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Abstract
Ligands of the thiazolidinedione (TZD) class of compounds, pioglitazone (Actos™) and
rosiglitazone (Avandia™) are currently approved for treatment of type 2 diabetes and are known
to bind to the PPAR-γ nuclear receptor subtype. Recent evidence suggesting PPAR-γ independent
action of the TZDs led to the discovery of a novel integral outer mitochondrial membrane protein,
mitoNEET. In spite of the several reported X-ray crystal structures of the unbound form of
mitoNEET, the location and nature of the mitoNEET ligand binding sites (LBS) remain unknown.
In this study, a molecular blind docking (BD) method was used to discover potential mitoNEET
LBS and novel ligands, utilizing the program AutoDock Vina (v 1.0.2). Validation of BD was
performed on the PPAR-γ receptor (PDB ID: 1ZGY) with the test compound rosiglitazone,
demonstrating that the binding conformation of rosiglitazone determined by AutoDock Vina
matches well with that of the cocrystallized ligand (root mean square deviation of the heavy atoms
1.45 Å). The locations and a general ligand binding interaction model for the LBS were
determined, leading to the discovery of novel mitoNEET ligands. An in vitro fluorescence binding
assay utilizing purified recombinant mitoNEET protein was used to determine the binding affinity
of a predicted mitoNEET ligand, and the data obtained is in good agreement with AutoDock Vina
results. The discovery of potential mitoNEET ligand binding sites and novel ligands, opens up the
possibility for detailed structural studies of mitoNEET–ligand complexes, as well as rational
design of novel ligands specifically targeted for mitoNEET.
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MitoNEET is a recently discovered iron–sulfur (2Fe–2S) outer mitochondrial integral
membrane protein that binds the same ligands, specifically pioglitazone [1,2] and
rosiglitazone [3], as the peroxisome proliferator-activated receptor gamma (PPAR-γ)
nuclear receptor, and with similar binding affinity. Pioglitazone (1) and rosiglitazone (2) are
members of the thiazolidinedione (TZD) class of compounds (Fig. 1), currently approved for
treatment of type 2 diabetes. Recent evidence suggesting PPAR-γ independent action of the
TZDs led to the discovery of mitoNEET through a cross-linking study with a photoactive
form of pioglitazone [1]. Moreover, accumulating evidence indicates that many of the
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clinical effects of TZDs may originate by binding to mitoNEET. A recent report [4] suggests
that mitoNEET plays a key role in regulating electron transport and oxidative
phosphorylation, as there is a decrease in the complex I-dependent oxygen consumption in
the mitochondria isolated from mitoNEET-deficient mice heart.

Pioglitazone was also reported to alter the oxidative capacity of mitochondria and exhibit
negative regulatory effect on complex I activity in liver, muscle, and astroglioma cells [5,6],
with positive regulatory effect in neuronal cells [7]. These correlations together with the
mitochondrial localization of mitoNEET, strongly suggest that pioglitazone (and other
TZDs) may exert their actions on mitochondria by regulating activities of the respiratory
complexes via interaction with mitoNEET through yet unknown mechanism(s).

In other studies, pioglitazone has been shown as a potential treatment for several
neurodegenerative diseases, particularly Alzheimer disease (AD) [8], amyotrophic lateral
sclerosis (ALS) [9,10], multiple sclerosis (MS) [11–13], and Parkinson’s disease (PD) [14].
Moreover, pioglitazone was shown to prevent LPS-induced activation of microglia,
increased oxidative stress, and impaired mitochondrial function, all of which are specific in
dopaminergic neurodegeneration [15,16], implicated in PD [14]. Published evidence
indicates that increased oxidative stress [17] is implicated in PD, suggesting that
pioglitazone may have anti-inflammatory and anti-oxidative properties.

