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ABSTRACT: Binding of the thiazolidinedione antidiabetic drug pioglita-
zone led to the discovery of a novel outer mitochondrial membrane protein
of unknown function called mitoNEET. The protein is homodimeric and
contains a uniquely ligated two iron—two sulfur cluster in each of its two
cytosolic domains. Electrospray ionization mass spectrometry was employed
to characterize solutions of the soluble cytosolic domain (amino acids
32—108) of the protein. Ions characteristic of dimers containing the
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cofactors were readily detected under native conditions. mitoNEET re-

sponded to exposure to solutions at low pH by dissociation to give monomers that retained the cofactor, followed by dissociation of
the cofactor in a concerted fashion. mitoNEET formed complexes with resveratrol-3-sulfate, one of the primary metabolites of the
natural product resveratrol. Resveratrol itself showed no tendency to interact with mitoNEET. The formation of complexes was
evident in both electrospray ionization mass spectrometry and isothermal titration calorimetry measurements. Up to eight
molecules of the compound associated with the dimeric form of the protein in a sequential fashion. Dissociation constants
determined by micorcalorimetry were in the range S—16 ¢4M for the various binding sites. The only other known naturally occurring
binding partner for mitoNEET at present is NADPH. It is very interesting that the iron—sulfur cluster containing protein interacts
with two potentially redox active substances at the surface of mitochondria. These findings provide a new direction for research into

two poorly understood, yet biomedically relevant, species.

he outer mitochondrial membrane protein, mitoNEET, was
discovered on the basis of its ability to bind the antidiabetic
drug pioglitazone.! The physiological role for this protein is un-
known. Remarkably, it contains a redox active cofactor, an iron—
sulfur cluster.” MitoNEET is closely related in structure to the
endoplasmic reticulum protein, Miner1.> Mis-splicing of the gene for
Miner1 results in Type 2 Wolfram syndrome, a disease characterized
by reduced life expectancy, diabetes mellitus, and optical atrophy.* It
is not known what purpose is served by the redox cofactor being
localized to the outer mitochondrial membrane by mitoNEET. It
could be there to participate in electron-transfer reactions, or perhaps
it plays a role in iron—sulfur cluster biogenesis or trafficking.
Moreover, it is not known if mitoNEET acts biologically in concert
with any binding partners, either proteins or small molecules. It was
recently found that mitoNEET binds NADPH stoichiometrically,
albeit weakly, and that the interaction accelerates the dissociation of
the iron—sulfur cluster.” Pioglitazone and NADPH are the only
compounds reported to interact with mitoNEET so far.
MitoNEET has interesting features. It consists of a short
mitochondrial membrane anchoring sequence and a cytosolic
domain.* It forms homodimers through the cytosolic domain,
and each polypeptide associates with one [2Fe—2S] cluster.
According to the crystallographically determined three-dimen-
sional structure of the cytosolic domain, the protein binds the
irons through three cysteines and one histidine, rather than (more
commonly) four cysteines or two cysteines and two histidines.’®
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In a computer-aided docking study we recently identified
potential binding sites on mitoNEET for other compounds in the
thaizolidinedione family.” The hypothesis was that an interaction
with mitoNEET might account for the observed neuroprotection
observed with these compounds as a consequence of an interac-
tion at the outer mitochondrial membrane. One of the compounds
predicted to bind mitoNEET altered mitochondrial function and
protected neuronal cells from rotenone-induced cell death.’

In an attempt to identify additional binding partners for
mitoNEET, we discovered that resveratrol-3-sulfate, but not
resveratrol, forms complexes with the protein. Because there is
no known bioassay for mitoNEET, direct physical methods,
electrospray ionization mass spectrometry, and isothermal titra-
tion calorimetry were employed in this investigation. It was also
found unexpectedly that dissociation of the mitoNEET homo-
dimer in the absence of ligand precedes dissociation of the
cofactor at low pH.

