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ABSTRACT: MitoNEET, a key regulatory protein in mitochondrial energy metabolism, exhibits a uniquely ligated [2Fe—2S]
cluster with one histidine and three cysteines. This unique cluster has been postulated to sense the redox environment and release
Fe—S cofactors under acidic pH. Reported herein is a synthetic system that shows how [2Fe—2S] clusters react with protons and
rearrange their coordination geometry. The low-temperature stable, site-differentiated clusters [Fe,S,(SPh);(CF;COO)]*” and
[Fe,S,(SPh);(py)]™ have been prepared via controlled protonation below —35 °C and characterized by NMR, UV—vis, and X-ray
absorption spectroscopy. Both complexes exhibit anodically shifted redox potentials compared to [Fe,S,(SPh),]*” and convert to
[Fe,S;(SPh),]*” upon warming to room temperature. The current study provides insight into how mitoNEET releases its [2Fe—2S]

in response to highly tuned acidic conditions, the chemistry of which may have further implications in Fe—S biogenesis.

Iron—sulfur (Fe—S) clusters are ubiquitous cofactors present
in all animal kingdoms. Proteins containing [Fe—S]
cofactors are essential to sustaining fundamental life processes
such as respiration, metabolism, and gene regulation.1 The
biogenesis and trafficking of [Fe—S] clusters is a highly
complex and coordinated process, the disruption of which can
lead to a variety of diseases.” The most common structural
types for [Fe—S] clusters are cysteine-ligated rhombic [2Fe—
2S] and cubane [4Fe—4S] clusters in which [4Fe—4S] clusters
are biosynthesized from [2Fe—2S] clusters.”

In 2004, a novel [2Fe—2S]-containing protein mitoNEET
was discovered as an unintended target of a type 2 diabetes
drug, pioglitazone.3 Subsequent studies established that
mitoNEET is an important protein in regulating mitochondrial
functions and metabolism.” MitoNEET has quickly become a
potential drug target for metabolic and neurodegenerative
diseases including obesity, diabetes, cancer, and Parkinson’s
disease.” Crystallographic studies’ reveal that mitoNEET is a
dimeric protein, with each monomer hosting one [2Fe—2§]
cluster. The [2Fe—2S] mitoNEET cluster has a unique
coordination environment ligated by three cysteines (Cys)
and one histidine (His) that is hydrogen-bonded to a nearby
lysine through a conserved water molecule (Chart 1).
Although the exact role of this [2Fe—2S] cluster remains
unresolved, the unique histidine ligation is considered to be
particularly important for the protein to respond to pH and
redox changes.” Biochemical studies have shown that
mitoNEET can transfer its [Fe—S] clusters to cytosolic
proteins at acidic pH when the clusters are in the oxidized
diferric state, which suggests that mitoNEET may act as a
repair protein that can restore damaged iron—sulfur cofactors
under oxidative stress.”™® The known recipient proteins
identified from in vitro biochemical studies include [2Fe—2S]
accepting apoferredoxin,** ™ anamorsin,*! and [4Fe—4S]-
accepting iron regulatory protein.Sb Alternatively, mitoNEET
has also been suggested as an electron-transfer protein that can
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Chart 1. X-ray Structure of mitoNEET (PDB 2QH7) and
Synthetic Models
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enhance glycolysis in the cytosol by promoting oxidation of
NADH.”

Synthetically modeling the [2Fe—2S] cluster in mitoNEET
has been challenging given its unique 3Cys—His ligation. In
2017, Meyer and co-workers reported the first and only
synthetic mitoNEET model complex (Chart 1), which
demonstrated how the nitrogen-bound site allows for proton-
coupled electron transfer.'” Herein we report a new synthetic
strategy to achieve site-differentiated [2Fe—2S] clusters
assisted by controlled protonation, which allows for efficient
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product formation with the potential for ligand modification.
Our model compound bears a neutral nitrogen-donor ligand
(Chart 1), which can serve as a synthetic model for the
unstable mitoNEET intermediate en route to cluster transfer.
We also report the [2Fe—2S]-to-[4Fe—4S] cluster trans-
formation induced by proton delivery to [2Fe—2S] clusters
without introducing an external reductant. This lays an
additional chemical foundation for studies in the area of
[Fe—S] biogenesis in general.