In addition, mitoNEET is likely to play a vital role in mitochondrial energy homeostasis and
metabolism [4], transporting and sequestering iron, electron transfer, and oxidation of fatty
acids [1]. Pioglitazone binding to mitoNEET was also found to stabilize the mitoNEET
dimer formation, which correlates with decreased oxidative stress [18]. The fact that PPAR-
γ ligands bind to mitoNEET suggests an alternate mode of action for these ligands, with the
possibility of rationally designing novel targeted agents that bind to mitoNEET, and are
structurally distinct from the TZD class of compounds, that have undesirable side effects
and toxicity [19].

Currently, a major challenge is to understand the nature of TZD-mitoNEET binding at a
much higher level of detail [3]. However, neither quantitative determination of association
constants for TZD-mitoNEET binding, nor the precise location of the mitoNEET ligand
binding site(s) (LBS) have yet been determined, in part because of the high insolubility of
the TZD class of molecules in aqueous solutions, requiring drug solubilization with
relatively high concentrations of DMSO, which denatures the structure of mitoNEET [3].
The present lack of structurally diverse and water-soluble ligands known to bind to
mitoNEET (besides the TZDs) may likely be a key contributing factor for the absence of any
X-ray and/or NMR structures reported to date that provide high resolution structure of
mitoNEET complexed with a ligand, despite several reported X-ray crystal structures of the
unbound mitoNEET (apo) structure [2,20,21]. Thus, the nature of the mitoNEET LBS
remains unknown. Our discovery of potential mitoNEET ligands, with good water solubility
and high binding affinity (e.g., molecules 5 and 11, Fig. 1) holds great promise for future
high-resolution X-ray and NMR structural studies of the mitoNEET.

The LBS reported in our study is roughly comparable to the major LBS reported in two
previous publications [20,22]. In the more recent report [22], molecular docking software
employing the SiteFinder module in MOE 2008.10 (Chemical Computing Group) found five
potential binding pockets on mitoNEET, by probing the surface of the protein with alpha-
spheres [22]. In contrast, AutoDock Vina [23] docks a flexible ligand against the protein
using a sophisticated gradient optimization method [23]. The study also used a different
crystal structure (PDB ID: 2QH7, personal communications), compared to the one we used
(2QD0). The residues in one of the major binding sites identified [22] seem to agree with the
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rough location of a binding pocket that was first suggested in an earlier study [20], where the
authors used AutoDock 3 (personal communications), but the same crystal structure [20]
(2QD0) used in our study. 2QD0 has five additional residues on the N-terminus of chain A,
while 2QH7 possesses additional lysine and glutamic acid residues on the N-terminus and
C-terminus of chains A and B, respectively.

Molecular docking is a powerful computational technique used in structure-based drug
design. The availability of reliable structures of the target receptor is crucial for docking.
Multiple receptor conformations can be used to incorporate receptor flexibility into the
docking algorithm, to improve the accuracy of binding pose prediction. A recent
computational study employing “ensemble docking” into multiple crystallographically
derived protein structures [24], provides a good example of this approach. We are planning
to include receptor flexibility in future studies. As there are no published structures of
mitoNEET complexed with a ligand, we have used a technique called blind docking (BD)
[25,26] to determine the potential binding site(s). BD is used for detecting possible binding
sites and ligand conformations by scanning the entire surface of a protein target, and finding
a location with the highest binding affinity on the protein. Based on previous studies [25,26],
BD has been shown to reliably predict the binding location and mode of numerous known
protein–ligand complexes, and can be used in the case where the binding site(s) on a protein
is unknown.

In this study, the program AutoDock Vina (v 1.0.2) [23] was used to perform the blind
docking; this program was shown to be more accurate compared to previous versions of
AutoDock used in BD studies [25,26]. Known mitoNEET ligands (pioglitazone and
rosiglitazone) were screened against the protein surface, and a binding site was found on the
surfaces of both mitoNEET protomers. Using the binding site information, a number of
potential, structurally diverse novel ligands, unrelated to the TZDs, were discovered. Of
these ligands, laetevirenol A (18) and troglitazone (3) were found to have the highest
predicted binding affinity, and using an in vitro fluorescence binding assay, determined the
binding affinity of a predicted mitoNEET ligand. The discovery of potential mitoNEET
binding sites, and novel ligands, opens up the possibility for detailed structural investigation
of mitoNEET–ligand complexes, as well as rational design of structurally diverse novel
ligands specifically targeted for mitoNEET, and with fewer side effects and toxicity
compared to the TZDs [19].