Bl MATERIALS AND METHODS

Protein Preparation. A plasmid (pET3a) bearing the cDNA
for human mitoNEET amino acids 32—108 incorporated into
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E. coli C43(DE3) was purchased from Entelechon (Regensburg).
Additionally, the DNA coded for a thrombin cleavage site at the
C-terminus (SSGLVPR/GS) of the protein followed by a
hexahistidine tag. The cells were grown in 2xYT medium
containing ampicilin (100 #g/mL) at 37 °C with shaking at
210 rpm to an A(595) of ~0.2. An aliquot of iron(III) chloride
solution was added (1 uM final concentration), and the cells
were allowed to continue to grow at 37 °C and 210 rpm to
an A(595) of ~0.8. IPTG (0.5 mM) was added, and the cells
were incubated at 29 °C and 210 rpm for 10 h. The cells were
collected by centrifugation, washed in phosphate buffered saline,
and resuspended in lysis buffer containing trypsin inhibitor
(60 ug/mL), DNasel (20 ug/mL), phenylmethylsulfonyl fluor-
ide (100 pg/mL), f-mercaptoethanol (0.001 #L/mL), and
imidazole (10 mM) in TrisHCI (0.05 M, pH 8.5, 0.3 M NaCl).
The cells were stored at —80 °C. Cells were thawed, treated with
lysozyme (1.6 mg/mL), and sonicated. The mixture was cen-
trifuged (40 000 rpm, 4 °C, 1 h), and the red supernatant was
combined with NiNTA Superflow (Qiagen). The red beads were
washed with TrisHCl (3X, 0.0S M, pH 8.5, 0.3 M NaCl)
containing 0.020 M imidazole, and the protein was released by
treating the beads with TrisHCI (3X, 0.05 M, pH 8.5, 0.3 M
NaCl) containing 0.250 M imidazole. The red solution was
dialyzed against TrisHCI (0.05 M, pH 8.5, 0.3 M NaCl, 4 °C) and
concentrated (Amicon Ultra) to 1 mg/mL. The mitoNEET
solution was treated with thrombin (Enzyme Research) on ice
for 30 min and was loaded onto SP-Sepharose eluted with a
shallow gradient from 0.1 to 0.5 M NaCl in TrisHCI (0.05 M,
pH 8.5). The protein following capture and release on NiNTA
Superflow contained considerable A(260) absorbing materials,
presumably nucleic acids, that were easily removed by cation
exchange chromatography. Red fractions from the ion exchange
column containing mitoNEET were combined and concentrated
for further experimentation.

Analytical Methods. Amino acid analyses were conducted by
AAA Service Laboratory (Damascus, OR). Iron determinations
were carried out on a Perkin-Elmer Model S100PC atomic
absorption spectrophotometer operating in the flame ionization
mode using a certified atomic absorption iron standard (Fisher).

Crystallization. Red crystals formed in hanging drop vapor
diffusion experiments when solutions of mitoNEET (23.3 mg/mL,
TrisHCL, 0.05 M, pH 8.5, 0.3 M NaCl) were combined (1:1) with
1.7 M ammonium sulfate, TrisHCI, 0.1 M, pH 8.5. Cryoprotection
was afforded by a short soak in the mother liquor containing
20% xylitol. Crystal soaking experiments were conducted by
transferring mitoNEET crystals into a 12 mM solution of
resveratrol-3-sulfate in mother liquor.

ESI-MS Experiments. Mass spectrometry measurements were
obtained with a Q-Tof Micro (Waters) mass spectrometer with
electrospray ionization interface operating in the positive ion
mode. The ESI capillary voltage was set at 3 kV, sample cone
voltage was 30 V, and extraction cone voltage was 2.5 V. The
collision energy applied to all MS lenses preceding the collision
cell was varied between 2 and 10 V, and it was found that the
optimal value for the transmission and detection of intact protein
ions was 5 V. The desolvation temperature was 100 °C while the
source temperature was 90 °C. The samples were infused into the
mass spectrometer at a flow rate of S #L/min using a syringe
pump (Fisher). Nitrogen gas was used for desolvation and
nebulization of the samples. The data were acquired and analyzed
using MassLynx software (Waters). Protein solutions (10 uM)
were prepared in 10 mM ammonium acetate buffer adjusted to

the appropriate pH with ammonium hydroxide or acetic acid. A
concentrated stock solution of each compound tested was
prepared in ammonium acetate, 10 mM, pH 8.5, and combined
with appropriate dilutions of the protein in the same buffer to
achieve the reported molar ratios.

