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Background:MitoNEET functions as a [2Fe-2S] cluster transfer protein, and the anti-type II diabetes drug pioglitazone can
inhibit cluster transfer.
Results: Binding of NADPH inhibits transfer of the [2Fe-2S] cluster to apo-acceptor proteins.
Conclusion: NADPH, through interactions with Asp-84, inhibits the cluster transfer ability of mitoNEET.
Significance: In the cellular environment, NADPH may act as a key regulator of mitoNEET [2Fe-2S] cluster transfer.

MitoNEET (mNT) is the founding member of the recently
discovered CDGSH family of [2Fe-2S] proteins capable of [2Fe-
2S] cluster transfer to apo-acceptor proteins. It is a target of the
thiazolidinedione (TZD) class of anti-diabetes drugs whose
binding modulate both electron transfer and cluster transfer
properties. The [2Fe-2S] cluster in mNT is destabilized upon
binding ofNADPH,which leads to loss of the [2Fe-2S] cluster to
the solution environment. Because mNT is capable of transfer-
ring [2Fe-2S] clusters to apo-acceptor proteins, we sought to
determine whether NADPH binding also affects cluster trans-
fer.We show that NADPH inhibits transfer of the [2Fe-2S] clus-
ter to an apo-acceptor proteinwith an inhibition constant (Ki) of
200 �M, which reflects that of NADPH concentrations expected
under physiological conditions. In addition, we determined that
the strictly conserved cluster interacting residue Asp-84 in the
CDGSHdomain is necessary for theNADPH-dependent inhibi-
tion of [2Fe-2S] cluster transfer. Themost critical cellular func-
tion of NADPH is in the maintenance of a pool of reducing
equivalents, which is essential to counteract oxidative damage.
Taken together, our findings suggest that NADPH can regulate
bothmNT [2Fe-2S] cluster levels in the cell as well as the ability
of the protein to transfer [2Fe-2S] clusters to cytosolic or mito-
chondrial acceptors.

Iron-sulfur (FeS)2 cluster-containing proteins are key players
in many essential processes, such as photosynthesis, respira-
tion, and nitrogen fixation (1, 2). They appear in various com-

positions and confer upon FeS proteins the ability to accept or
donate single electrons and/or iron, catalyze enzymatic reac-
tions, or even function as regulatory proteins (3, 4). Disruption
of FeS cluster biogenesis is deleterious to vital cell processes in
humans, leading to diseases such as Friedreich ataxia (4, 5),
X-linked sideroblastic anemia with ataxia (XLSA/A) (6), and a
form of sideroblastic anemia associated with a deletion in the
GLRX5 gene (7). The accumulation of iron in mitochondria,
which leads tomisdistribution of themetal (8) andmismanage-
ment of cellular iron regulatory properties (9, 10), is a hallmark
of various diseases. These observations are consistent with the
localization of the FeS cluster biogenesis machinery and key
FeS protein metabolic functions in mitochondria (2, 9). More-
over, becausemitochondria are the primary energy providers of
mammalian cells and key players in a large variety of metabolic
processes (11), they have been implicated in metabolic diseases
such as type II diabetes (12–15).
Human mitoNEET (mNT) is a newly discovered FeS-con-

taining protein that is a target (16) of the insulin-sensitizing
thiazolidinedione (TZD) class of type II diabetes drugs (17, 18).
The interaction of TZD drugs with mNT has been proposed to
be of therapeutic importance (16–20). This is the first FeS pro-
tein to be directly targeted by drug binding (16, 20). Crystalli-
zation of human mNT revealed that the protein contains two
[2Fe-2S] clusters (20–22) (Fig. 1), which are more labile than
typical [2Fe-2S] cluster-containing proteins (23). TZD binding
to mNT both stabilizes the [2Fe-2S] cluster against release (20)
and shifts the redox potential by as much as �100 mV (24).
Recently, we discovered that mNT is a cluster transfer protein
both in vitro and in vivo (25). TZD binding blocks this process
(25). BecauseNADPHbindingwas recently found to destabilize
the [2Fe-2S] cluster in mNT (26), it poses an interesting ques-
tion: does NADPH binding alter the cluster transfer or redox
properties of mNT?
In this studywe used the unique visible spectrumof the [2Fe-