1. Materials and methods
For the molecular docking study, protein structures were obtained from the RCSB Protein
Data Bank (http://www.rcsb.org); the mitoNEET structure PDB ID was 2QD0, and the
PPAR-γ PDB ID was 1ZGY. Ligand structures were obtained from the PubChem database
(http://pubchem.ncbi.nlm.nih.gov). If ligand structures were not available from PubChem,
they were drawn using MarvinSketch 5.3.1 (ChemAxon). The UCSF Chimera program
(http://www.cgl.ucsf.edu/chimera) was used to prepare the structures for input to
AutoDockTools (ADT) version 1.5.4 (http://mgltools.scripps.edu) by adding Gasteiger
charges (computed using ANTECHAMBER [27]) and running 10,000 steps of energy
minimization. UCSF Chimera uses the MMTK software module [28] to perform steepest
descent energy minimization; the generalized amber force field was used [29]. The
cocrystallized ligand in the PPAR-γ PDB structure was removed. For both protein
structures, lower occupancy residue structures were deleted, and any incomplete side chains
were replaced using the Dunbrack rotamer library [30]. Since the mitoNEET protein is a
homodimer, UCSF Chimera was also used to delete residues 38–42 on chain B of the
mitoNEET protein (PDB ID: 2QD0), thus making the individual protomer sequences
identical. ADT was used to remove crystal waters, and add polar hydrogens to both protein
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structures. The distance between donor and acceptor atoms that form a hydrogen bond was
defined as 1.9 Å with a tolerance of 0.5 Å, and the acceptor–hydrogen–donor angle was not
less than 120° [31]. The structures were then saved in PDBQT file format, for input into
AutoDock Vina version 1.0.2 (http://vina.scripps.edu). For the mitoNEET protein, the
search space was defined as a cube 58 Å on each side, centered on the protein (X, Y, Z
coordinates: 0.463, −0.322, −16.163). For PPAR-γ, the search space was a box with XYZ
dimensions 50 Å × 56 Å × 72 Å respectively, and was centered on 28.744, −1.359, 14.898.
Both search space dimensions encompass the entirety of the proteins, as is required for blind
docking. The AutoDock Vina parameter “Exhaustiveness”, which determines how
comprehensively the program searches for the lowest energy conformation, was set to the
default value, eight, for both docking setups. Once the blind docking technique was
validated, the search spaces were decreased to encompass only the ligand binding sites. All
computations were carried out on a Compaq Evo Desktop D510 personal computer (2.4
GHz Pentium 4 processor, Intel, Santa Clara, CA) running Red Hat Enterprise Linux Client
release 5.5 (Tikanga), as well as the Massachusetts Institute of Technology Athena
workstations (2.66 GHz Intel Core 2 Duo processor) running Ubuntu Linux. The time
required for each simulation run was on the order of 300 s on the Pentium machine, and
approximately 120 s on the Core 2 Duo machines.

MitoNEET was prepared and purified as outlined [4], and was generously provided by Dr.
Sandra Wiley, from the Department of Pharmacology at the University of California, San
Diego. Magnolol was purchased from Sigma–Aldrich Co. (St. Louis, MO; product #:
M3445). The Tris buffer used in this study was of analytical grade. The protein and
magnolol samples were dissolved in the Tris–HCl buffer solution (50 mM Tris; 150 mM
NaCl; pH 7.5 ± 0.1), at a temperature of 298 K. Fluorescence binding studies were
performed on a QM-4-SE fluorimeter from Photon Technology International (Montreal,
Quebec) using FELIX software, and 2 nm excitation and 6 nm emission bandwidth slits.
Measurements were performed at 298 K in a volume of 400 µL Tris–HCl buffer solution, in
500 µL microcuvettes. The excitation wavelength was 295 nm, and the emission spectra
were obtained by scanning from 310 to 500 nm at a rate of 1 nm per second. A similar scan
of the buffer alone was subtracted from all other scans. Due to the presence of two
tryptophan residues in mitoNEET, the optimal excitation wavelength is 295 nm, in order to
minimize contribution from tyrosine and phenylalanine residues.

