 9 g of urea, 1.25 mL 1 M Tris-HCl pH 9.4, and 8.5 mL 

MilliQ H2O. The urea was dissolved in a shaker at 37° C and then 5 mL of 10% SDS 

and 4 mL of glycerol added to each solution. .5 g of DTT was added to Equilibration 

Buffer One and 0.75 g iodoacetamide was added to Equilibration Buffer Two.

The mineral oil from the strips was removed by gently blotting on paper towels 

and the strips then incubated in Equilibration Buffer One between two aliquots for 15 

minutes  with  constant  manual  rocking  to  incubate  the  strips.  The  strips  were  then 

incubated in Equilibration Buffer Two in the same fashion. The strips were then briefly 

washed with 1 x Electrode Buffer (10x Electrode Buffer, 1.0 L, consists of 30 g Tris 
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Base, 10 g SDS, and 144 g Glycine in H2O) and transferred to a Bio-Rad 12.5% Tris-

HCl precast Criterion Gel (Catalog no. 345-0102) and overlayed with a warm 0.5% 

agaorse 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) solution 

with a dash of bromophenol blue. The gel was then run in 1x Electrode Buffer for 54 

minutes at 200 V.    

Coomassie/Ag Stain Protocols: Protein beads incubated with HeLa lysate were 

suspended in 4x Sample Buffer (25 mL 1 M Tris-HCl, pH 6.8, 8 g SDS, 40 mL glycerol, 

.008 g bromophenol blue, 20 mLβ-ME) and then boiled in a 100° C sand bath and run 

at 100 V on 10%/12% Acrylamide/Bis gels in conjunction with a 1x Electrode Buffer 

(10x Electrode Buffer, 1.0 L, consists of 30 g Tris Base, 10 g SDS, and 144 g Glycine in 

H2O). The protein ladder used for all samples (Western, Coomassie, Ag, and 2D gel 

samples) is Bio-Rad's Precision Plus Protein Dual Color Standards ladder (Catalog no. 

161-0374). 

For  Coomassie  stains,  gels  were  incubated  overnight  on  a  RT  shaker  in 

Coomassie solution. The solution was prepared before each use; 21.3 g (NH4)2SO4 was 

dissolved  in  82.5  mL H2O  and  then  42.5  mL MeOH  slowly  added  with  constant 

magnetic stirring.  .123 g Coomassie G-250 was dissolved in a minimum amount of 

methanol and 3.75 mL H3PO4 added to the solution. The Coomassie G-250 solution was 

then slowly added to the ammonium sulfate solution with constant magnetic stirring 

(the final solution concentration is 17% (NH4)2SO4, 0.1% Coomassie G-250, 3% H3PO4, 

and 34% MeOH). After incubation, the gels were destained with Destain Buffer 50% 

EtOH 10% HOAc solution and then visualized with the Alpha Innotech FluorChem Q 
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via Alpha Innotech's Alpha View Software V 1.3.0.6. 

For Ag stains, gels were fixed in Destain Buffer overnight. The gels were then 

washed for 10 minutes in 50% EtOH on a RT shaker, and the wash process repeated 

four more times with fresh 50% EtOH. The gel was rinsed quickly with MilliQ H2O and 

incubated in Buffer #1 (.13 g/L Na2S2O3 anhydrous or .2 g/L Na2S2O3 · 5H2O in MilliQ 

H2O, 1.0 L) for 90 seconds. The gel was then washed with MilliQ H2O for no more than 

20 seconds and then incubated with the Silver Stain Buffer (Buffer #2,  .1 g/50 mL 

AgNO3, 1 uL/mL 37% Formaldehyde in MilliQ H2O, prepared before each use) for 20 

minutes. The gels were then washed three times with MilliQ H2O for no more than 20 

seconds per wash and then developed with Buffer #3 (60 g/L Na2CO3, 1 mL/L 37% 

Formaldehyde, 30 mL/L Buffer #1 in MilliQ  H2O, 1.0 L) for 30 seconds to 10 minutes 

while being shaken by hand. After the desired resolution was achieved, the gel was 

quickly rinsed with  MilliQ H2O and then stopped with 10% HOAc for 30 minutes on a 

RT shaker. 

Mass Spectrometry:  Bands from Coomassie stains were cut into small  pieces 

with a fresh razor blade and transferred to Protein LoBind 1.5 mL Eppendorf tubes 

(Catalog  no.  022431081) and stored  in  a  -20°  C freezer  until  preparation  for  mass 

spectrometry.  Bands and spots from Ag stains were cut with a fresh razor blade and 

transferred to Protein LoBind 1.5 mL Eppendorf tubes and destained with a minimal 

amount of equal parts Destain A and Destain B (Invitrogen, Catalog nos. 46-1166 and 

46-1167, respectively). The samples were then vortexed and allowed to sit at RT for five 

minutes with occasional vortexing. The destain supernatant was then pipetted out and 
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the samples stored in a -20° C freezer until preparation for mass spectrometry. 

To prepare samples for mass spectrometry, gel samples were covered with 50% 

Acetonitrile (ACN) and incubated in a 37° C water bath for 15 minutes. The ACN was 

then  pipetted  out,  replaced,  and the  sample  incubated  for  another  15  minutes.  This 

process was repeated for a third time. The 50% ACN was removed and replaced with 

100% ACN and incubated at RT for one minute or until the gel became opaque. The 

ACN was again discarded, and 3 uL Trypsin (Roche, Catalog no. 03708985001) was 

added to the tube. 25 mM NH4HCO3 10% ACN pH 8.0 was added to cover the gel, and 

the samples were trypsinized in a 37° C water bath overnight.