Microcalorimetry. Isothermal titration calorimetry was per-
formed in a VP-ITC MicroCalorimeter (MicroCal). A thor-
oughly degassed solution of mitoNEET (TrisHCl, 0.0 M, pH
8.5, 0.3 M NaCl) was transferred to the sample cell and
combined with 0.010 mL aliquots of the compounds dissolved
in the same buffer at 30 °C. The buffers for the protein and the
titrant were carefully matched. The protein was dialyzed exten-
sively against the buffer employed in the titrations, and the final
dialysis buffer was used to dissolve the resveratrol-3-sulfate. The
concentrations were mitoNEET, 0.203 mM, and resveratrol-3-
sulfate, 2.6 mM; mitoNEET, 0.044 mM, and resveratrol,
0.412 mM. The integration of the observed heats was carried
out in Origin 7.0 for the VP-ITC (Microcal).

Molecular Modeling and Docking Studies. Molecular mod-
eling was carried out as previously reported, with minor
modification.” Briefly, resveratrol-3-sulfate was drawn using
MarvinSketch (ChemAxon), after which it was minimized in
MOE (Chemical Computing Group) with the MMFF94s force
field and a termination criterion of 0.01 kcal/mol, for a total of
1000 iterations. The compound was also protonated to corre-
spond to pH 7.4. Docking studies with mitoNEET were done
with the protein file 2Q7H from the Protein Data Bank. To
prepare the structure, hydrogens were added and amino acids
were protonated for pH 7.4. The SiteFinder module in MOE
identified seven binding sites, which were then used in the
docking studies. After using MOE-Dock, the top-scoring pose
was used for analysis such as interactions in the binding pocket
with amino acids.

B RESULTS

Purification and Characterization of the Human MitoNEET
Employed in the Study. The protein was obtained from an
E. coli expression procedure. Briefly, the cDNA for the presumed
cytosolic domain of human mitoNEET (32—108) was pur-
chased as an insert in the pET3a vector. The construct included
a C-terminal six-histidine sequence beyond a thrombin cleavage
site. Cells (C43/DE3) were grown in 2xYT supplemented with
iron chloride. Induction with IPTG led to the overexpression of a
red protein that was collected on nickel -NTA beads. The
thrombin cleaved product was purified to homogeneity by ion
exchange chromatography. A solution of the protein was sub-
jected to iron determination (triplicate), amino acid analysis
(two samples, each duplicated), and UV—vis spectrophotome-
try. According to the amino acid analysis, the concentration of
the solution was 47.8 £ 1.7 uM in monomer. Atomic absorbance
spectrophotometry conducted on the same solution provided an
iron concentration of 94.2 & 1.4 uM or 1.98 iron atoms per
monomer. From the UV—vis absorbance spectrum for this solu-
tion, the molar absorptivity at 457 nm was 8286 L/(mol cm) for
the monomer of this soluble domain of human mitoNEET
(hereafter mitoNEET). A bona fide molar absorptivity value made
it possible to determine concentrations of solutions of the protein
for all subsequent measurements. Concentrated solutions of
the purified protein yielded red crystals from vapor diffusion
hanging drop experiments with ammonium sulfate in Tris-
HCI buffer at pH 8.5. The crystals diffracted X-rays (Life
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Figure 1. Electrospray ionization mass spectra, panels A and C, and
deconvolutions, panels B and D: (A, B) 10 M mitoNEET, 10 mM
ammonium acetate, pH 8.5; (C, D) 10 uM mitoNEET treated with
formic acid and acetonitrile for 3 h at room temperature.
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Figure 2. Electrospray ionization mass spectra, panels A and C, and
deconvolutions, panels B and D: (A, B) 10 M mitoNEET, 10 mM
ammonium acetate, pH 5.1, measured immediately; (C, D) solution
from (A, B) measured after 2 h on ice.