2. Results and discussion
2.1. Validation of AutoDock Vina blind docking method

Blind docking (BD)was performed on the PPAR-γ receptor (PDB ID: 1ZGY) to validate its
accuracy at reproducing the experimental binding mode of rosiglitazone. The results of BD
indicate that the binding conformation of rosiglitazone determined by AutoDock Vina
matches well with that of the cocrystallized ligand (Fig. 2). The root mean square deviation
(RMSD) of the heavy atoms is only 1.45 Å (Fig. 2). This result, in addition to previous
extensive validation [23,25,26], demonstrates the ability of AutoDock Vina to accurately
predict the binding conformations of ligand–protein complexes.

2.2. MitoNEET binding site
Having validated the BD method on PPAR-γ, we screened pioglitazone and rosiglitazone
against the mitoNEET protein surface, in search of binding site(s). The reported crystal
structure of the soluble domain [2,20,21] of mitoNEET indicates that it forms a globular
homodimer domain, where the two monomer subunits are almost identical (RMS deviation
of 0.091 Å over 64 Cα pairs [20]). This information was used to generate the structural
representations of the mitoNEET homodimer in Fig. 3. From the docking studies, we
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identified one potential binding site on the surface of each protomer of the mitoNEET
homodimer (Fig. 3). Besides pioglitazone and rosiglitazone, we also docked 15 other small
molecules (Fig. 1) against the mitoNEET protein, and the output ensemble is depicted in
Fig. 3(E–G), thus defining the entire mitoNEET binding pocket on each protomer (Table 1).
We chose this set of compounds as they are structurally related to known PPAR-γ ligands;
this will be discussed in further detail.

Analysis of the ligand–protein binding interactions for pioglitazone (1) and rosiglitazone (2)
indicate very similar interactions with the binding site on mitoNEET (Figs. 3 and 4; Table
1). The main interactions involve the residues His48, Ile49, Arg76, Lys78, Ala86, Lys89,
and His90 forming van der Waals (vdW) contacts with the ligands, and Gln50 forming two
hydrogen bonds with the TZD rings (Fig. 4, 1–2; Table 1). Rosiglitazone (2) also forms an
additional aromatic ring interaction between its pyridine ring and Lys89. The structural
similarity of 1 and 2 is reflected in the similar interactions with the mitoNEET binding site
residues, as well as the nearly identical predicted binding affinities (−6.3 kcal/mol and −6.2
kcal/mol, respectively) and position of the TZD rings (Fig. 3A and C). In comparison, the
much higher binding energy predicted for another TZD, troglitazone (3, −7.9 kcal/mol), can
be explained by formation of additional hydrogen bonding interactions between the phenolic
hydroxyl of 3 and the hydrogen bond donor and acceptor groups on His90 and Glu93,
respectively (Fig. 4, 3).

The result that troglitazone has a high predicted binding affinity to mitoNEET is consistent
with data obtained from a preliminary experiment we performed, in which liver C3A cells
were treated with 25 µM troglitazone for 30 min, resulting in a decrease of the mitochondrial
membrane potential (Δψ) compared to control. Indeed, such a decrease in Δψ has been
reported in a different study [32], in which troglitazone induced a rapid and dose-dependent
drop of Δψ in liver HepG2 cells. Since mitoNEET was found associated with components
of the pyruvate dehydrogenase complex [11], TZD binding could block pyruvate driven
respiration [11], thereby lowering Δψ, and explaining these experimental results.