2S] cluster inmNT to investigate interactions between the pro-
tein and NADPH. We found that NADPH inhibits transfer of
the [2Fe-2S] cluster in mNT to an apo-acceptor protein, in this
case apo-ferredoxin (a-Fd), at concentrations typically found in
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cells. We also found that NADPH binding causes a negative
shift in the redox potential of mNT in a manner similar to that
observed for binding of TZDs, suggesting involvement of
His-87 in NADPH binding. Finally, we found that the con-
served Asp-84 in the CDGSH domain is essential for inhibition
of cluster transfer by NADPH, which suggests a role for the
strict conservation of this residue across CDGSH family mem-
bers. Taken together, these findings suggest a potential role for
NADPH as a cellular regulator of the [2Fe-2S] cluster transfer
from mNT to apo-acceptor proteins.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Overexpression and
purification of the soluble fragment of mNT (amino acids
33–108) as well as a-Fd were performed as outlined previously
(25).
Optical Spectroscopy, Cluster Transfer Kinetics, Potentiomet-

ric Redox Titrations, and Cluster Stability Measurements—All
UV-visible absorption spectra were measured from the near
UV to the near IR (300–800 nm) on a Cary50 spectrophoto-
meter (Varian, Palo Alto, CA) equipped with a temperature-
controlled cell. The methods employed in this study for moni-
toring cluster transfer kinetics are identical to those reported
previously on mNT (25). Further details on experimental con-
ditions used in FeS cluster transfer studies can be foundWuand
Cowan (27). In this study, cluster transfer experiments were
performed aerobically at 35 °C at pH 8.0 with andwithout vary-
ing concentrations of NADPH (Fisher Scientific) using 100 �M

mNT or D84S mutant and 100 �M a-Fd in 50 mM BisTris, 100
mM NaCl. The samples were covered with mineral oil (Hamp-
ton Research) to prevent losses due to evaporation. Transfer
rates were obtained by following the (423 nm)/(458 nm) ratio
corresponding to loss of the mNT 458 nm peak and emergence
of the holo-ferredoxin 423-nmpeakwith time as described pre-
viously (25). Data were fit to a single exponential decay, and
transfer rates were determined by taking the slope of the expo-
nential fit after the first 15min. Transfer rates were then fit to a
standard Michaelis-Menten curve.

Rate �
Vmax

1 �
[NADPH]

Ki

(Eq. 1)

In the equation, Vmax is the maximum transfer rate in the pres-
ence of 100 �M mNT and a-Fd in the absence of any NADPH
(measured to be 225 M�1 min�1), Ki is the inhibition constant
for the inhibitor NADPH.
A detailed explanation of optical potentiometric redox titra-

tion methods can be found elsewhere (28). For this study, opti-
cal potentiometric redox titrations were performed as outlined
previously (29) but with the addition of 10 mM NADPH where
noted. Briefly, experiments were performed anaerobically at
25 °C under an argon atmosphere with and without 10 mM

NADPH using 50 �M mNT in 50 mM BisTris, 50 mM Tris, 100
mMNaCl (to span the pH range 6.0–9.0) at varying pH values in
the presence of mediators. Sodium dithionite (Sigma-Aldrich)
was titrated in via syringe to reduce the [2Fe-2S] clusters, and
once fully reduced, the clusters were reoxidized by titrating in
fixed amounts of ambient oxygen through a syringe. Optical
scans (300–700 nm) were performed with each addition of
dithionite or oxygen. Optical potentiometric redox titration
data were fit to the Nernst equation, and redox potentials were
plotted as a function of pH as described previously (29). From
this fit the variables pKox and Eacid could be determined in the
presence and absence of NADPH.
Cluster stability measurements were performed aerobically

at 35 °C at pH 6.0 using 50 �M D84S or H87C mutant with and
without 10mMNADPH in 100mMBisTris, 100mMNaCl. Clus-
ter loss was measured over time as a decrease in absorbance at
458 nm.