2.5 mg of α-Cyano-4-hydroxycinnamic acid  (matrix) was mixed in 200 uL 60% 

ACN in a Protein LoBind Eppendorf tube and the precipitate allowed to settle. 2.5 uL of 

the supernatant  was aliquoted  into a  .6  mL Eppendorf  tube  for  each sample.  Three 

washing trays were prepared with 50% ACN, 5% ACN + .1% TFA, and 5% ACN + .1% 

TFA (wash).  The trypsinized  samples  were  centrifuged briefly and ~50 uL 25 mM 

NH4HCO3 10% ACN pH 8.0 was added to cover the gel in each sample. Each sample 

was vortexed heavily for  at  least  one minute and the tubes  centrifuged briefly.  The 

supernatant of each sample was then transferred into an Eppendorf Protein LoBind 96-

well  plate.  Using  an  Oxford  Benchmate  Multi-8  Pipette,  C18  ZipTips  (Millipore, 

Catalog no. ZTC185096) were washed with 40 uL of 50% ACN five times, discarding 

the wash each time. The ZipTips were then washed five times with the 5% ACN + .1% 

TFA, discarding the wash each time. The ZipTips were then placed in the samples in the 

96 well tray and pipetted up and down 10 times, ejecting the supernatant on the 10 th 
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time. This process was repeated until the supernatant was exhausted. If the tips became 

clogged,  they  were  washed  with  the  5%  ACN  +  .1%  TFA (wash),  discarding  the 

supernatant after each wash. 

The ZipTips were then washed five times with the 5% ACN + .1% TFA (wash), 

discarding the supernatant after each wash. On the last wash, half of the supernatant was 

ejected to keep the column wet, and the ZipTips transferred off of the pipette. Using a 

P20  Pipette,  each  ZipTip  was  pipetted  with  the  matrix  solution  15  times.  After 

incubating the ZipTip with the matrix solution, the matrix was then ejected onto a mass 

spectrometry plate and and all  samples run on an Applied Biosystems Qstar Hybrid 

MALDI MS/MS (Q-TOF) with Analyst QS Software. 



Chapter Four: Conclusions and Future Work

The NEET family of proteins still  has many secrets  to unravel.  MitoNEET's 

amenability to mutations and its wide redox range leave more questions than answers; 

its mutant H87C form is more stable than its WT counterpart, and despite its links to 

Type-II diabetes drugs, little is known about how it achieves the beneficial effects of 

TZD's while reducing side effects. The pathways it is involved it are still obscure, but 

this work leaves a plethora of avenues to explore, from in vivo assays with its mutant 

forms  to  finding  new ways  to  target  this  novel  protein  in  the  treatment  of  Type-II 

diabetes. 

Its relative, NAF-1, offers similar mysteries. Why is it so essential for a long 

lifespan, and by what process does it trigger autophagy or apoptosis, and how does its 

redox potential play a role in that? Are there ways we can regulate deficiencies in NAF-

1 to extend lifespan or inhibit the effects of aging? What pathways is it involved in and 

what is its function? In this work, preliminary in vivo binding data suggests that NAF-1 

is involved in a variety of processes related to cellular longevity and structural integrity. 

But one potential binding partner is a constitutive coactivator of  PPAR-γ.  Ιs NAF-1 

working in conjunction with MitoNEET in some cellular processes, and is  it  also a 

potential target for the treatment of Type-II diabetes? Which of these binding partners 

can be confirmed?

The NEET family is a new and exciting area of study; Both MitoNEET and 

NAF-1 have shown incredible potential and importance, and yet, we still know so little 

about the family. I hope that future work will take the knowledge we do have and 
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expand in many directions, one of which includes finding out what NAF-1 binds to and 

what processes it is so critical in. 

In this work, we have learned that MitoNEET is highly amenable to mutations 

that result in a redox potneital range of ~700 mV – the largest EM range engineered in an 

FeS  protein  and,  importantly,  spans  the  cellular  redox  range.  We  have  established 

mammalian transfection conditions, and have learned that NAF-1 has multiple in vivo 

binding partners and have identified several potential partners and shown that NAF-1 is 

likely highly involved in autophagy, apoptosis, and general cellular stability, longevity, 

and integrity. 

The work we have done here lays the groundwork for discovering more about 

NAF-1's in vivo function and binding partners. The NEET family simply has too many 

secrets for one group to discover, and it is my hope that this work proves useful for 

others and sets the stage for making new and important discoveries which may be even 

more surprising and impactful than many may realize. I believe that the NEET family's 

secrets will have a practical and important impact for human health and prosperity, and 

although we are a small part of that discovery process, I am proud to have been a part of 

it. 



Appendix

Figure 34. Above are the results of using a 6:1 ratio of Fugene 6 to ug of DNA for WT 
NAF-1. Expression is  better  than previously (Figure 15A, 3:1 ratio),  but still  below 
levels seen with excess Fugene. 
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Figure 35. Above are the results of using a 6:1 ratio of Fugene 6 to ug of DNA for  the 
mutant H114C NAF-1 (run concurrently with the FL WT NAF-1, Figure 15B). When 
compared to the WT at a higher transfection efficiency, it appears that the HC mutant 
form has a higher expression level. 
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Figure 36. Above are the results for the only HEK 293T transfection with the SD WT 
MitoNEET and SD WT NAF-1 in pEGFP-N1. Due to the change in strategy because of 
difficulties with the GFP antibody, the SD HC mutant form was not transfected. This 
transfection was done concurrently with those in Figure 16 and Figure 20 and shows 
that at this transfection efficiency, differences between the SD WT MitoNEET and SD 
WT NAF-1 are reduced.  
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