Our discovery of molecules that do not contain the TZD ring moiety and yet are predicted to
bind to mitoNEET has not been reported before. In a very recent report [33],
pharmacophore-based virtual screening of 3D natural product libraries was used to identify
novel neolignan PPAR-γ ligands (e.g., 4, Fig. 1) that bind to the PPAR-γ ligand binding
domain, with a binding pattern very similar to that of pioglitazone [33]. Structural analysis
of 4 shows that it contains the o,o′-biphenol moiety (Fig. 5), and therefore we screened five
molecules (4–8, Fig. 1) that contain the o,o′-biphenol moiety.

Molecules 4–8 (Fig. 1) all contain the o,o′-biphenol moiety (Fig. 5) and have predicted
binding affinities close to or greater than that of pioglitazone (1) or rosiglitazone (2), (Table
1). 3,3′-di-L-tyrosine (5), forms hydrogen bonds with Arg76, Ser77, His90, Glu93, and an
aromatic ring interaction with Lys89 (Fig. 4 and Table 1). Molecule 6 has slightly higher
predicted binding affinity than 5, which can be explained by two additional aromatic ring
interactions. Molecules 7 and 8 have greater predicted affinities compared to 5 or 6, likely
due to their increased surface area and additional hydrogen bonding interactions, analogous
to the higher predicted binding affinity of troglitazone (3) relative to pioglitazone (1) and
rosiglitazone (2).

Molecules 4–9 have a number of unique physicochemical and biological properties. For
example, all are fluorophores, with characteristic intrinsic fluorescence properties. In
particular, 5, which consists of the 3,3′-di-L-tyrosine moiety (dityrosine), is a natural post-
translational modification found in peptides and proteins [34]. Furthermore, since formation
of the dityrosine cross-link involves oxidative coupling via a phenoxyl radical intermediate,

Bieganski and Yarmush Page 5

J Mol Graph Model. Author manuscript; available in PMC 2012 October 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



it occurs under oxidative conditions, and therefore dityrosine formation is closely related to
the in vivo oxidation state, and was proposed as a useful marker for in vivo protein oxidation
[34]. The intrinsic fluorescence properties of molecules 4–9 make them very useful as
fluorescent probes [34]. Fluorescence anisotropy measurements of mitoNEET–ligand
complex formation for molecules 4–9 are likely to provide invaluable insights as to the
nature of conformational changes that take place upon ligand binding to mitoNEET.
Systematic studies of mitoNEET–ligand binding for molecules 4–9 should be a powerful
tool for probing the structural features of mitoNEET complexed with a large number of
ligands, whose structures can be designed and easily synthesized by changing the amino
acid residues R1 and R2 in 9 (Fig. 1).

Molecules 4–9 can be formed by dimerization of their respective monomers. For example,
magnolol (4) can be formed by dimerization of chavicol, giving rise to the o,o′-biphenol
moiety; 5 can be formed by dimerization of L-tyrosine [34]. N-Acetyl-L-tyrosine amide (Ac-
NH-L-Tyr-CO-NH2) is a simple model for an oligopeptide of tyrosine, and 6 can be prepared
by dimerization of Ac-NH-L-Tyr-CO-NH2. In an analogous fashion, Ac-NH-L-Tyr-Gly-Gly-
CO-NH2 and Ac-NH-L-Tyr-Ala-Ala-CO-NH2 tripeptide amides serve as monomer
precursors for 7 and 8, respectively. 9 represents a generalized structure of a dimer of Ac-
NH-L-Tyr-R1-R2-CO-NH2 (containing the dityrosine moiety), where R1 and R2 denote any
of the 20 naturally occurring amino acids.

Epsilon-viniferin (17) and laetevirenol A (18) are stilbene dimers, and have much higher
predicted binding affinity (Table 1) compared to resveratrol (16), a stilbene monomer. 18
has been reported to have strong antioxidant properties due to its unusual phenanthrene
moiety [35]. The high predicted binding affinity of 18 can be rationalized by the large
number of interactions it forms with the mitoNEET binding site (Fig. 4, 18); the relatively
high predicted affinity of epsilon-viniferin can be explained in a similar fashion as well.