RESULTS

NADPH Inhibits Transfer of [2Fe-2S] Clusters from mNT to
an Apo-acceptor Protein—NADPH is the first identified physi-
ological coenzyme that binds tomNT (26), as recently shownby
measuring NMR chemical shift perturbations in specific resi-
dues in mNT in the presence of NADPH (26). However, NMR
methods are not easily amenable to monitor the FeS cluster
directly because of the paramagnetic broadening of residues
surrounding the cluster (Fig. 1). To determine whether NADPH
binding affects [2Fe-2S] cluster transfer of to an acceptor protein
(25) we tested for cluster transfer in the presence of NADPH.
NADPH inhibits transfer of the [2Fe-2S] cluster to a-Fd in a con-
centration-dependent manner (Fig. 2A). Fitting a standard
Michaelis-Menten curve to the data (Fig. 2B) yields an inhibition

FIGURE 1. Surface representation of mNT structure (Protein Data Bank code 2QH7) is shown in gray with [2Fe-2S] cluster as red and yellow spheres. The
unusual 3-Cys-1-His ligand coordination found in mNT is shown as blue sticks. Asp-84, part of the CDGSH domain, is shown as well (blue sticks). Residues that
show chemical shift changes upon binding of NADPH (26) are shown in magenta. Cluster binding region is shown as a green surface. The sequence (amino acids
33–108) of the mNT construct used in this study is shown to the right.
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constant (Ki) equal to 200 � 60 �M. This value falls within the
expected physiological concentration of NADPH, which varies
betweendifferent organisms aswell as different human tissues but
is estimated to be between 100 and 200 �M (30, 31).
Binding of NADPH Leads to Shift in the pH-dependent Redox

Potential—In this work we used visible spectroscopy (Fig. 3A)
to determine the effect of the coenzyme on mNT cluster prop-

erties (29, 32–34) such as redox potential. In addition, we tested
the coenzyme sensitivity of mutant mNT in which mutations
were made in the CDGSH domain (Fig. 3B). Upon addition of
NADPH,mNT is not reduced even after a 25-h incubation (Fig.
3A, blue line). No reduction of the [2Fe-2S] cluster is observed
even though the redox potential for NADPH is �320 mV,
which is significantly lower than that of the [2Fe-2S clusters] of

FIGURE 2. Binding of NADPH inhibits transfer of [2Fe-2S] cluster from mNT to a-Fd. A, oxidized mNT was incubated with a-Fd, and cluster transfer was
observed with time as reported previously (25) (black circles). To test the effect of NADPH on the cluster transfer rate, oxidized mNT was incubated with a-Fd and
varying concentrations of NADPH: 0.1 mM (red triangles), 0.5 mM (blue triangles), 1 mM (green squares), and 10 mM (purple diamonds). Cluster transfer experiments
were performed at 35 °C at pH 8.0 with and without varying concentrations of NADPH using 100 �M mNT and 100 �M a-Fd in 50 mM Tris, 100 mM NaCl. B, cluster
transfer rates were plotted as a function of NADPH concentration. Rates were fit to a Michaelis-Menten curve, giving inhibition constant (Ki) � 200 � 60 �M.