Sciences-Collaborative Access Team, Advanced Photon Source,
Argonne National Laboratory) to 1.76 A resolution and con-
tained mitoNEET dimers in the 14,22 space group. The three-
dimensional structure of the protein (PDB 3REE) solved by the
molecular replacement method (PDB 2R13 as model) was not
significantly different from earlier reported crystal structures.®™®
These observations simply verify that we are investigating the
same protein as other investigators in this area and that there is a
sound basis for the determination of the concentrations of
mitoNEET solutions.

Solution Characteristics of Human MitoNEET Using ESI-
MS. Native and denatured solutions of mitoNEET were sub-
jected to ESI-MS (Figure 1). Solutions of the protein under
native conditions (pH 8.5, ammonium acetate buffer) afforded
ions characteristic exclusively of dimers (Figure 1A,B). The
calculated mass of the dimer was 20 112 (vs 20 113 observed),
which included the mass of four iron atoms and four sulfur atoms.
When the protein solution was combined with acetonitrile (1:1)
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Figure 3. Electrospray ionization mass spectra, 10 4uM mitoNEET,
10 mM ammonium acetate, pH 5.1, incubated for the indicated times
on ice.

and formic acid (1%) and allowed to stand at room temperature
for several hours, the mass spectra in Figure 1C,D were obtained.
All of the ions in the spectra were characteristic of monomers that
contained no iron or sulfur (calculated MW 9884).

When the pH of the mitoNEET solution was reduced to 5.1 in
ammonium acetate buffer for ESI-MS, two sets of ions, m/z
700—1200 and m/z 1250—2500, were present in the spectrum
(Figure 2A). The existence of a bimodal distribution of charge
states is commonplace in protein ESI-MS and indicates the
existence of two conformational states that are more and less
compact.'® Rather unexpectedly, however, in this experiment
both sets of ions were from monomers that retained the
iron—sulfur clusters (Figure 2B, calculated MW 10056 vs
10054 observed). Spectra recorded at subsequent time points
reflected a smooth conversion to the apo form of each set of ions
simultaneously. For example, after 2 h on ice (Figure 2C,D), both
sets of ions were still present, but both were then devoid of the
iron sulfur clusters. This is further illustrated in Figure 3. There
was not a discernible stepwise process involved in the loss of the
iron—sulfur clusters. Rather, the ions shifted to the lower mass
values in a more or less concerted fashion. In response to a
reduced pH, it was clear from this experiment that mitoNEET
dissociated to monomers first and subsequently lost the iron
sulfur clusters more slowly. This contrasts with the dimeric
protein containing iron sulfur clusters that was stable for studies
by ESI-MS when maintained at pH > 8.

Resveratrol-3-sulfate Forms Complexes with MitoNEET.
MitoNEET was combined with resveratrol-3-sulfate in various
molar ratios in ammonium acetate buffer at pH 8.5 and subjected
to ESI-MS. Ions with masses characteristic of complexes between
the protein and the compound were readily evident in the spectra
(Figure 4). Remarkably, ions for complexes of as many as eight
molecules per mitoNEET dimer were present. Only ions of
masses attributable to the intact dimer were observed. That is,
there was no evidence for dimer dissociation upon ligand
binding. Spectra for solutions of mitoNEET treated with resver-
atrol in the same way contained no ions that could be attributed
to a complex of any stoichiometry (data not shown).

The formation of complexes between mitoNEET and resver-
atrol-3-sulfate in solution was confirmed by isothermal titration
calorimetry. Injections of resveratrol-3-sulfate, but not res-
veratrol, into solutions of mitoNEET in the microcalorimeter
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Figure 4. Electrospray ionization mass spectra: resveratrol-3-sulfate:
mitoNEET at the indicated molar ratios and 10 #M mitoNEET in each,
10 mM ammonium acetate, pH 8.5.
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Figure 5. Isothermal titration calorimetry (30 °C) for mitoNEET
titrated with resveratrol and resveratrol-3-sulfate: (A) comparison of
resveratrol and resveratrol-3-sulfate; (B) resveratrol-3-sulfate data were
fit with a sequential model and four binding sites.

produced heat (Figure SA). The data were fit with a stoichiom-
etry of four molecules per monomer (Figure SB) using a
sequential binding model. This was consistent with the mass
spectrometric findings. The four dissociation constants for the fit
were in the range of S—16 uM (Table 1). In each case, the
enthalpy and entropy changes associated with the fit were small
but favorable.