Since flavonoids have been shown to bind to the PPAR-γ receptor [36], we screened
compounds 12–14 based on the chromen-4-one core structure (Fig. 5). Molecules 12–14
have comparable predicted binding affinities, as well as similarities in their interactions with
the mitoNEET binding site; the three molecules all form hydrogen bonds with His48, Gln50,
Arg76, and Phe80, and also have a van der Waals interaction with Ile49. Compound 15 is a
dimeric form of 14, and in analogy to the stilbene dimers, has more interactions than the
monomeric form, explaining the higher predicted affinity (Fig. 4, Table 1).

From the chromen-4-one moiety (Fig. 5), one can derive the structure of disodium
cromoglycate (11, cromolyn). The main interactions of cromolyn with the mitoNEET
binding site involve three hydrogen bonds with Arg76, as well as a hydrogen bond with
His48, His90, and Lys78. Arg76 also forms an aromatic ring interaction with one of the
chromen-4-one rings of cromolyn, and Lys78 forms vdW contacts with the other
chromen-4-one ring. The number of hydrogen bonding, vdW, and aromatic ring interactions
are consistent with cromolyn being one of the best predicted binders that we discovered.

Enterobactin (10) is one of the strongest siderophores known, binding to ferric iron (Fe3+)
with K ≈ 1051 M−1 [37]. Interestingly, since mitoNEET is an iron–sulfur protein involved in
iron sequestration/transport, binding of enterobactin to mitoNEET would likely have a
significant effect on the overall mitoNEET protein structure, and we will test this
hypothesis. The high predicted binding affinity of enterobactin is reflected by the numerous
interactions depicted in Fig. 4, and Table 1.

Molecules 4–8 (Fig. 1) have predicted binding affinities similar to or greater than that of
pioglitazone or rosiglitazone, and all contain the dityrosine moiety, which, due to its
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intrinsic fluorescence, can provide structural and functional information on the mitoNEET
receptor protein in the bound state [34]. We are in the process of preparing experiments that
will utilize molecules 4–8 as probes, in order to investigate the structure of mitoNEET with
ligands in their bound conformation. Cromolyn (11) is marketed as a treatment for allergic
reactions, however, it has been recently shown [38] to reduce diet-induced obesity and type
2 diabetes. Interestingly enough, our prediction that cromolyn binds to mitoNEET can
explain why it has such an effect, and we will test this hypothesis as well. Molecules 12–18
(Fig. 1) are natural products and should be useful as a starting point for the rational design of
novel synthetic ligands that selectively target mitoNEET.

From the ensemble of interactions of the 17 ligands examined in this work, (Figs. 3E–G and
4, and Table 1), a general ligand binding interaction model can be described. The ligand
binding site on each of the mitoNEET protomers has a rather large “Y-shaped”
configuration (Fig. 3E–G), which explains why it is predicted to bind a structurally diverse
set of ligands, including large ligands such as 7 and 8, as well as relatively small ligands
such as 4, 13, and 16. One example of a receptor protein that has a similarly shaped binding
site, and is also capable of accommodating a large number of structurally diverse ligands is
the PPAR-γ receptor [39], which can bind compounds ranging from small molecules such
as magnolol [33], and flavonoids [36], to larger ligands such as TZDs, and a large variety of
fatty acids including docosahexaenoic acid (DHA, PDB ID: 2VV0) [40]. The large pocket of
PPAR-γ can also bind a long molecule such as DHA, and similarly, mitoNEET is predicted
to bind long peptide derivatives (7 and 8) with high affinity as well.