FIGURE 3. Optical potentiometric titrations in the presence of NADPH lead to changes in redox properties of mNT. A, visible spectrum of mNT (black line).
Addition of NADPH in the absence of mediators does not reduce mNT even after 25 h (blue line). Visible spectrum of NADPH (red line) shows that there is no
overlap at 458 nm where mNT has a �max that is used for monitoring the [2Fe-2S] cluster. B, directly coordinating ligands: Cys-72, Cys-74, Cys-83, and His-87 as
well as cluster-interacting residue Asp-84. C and D, redox potential of mNT measured by titrating dithionite into a solution of oxidized mNT (50 �M) with or
without 10 mM NADPH or NADH in the presence of 100 mM BisTris, 100 mM NaCl, pH 6.0, and mediators.
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mNT (�0 mV) (24). Thus, the reduction of mNT is clearly
kinetically inhibited. To determinewhether binding ofNADPH
affects the redox potential ofmNTweperformedoptical poten-
tiometric titrations (28, 29) on the protein in the presence of 10
mM NADPH and mediators (Fig. 3C). We observed a decrease
in redox potential of �40 mV at pH 6.0. As a control we found
that redox changeswere not observed in the presence ofNADH
(Fig. 3D), which does not bind mNT (26). Thus, the additional
phosphate group of NADPH is essential for the binding of
NADPH to mNT.
Because the redox properties ofmNT are pH-dependent (24)

we wished to explore whether NADPH binding affects the pH
profile. The pH-dependent redox potential of the [2Fe-2S] clus-
ter in mNT can be adequately described as being coupled to a
single titrating group. Two terms describe the pH-dependent
redox potential for mNT; they are Eacid and pKox, which have
been described in more detail previously (29). Briefly, Eacid is

the redox potential of the protein when a single redox-coupled
group is in the fully protonated state, whereas pKox is the pH at
which the redox-coupled group is half-protonated. Eacid for
mNT was previously shown to be �40 mV and pKox to be 6.8.
The redox-coupled group which undergoes protonation upon
reduction of the [2Fe-2S] cluster was attributed to the nonclus-
ter coordinating N� of His-87 (29). The redox shift for mNT in
the presence of NADPH is more dramatic at pH �7.0 and less
so at pH �7.0 (Fig. 4, black and white circles), indicating that
binding of NADPH shifts pKox from pH 6.8 to pH 7.8. It is also
clear that Eacid has been shifted �40 mV (Fig. 4). We attribute
this negative change inEacid to the addition ofmultiple negative
charges from the phosphate groups of NADPH. Placement of a
negative charge near the [2Fe-2S] cluster should discourage the
further addition of negative charge resulting from a single elec-
tron reduction, which consequently results in a lowermeasured
value for Eacid. Having previously proposed that pKox is due to
protonation of His-87 (29), these results suggest that binding of
NADPH either directly or indirectly involves His-87.
Accelerated [2Fe-2S] Cluster Loss as Result of NADPH Bind-

ing in Ferredoxin-like 4-Cys mNTMutant (H87C)—The single-
coordinating histidine, His-87, is critical for [2Fe-2S] cluster
stability (35), cluster transfer (25), and redox properties (24).
These cluster properties in themutant protein are intriguing in
light of the fact that the H87C mutant maintains a structure
nearly identical to that of theWT protein (35) (Fig. 5A). Accel-
erated loss of the [2Fe-2S] cluster by NADPH (t1⁄2 � 700 min)
was still observed in the H87C mutant (t1⁄2 � 2200 min H87C
alone) (Fig. 5B) despite the fact that optical potentiometric
titrations on the H87C mutant show no redox changes in the
presence of 10 mM NADPH (Fig. 5C). Taken together, the
results suggest thatHis-87 is partly responsible for the observed
pKox shift induced by NADPH binding in WT mNT, yet this
strictly conserved residue is not essential for binding to
NADPH and accelerating cluster loss.
[2Fe-2S] Cluster-interacting Residue Asp-84 in CDGSH

Domain Is Necessary for Inhibition of [2Fe-2S] Cluster Transfer
by NADPH—The next residue to examine in the CDGSH clus-
ter binding region is the strictly conserved Asp-84, which is

FIGURE 4. Binding of NADPH shifts redox properties (Eacid and pKox) of
[2Fe-2S] cluster. In the presence of 10 mM NADPH, Eacid drops from �40 mV
(24) to �0 mV. In addition, pKox changes from 6.8 (29) to 7.8. Experiments
were performed at 25 °C with and without 10 mM NADPH using 50 �M mNT in
50 mM BisTris, 50 mM Tris, 100 mM NaCl at varying pH in the presence of
mediators.