Molecular modeling of resveratrol-3-sulfate docking with
mitoNEET identified a number of potential binding sites.
Figure 6 illustrates some of the predicted binding sites from
the perspective of the presumed cytosolic side of mitoNEET. In
some of the sites, the ligand was accommodated in more than
one orientation (sites 1/3 and 2/4). Sites were predicted both at
the interface between the monomers and exclusively to one of the
molecules. When crystals of mitoNEET were soaked briefly in
solutions containing resveratrol-3-sulfate, no new density was
evident in electron density difference maps upon X-ray diffrac-
tion analysis. Longer soaking experiments led to catastrophic
degradation of the mitoNEET crystals.

B DISCUSSION

Dimers of mitoNEET containing iron—sulfur clusters were
readily detected in the ESI-MS experiments conducted under
native conditions, pH 8.5 in ammonium acetate buffer. The
electrospray ionization of the mitoNEET samples under native
conditions preserved the quaternary structure of the protein ions.
Such analysis is called native mass spectrometry and is readily

Table 1. Thermodynamic Parameters for the Titration of
MitoNEET with Resveratrol-3-sulfate Using a Sequential
Binding Sites Model

site K (M), 1/K (uM) AH (cal/mol)  AS (cal/(deg mol))
1 (1.88 £0.20) x 10°,5.3  —1246 & 13.1 20.0
2 (1.04£0.11) x 104,96  —1143 £ 83.0 192
3 (612+£0.69) x 104,163  —152.7 £213 214
4 (6444 1.1) x 105155  —1077 &+ 225 18.4

Figure 6. Structural model from the presumed cytoplasmic perspective
for mitoNEET indicating predicted binding sites for resveratrol-3-sulfate.

performed on the Q-Tof mass spectrometers.'’ Because the
charge of the mitoNEET ions was lower under native conditions,
the Q-Tof mass spectrometer used in this study was optimized in
order to increase transmission of the ions with with high m/z
values. The optimization included the minimization of the
collision energy applied to the protein ions in order to prevent
their fragmentation prior to MS detection. Acidification and
exposure to organic solvent led to dissociation of the dimers as
well as loss of the iron sulfur clusters. Interestingly, there were
contributions from two sets of ions in the spectra even under
harsh denaturing conditions. The ions reflect the existence of two
conformations of the protein with different degrees of compact-
ness. While the ions at the lowest m/z values (700—1200) in
acidified solutions containing organic solvent were likely from
the fully denatured protein, ions with m/z values (1250—2500)
intermediate between fully denatured and native solution struc-
tures were also present. Because of the acid labile nature of the
sulfur in iron—sulfur clusters,'? loss of all or part of the prosthetic
group, e.g., one or more sulfur atoms, from mitoNEET prior to
unfolding could have been a reasonable expectation. Quite to the
contrary, the iron—sulfur cluster was retained in the monomer in
two conformations of the monomeric protein at least initially at
pH 5.1 in aqueous solution. When the cluster did dissociate from
the protein, it appeared to do so all at once.

Proteins containing [2Fe—28] clusters, e.g., ferredoxins, were
characterized by ESI-MS previously. Some of these proteins had
acidic pIs and ions from the holoprotein could best be observed
in the negative-ion mode."> MitoNEET is a basic protein, so
this was not necessary even at pH > 8. ESI with FT-ICR mass
spectrometry was used to assign both stoichiometry and
oxidation state to a variety of iron—sulfur cluster proteins.'*
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For example, spectra for the [2Fe—2S] cluster in iron hydro-
genase from T. maritima, contained ions for the holoprotein as
well as ions corresponding to the loss of one or two sulfur atoms
from the cluster."> Two enzymes containing [2Fe—2S] clusters
were also previously studied by ESI-MS, APS reductase, and biotin
synthase. Under nondenaturing conditions, the spectrum of APS
reductase contained ions that were attributed to the apoprotein, an
intermediate containing the [2Fe—2S] cluster, and the holopro-
tein with a [4Fe—4S] cluster.'® Biotin synthase is a homodimer
that contains one [2Fe—2S] cluster at the interface. ESI spectra for
the synthase were populated with ions from the apomonomer, the
monomer containing the [2Fe—2S] cluster, and the dimeric
holoprotein.'” None of the previous reports included an investiga-
tion of the effect of the solution conditions, e.g,, solution pH, on
the BSI-MS characteristics of the [2Fe—2S] cluster proteins.