For ligands that have polar functional groups at both ends (e.g., 3), separated by a less polar
“linker” region, the residues His90 and Glu93 generally form hydrogen bonding interactions
with one polar end. A good example is illustrated in the case of molecules 1–3, where the
orientations of the TZD ring are very similar, as are the interactions around the TZD moiety.
A striking feature that emerges from examination of the interactions of molecules 1–3, is
that the ligand with a polar functional group at both ends (3), separated by a less polar
“linker” region is predicted to have a much higher binding affinity compared to the ligands
which contain a polar moiety at only one end (1–2). Of the molecules screened, 3, 5–8, 11,
and 16 all have comparable structural features (two polar regions connected by a less polar
“linker”). The residues His90 and Glu93 form hydrogen bonding interactions with one of the
polar ends of these molecules in several instances (3, 5–7, 11). The three flavonoids all have
very similar interaction patterns involving Gln50, Phe80, His48, and Arg76; the
conformations of the three rings are very similar as well. The large mitoNEET binding site
can accommodate structurally complex ligands such as 10, 15, 17 and 18, by forming
numerous hydrogen bonding, van der Waals, and aromatic ring interactions, reflected by the
high predicted binding affinities for these ligands. Although mitoNEET has a large binding
site, consisting of 17 residues exhibiting significant interactions, the three residues His48,
Arg76, and Lys78 interact with virtually every ligand screened, likely due to their central
location in the binding site.

2.3. Fluorescence emission spectra
The steady state emission spectra of mitoNEET alone (F0) and in the presence of varying
concentrations of magnolol (F), are shown in Fig. 6. In this experiment, the concentrations
of mitoNEET were stabilized at 2.4 × 10−5 mol/L, and the concentrations of magnolol varied
from 0 to 77.4 × 10−6 mol/L. Fig. 7 shows the predicted binding conformation of magnolol,
as well as the location of both tryptophan residues of the mitoNEET homodimer. As shown
in Fig. 6, mitoNEET has significant fluorescence emission with a peak at 341 nm, upon
excitation at 295 nm, and the fluorescence intensity is quenched (decreases) with increasing
concentrations of magnolol. Numerous molecular interactions can cause fluorescence
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quenching, including resonance energy transfer, ground-state complex formation, and
collisional quenching [41]. Since the Trp75 residue in mitoNEET is a fluorophore, the close
proximity of this residue to the predicted magnolol binding conformation (Fig. 7) indicates
that fluorescence quenching should occur, which agrees with the decreased mitoNEET
fluorescence observed experimentally (Fig. 6). The isosbestic point at 377 nm indicates that
fluorescence quenching is due to mitoNEET–magnolol complex formation. The addition of
magnolol does not shift the maximum wavelength of mitoNEET emission, suggesting that
no major conformational changes were induced in the vicinity of the Trp75 residue in
mitoNEET.

2.4. Ligand binding affinity
The fluorescence emission data (Fig. 6) was used to determine the experimental binding
affinity of magnolol to mitoNEET, using the modified Stern–Volmer equation [41]:

where F0 − F represents the difference in fluorescence intensity of mitoNEET alone (F0) and
in the presence of a quencher (F) at concentration [Q]; fa is the fraction of initial
fluorescence that is accessible to the quencher, and Ka is the Stern–Volmer quenching
constant for the fraction of the fluorophore (analogous to associative binding constants for
the system). Eq. (1) can be used to determine fa and Ka by plotting F0/(F0 − F) versus 1/[Q]
yielding fa

−1 as the intercept and (faKa)−1 as the slope, from which Ka, and therefore the
standard free energy change, ΔG0, can be derived according to:

Fig. 8 shows a plot of F0/(F0 − F) versus 1/[Q], where fa = 0.393, and Ka = 4.98 × 105 mol/
L. From these values, ΔG0 is calculated to be −6.40 kcal/mol, compared to the value of −6.0
kcal/mol predicted by AutoDock Vina. This result is well within the standard error of
AutoDock Vina [23].

3. Summary
Even though compounds 4–18 do not contain the TZD ring moiety, our molecular docking
and in vitro binding studies predict that they bind with similar or greater affinity to
mitoNEET, compared with the known TZD ligands, pioglitazone and rosiglitazone (Table
1). For the first time, these results indicate that it is possible to design novel ligands targeted
for mitoNEET that are not structurally related to the TZDs, therefore having less of the
undesirable side effects and toxicity associated with TZDs.