FIGURE 5. NADPH binding leads to accelerated cluster loss in 4-Cys mNT (H87C) in the absence of a redox shift. A, structure of H87C mutant (Protein Data
Bank code 3LPQ) showing 4-Cys coordination (35). Cys-87 is found in two conformations in the crystal structure, and both conformations are shown (35).
B, optical decay experiments showing time-dependent decrease in absorbance at 458 nm, indicating loss of [2Fe-2S] cluster for H87C mutant in the presence
(black triangles) and absence of NADPH (white triangles). C, redox measurements showing no shift in redox potential at pH 6.0 in the presence (black triangles)
and absence of NADPH (white triangles). Decay experiments were performed at 35 °C at pH 6.0 using 50 �M H87C mutant with and without 10 mM NADPH in 100
mM BisTris, 100 mM NaCl. Redox experiments were performed under similar conditions but at 25 °C.
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within hydrogen bond distance of one of the sulfurs in the [2Fe-
2S] cluster but invisible in previous NMR studies. Replacement
of conserved Asp-84 with Ser resulted in no accelerated cluster
loss at pH 6.0 in the presence of NADPH (t1⁄2 �10 min in both
cases) (Fig. 6, black and white circles). To determine whether
the natural decay of the cluster in the D84S mutant at pH 6.0 is
significantly faster than any accelerated cluster loss induced by
NADPH binding, the experiment was performed at pH 7.5,
where the [2Fe-2S] cluster is an order ofmagnitudemore stable
in the D84S mutant. No increased cluster loss of the D84S
mutant by NADPH (t1⁄2 �1000 min in both cases) was observed
(Fig. 6A, black and white triangles). Having observed that the
D84S mutant was no longer destabilized in the presence of
NADPH, we decided to test whether cluster transfer was inhib-
ited for the D84S mutant in the presence of NADPH. Replace-
ment of Asp-84 with Ser likely decreases the binding affinity of
mNT for NADPH because cluster transfer was not noticeably
inhibited (Fig. 6B) even at 10mMNADPH,which is significantly
higher than physiological concentrations (�200 �M).

Our examination of the CDGSH cluster binding domain of
this [2Fe-2S] protein implicated in type II diabetes using optical
methods shows that the strictly conserved cluster-interacting
residue Asp-84 plays a direct role in NADPH binding and inhi-
bition of [2Fe-2S] cluster transfer. Taken together, our results
show that NADPH binding alters cluster stability and cluster
transfer properties in this protein, and this likely has physiolog-
ical consequences.

DISCUSSION

The recent discovery that NADPH binds tomNT and affects
the stability of the [2Fe-2S] cluster led us to investigate whether
the redox and cluster transfer properties of mNT are perturbed
by interaction with this ubiquitous cofactor. The NMR meth-
ods previously showed specific residues that interact with
NADPH, but the technical limitation of the paramagnetic
broadening NMR technology imposed the difficulty of observ-
ing chemical shifts for residues in close proximity to the para-
magnetic [2Fe-2S] cluster, specifically regarding the conserved
CDGSH residues Asp-84 and His-87. The latter left open the

possibility that residues in this region could be critical for facil-
itating both NADPH binding and the corresponding effects on
cluster properties, e.g. cluster stability, cluster redox potential,
and cluster transfer. Our investigation led us to the discovery
that binding of NADPH to mNT inhibits the [2Fe-2S] cluster
from being transferred to a-Fd (Fig. 2B). This inhibition occurs
even though the [2Fe-2S] cluster in mNT is oxidized in these
experiments, when transfer is expected to occur readily. In
addition, the conserved Asp-84 in the CDGSH domain of the
protein is critical for inhibition of [2Fe-2S] cluster transfer by
NADPH.
A functional role for Asp-84 in the binding of NADPH may