It is clear from the concentration dependence of the ESI-MS
data for mitoNEET in the presence of resveratrol-3-sulfate that
multiple molecules associated with the protein before saturation
occurred for the first binding molecule, suggesting a sequential
and potentially cooperative binding effect. It seems extremely
likely that electrostatics play an important role in the interactions.
MitoNEET bears a calculated pI of 9.41, making it substantially
positive even at the pH of 8.5 used for the ESI-MS experiments.
That it would attract and interact with the negatively charged
resveratrol-3-sulfate is entirely logical. Nonspecific interactions
based solely on electrostatics tend not to be cooperative in
nature.'® Ton intensities for proteins bearing nonspecifically
bound ligands decline monotonically as the number of ligands
increases. A recent example where it was possible to separate the
specific from the nonspecific effects mathematically was the
association of ADP with creatine kinase.'” In that case, a lot
was already known about the stoichiometry and thermodynamics
of the interaction. The concentration dependence of the ESI-MS
for mitoNEET and resveratrol-3-sulfate clearly resembles the
data for creatine kinase and ADP. The other molecules known to
interact with mitoNEET are pioglitazone and NADPH.>® While
NADPH had a destabilizing effect on the protein and its cofactor,
the effect of the thizolidinedione was a stabilizing one. The
interaction of NADPH with mitoNEET was roughly 3 orders of
magnitude weaker than was found for resveratrol-3-sulfate in the
present study. Furthermore, in contrast to resveratrol-3-sulfate,
the stoichiometry of the NADPH interaction was 1:1 with
respect to the protein monomer.” It is very interesting that
mitoNEET interacts with two potentially redox active molecules
located as it is on the outer surface of the mitochondrion.

The molecular modeling predicts five discrete and a total of
seven potential binding sites for resveratrol-3-sulfate on the
holoprotein, less than the value actually found by the physical
measurements, ESI-MS, and isothermal titration calorimetry, four
per monomer or potentially eight altogether. The docking calcula-
tions presuppose independent binding sites and a fixed structure
for the protein. Since sequential models provide the best fit for the
ligand binding experiments, it is entirely possible that conforma-
tional changes accompanying the initial interactions account for
binding of additional resveratrol-3-sulfate molecules. Initial at-
tempts to produce crystals containing complexes between mito-
NEET and resveratrol-3-sulfate for structure determination by
crystal soaking experiments were not successful. The native crystals
were quite sensitive to the presence of ligand. These observations
were not too surprising since multiple molecules bind, the
predicted binding sites are surface oriented, and conformational

changes induced by ligand binding seem likely.

Resveratrol is a natural product that has attracted a lot or
research interest for its numerous favorable biological activities.
For example, it extended the lifespan of S. cerevisiae, C. elegans,
and D. melanogaster.’®~** It was found to have both chemopre-
ventive activity for cancer” and cardioprotective effects.** Me-
chanisms that account for some of these effects include activation
of sirtuins®® and stimulation of AMP-activated protein kinase.>®
Resveratrol undergoes conversion in vivo such that only the
primary metabolites, resveratrol-3-O-glucuronide and resveratrol-
3-sulfate, were detected in serum or urine from experimental
animals treated with oral or intravenous doses.”’ Similarly, in
humans, orally administered resveratrol could only be detected at
trace levels in serum, whereas metabolites accounted for at least
70% of the administered dose.”® Resveratrol-3-sulfate has many
of the same biological effects that have been attributed to
resveratrol.”” This leads to the supposition that the metabolites
of resveratrol may account for the some of the favorable
biological effects ascribed to the natural product. The discovery
that resveratrol-3-sulfate binds to mitoNEET provides an intri-
guing new lead in this line of inquiry.
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