In summary, using molecular docking we discovered a novel potential binding site on the
surface of each protomer of the mitoNEET homodimer protein. Using this information, new
structurally diverse ligands, distinct from the TZDs, and with higher predicted binding
affinities, were discovered. Several of these ligands have interesting physicochemical and
biological properties. We also discovered a number of natural products that are predicted to
bind to mitoNEET with high affinity; they are likely useful as a basis for the rational design
of novel ligands targeted for the mitoNEET receptor. An in vitro fluorescence binding assay
was used to confirm mitoNEET binding to a novel ligand, demonstrating that the results
predicted by AutoDock Vina are consistent with experimentally derived results.
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Fig. 1.
Structures of 15 compounds predicted to bind to mitoNEET, as well as the structures of
pioglitazone (1) and rosiglitazone (2).
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Fig. 2.
Superposition of the computed rosiglitazone binding conformation (black) docked in the
PPAR-γ receptor ligand binding pocket, and the cocrystallized ligand (light gray). RMSD
calculation was based on the heavy atoms, and was performed using the “rmsd” command of
UCSF Chimera (http://www.cgl.ucsf.edu/chimera). PPAR-γ receptor PDB ID: 1ZGY.
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Fig. 3.
(A) Molecular surface representation of the MitoNEET homodimer; residues that interact
with both pioglitazone and rosiglitazone are shown in space-filling representation, and
include His48, Ile49, Gln50, Arg76, Lys78, Ala86, Lys89, and His90. Both pioglitazone and
rosiglitazone are shown as licorice models, docked in the predicted binding conformation
found using AutoDock Vina. Protomer I of the mitoNEET homodimer, is colored light blue,
and protomer II is colored magenta. (B) Surface representation of MitoNEET homodimer,
showing rosiglitazone docked (space-filling representation) in the MitoNEET binding
pocket. (C) Superposition of pioglitazone and rosiglitazone in their docked conformations,
as in (A); note that conformations of the TZD ring is nearly identical for both molecules. (D)
Ribbon representation of the MitoNEET-rosiglitazone complex, showing rosiglitazone
docked to both MitoNEET protomers; the 2Fe–2S clusters are shown in balls and sticks,
where iron and sulfur atoms are colored brown and yellow, respectively. (E–G) Ribbon and
surface representations of MitoNEET and an ensemble of 17 docked ligands (interactions
shown in Fig. 5). (H) The structures of Pioglitazone (Actos™) and Rosiglitazone
(Avandia™). Pioglitazone was the first ligand shown to bind to MitoNEET [1].
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Fig. 4.
Schematic representations of hydrogen bonding, van der Waals (vdW), and aromatic ring
interactions for the ligands listed in Fig. 1, arranged in the same numbering order. Dotted
lines are hydrogen bonds, circled residues indicate van der Waals contacts with the ligands,
and circles represent aromatic ring interactions (the line indicates the residue interacting
with the ligand).
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Fig. 5.
Graphical illustration depicting the relationship of the o,o′-biphenol and chromen-4-one
core structures. “R” represents any functional group.
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Fig. 6.
Fluorescence emission spectra of 2.4 × 10−5 mol/L mitoNEET in the presence of various
concentrations of magnolol (T = 298 K; λex = 295 nm); a–o: [magnolol] × 10−6 mol/L = 0;
1.9; 3.7; 5.5; 7.4; 10.9; 14.4; 21.2; 27.8; 34.1; 40.2; 46.1; 57.2; 67.6; 77.4.
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Fig. 7.
Magnolol bound to the mitoNEET receptor protein. The two iron–sulfur clusters are shown
as ball and stick, while the two Trp75 residues and magnolol are shown in licorice. The
intrinsic fluorescence of the two Trp75 residues, and their proximity to the binding pocket,
enables fluorescence quenching.
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Fig. 8.
Modified Stern–Volmer plot of F0/(F0 − F) versus 1/[Q], generated from fluorescence data
in Fig. 6. R2 = 0.995.
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