explain why this residue is highly conserved through evolution
and in all CDGSH proteins. Because NADPH plays a very
important functional role in providing strong reducing equiva-
lents in the cytosolic environment of all organisms, the inhibi-
tion of [2Fe-2S] cluster transfer in mNT at physiological con-
centrations of �200 �M suggests a functional importance to
this binding interaction and the likely necessity of this aspartyl
group over the course of evolution. It is likely no accident that
this conserved aspartyl group is positioned potentially to inter-
act with both the sulfur moiety of the [2Fe-2S] cluster as well as
a hydrogen bond donor on NADPH.
Our findings led us to propose an additional dimension to

our understanding of the physiological role of [2Fe-2S] cluster
transfer in mNT and how the protein behaves in patients with
type II diabetes (25). We propose that NADPH acts as a regu-
lator of mNT [2Fe-2S] cluster transfer, whereby it not only pre-
vents transfer of the [2Fe-2S] cluster to acceptor proteins or
into the mitochondrial matrix, but also accelerates loss of the
[2Fe-2S] cluster. The latter may be a means of down-regulating
the protein under normal reducing conditions (Fig. 7). Our
model proposes that under normal cytosolic conditions, i.e.
reducing environment (36), mNT is incapable of cluster trans-
fer and accumulation of Fe in the mitochondria is abrogated. If
NADPH levels are dramatically decreased, such as under con-
ditions of oxidative stress, NADPH is no longer available to
prevent [2Fe-2S] cluster transfer to apo-acceptor proteins, nor

FIGURE 6. Asp-84 necessary for inhibition of [2Fe-2S] cluster transfer and accelerated cluster loss by NADPH. A, replacement of Asp-84 with Ser (D84S)
prevents accelerated loss of the cluster in the presence of NADPH. Experiments were performed at 35 °C at pH 6.0 (black and white squares) or 7.5 (black and
white squares) using 50 �M protein with or without 10 mM NADPH in the presence of 100 mM BisTris, 100 mM NaCl. B, transfer of [2Fe-2S] cluster from D84S
mutant to a-Fd in the presence (white squares) and absence (black squares) of 10 mM NADPH. Transfer experiments were performed using 100 �M D84S mutant
and 100 �M a-Fd in 50 mM BisTris, 100 mM NaCl with and without 10 mM NADPH.
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is it able to down-regulate the protein. In this case iron accu-
mulation occurs in the mitochondria, which is often observed
in patients with type II diabetes (37, 38), and such a phenome-
non is believed to damage cells, especially those that produce
insulin (39–41). TZDsmay act therapeutically by imitating the
normal [2Fe-2S] cluster transfer inhibitory effects of NADPH.
This view is supported by the fact that both NADPH and the
TZDs cause an alkaline shift in pKox through either direct or
indirect interactions with cluster-binding residue His-87 (24).
A complete understanding of the role of NADPH association
with members of the CGDSH family still remains to be under-
stood. Specifically, whether NADPH binding shows similar
effects on the CDGSH family member, Miner1, whose up-reg-
ulation leads to greater longevity in mice (42) but whose miss-
plicing of the Miner1 gene, CISD2, leads to a rare but serious
human disease known asWolfram syndrome 2 (43). Determin-
ing whether NADPH inhibits cluster transfer in Miner1 is of
high priority, as is determining whether NADPH can disrupt or
enhance binding of Miner1 to antiautophagic/antiapoptotic
proteins in the Bcl-2 family (44).
Here, we show [2Fe-2S] cluster transfer is inhibited by

NADPH at physiological concentrations of the coenzyme, indi-
cating that NADPH, previously shown to interact with the pro-
tein and accelerate loss of the [2Fe-2S] cluster, also affects a
functional property of the protein: [2Fe-2S] cluster transfer to
apo-acceptor proteins. We here propose a likely physiological
role for themNT-NADPH interaction,which is to prevent clus-
ter transfer regardless of the [2Fe2S] oxidization state and to
down-regulate the protein under normal reducing conditions.
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