Our initial attempts to synthesize site-differentiated [2Fe—
28] clusters by simple ligand substitution often led to the
formation of homoleptic sulfur-ligated [2Fe—2S] clusters with
a varying degree of decomposition. This synthetic challenge led
us to seek out a way to remove one of the thiolate ligands from
(NEt,),[Fe,S,(SPh),] (1) without introducing a strong
incoming ligand. It is documented that 1 is unstable in
aqueous or protic solvents in which 1 slowly converts to a
tetranuclear cluster, [Fe,S,(SPh),]>”, over 12—24 h by an
unknown mechanism.'’ We thought protonation would be a
key step in disrupting the coordination environment of 1.
Upon the addition of 1 equiv of trifluoroacetic acid (TFA) to 1
at —60 °C in a solvent mixture of acetonitrile-d; and N,N-
dimethylformamide (DMF)-d, (1:3, v/v), noticeable changes
were observed in '"H NMR spectra (Figures 1 and S1). The
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Figure 1. (Left) "H NMR spectra of 1 before (blue) and after (red)
the addition of 1 equiv of TFA at —60 °C in 1:3 CD;CN/DMF-d,,
generating 2 and the evolution of thiophenol (*). (Right) ’F NMR
spectra of TFA before (blue) the addition to 1 to generate 2 (red) at
—60 °C in 1:3 CD;CN/DME-d,.

compound remains diamagnetic during the reaction, but the
m- and p-hydrogen resonances of the thiophenolate ligands
exhibit splitting patterns after the acid treatment. Additionally,
the reaction concomitantly generates 1 equiv of free
thiophenol. This suggests that the acid treatment breaks the
symmetry of 1 by protonating off one thiophenolate ligand,
while maintaining the antiferromagnetically coupled [2Fe—2S]
core structure. The resulting [2Fe—2S] cluster is stabilized by a
new anionic ligand, trifluoroacetate, to form
(NEt,),[Fe,S,(SPh);(CF;C0,)] (2). Coordination of trifluor-
oacetate to iron was confirmed by 'F NMR spectroscopy in
which the significantly broadened fluorine signal from 2
appears at —75.1 ppm, in contrast to a sharp signal for free
TFA at —76.5 ppm (Figure 1).

We investigated the reversibility of this acid-induced ligand
substitution by UV—vis monitoring at —80 °C in propionitrile.

The UV—vis spectra of 1 and 2 are similar to each other,
analogous to the similar visible absorption spectra observed
from mitoNEET and its H87C mutant.”" However, the
formation of 2 can still be seen in the decrease of the S —
Fe charge-transfer band'> at 500 nm by ~15% upon the
addition of 1 equiv of TFA. Nearly full recovery of 1 is
obtained when 1 equiv of thiophenolate is added back to the
solution (Figure S9). The addition of thiolate back to 2 also
abolishes the subsequent reactivity unique to 2 (vide infra).
This suggests that the trifluoroacetate ligand in 2 is poised for
further substitution and 2 can serve as a precursor to other
singly substituted [2Fe—2S] clusters.

We next sought to replace the ligated trifluoroacetate of 2
with a nitrogen-donor ligand to model a monodentate, single-
substituted mitoNEET [2Fe—2S] cluster. We were able to
achieve such a reaction by employing excess (>S50 equiv)
pyridine (py) as an incoming ligand to form (NEt,)-
[Fe,S,(SPh);(py)] (3). The release of trifluoroacetate was
observed by ’F NMR spectroscopy when excess py was added
to 2 in DMF-d, at —35 °C, in which the broad '°F signal at
—75.1 ppm from 2 immediately disappears with an emergence
of a sharp singlet at —74.5 ppm that matches with the signal
from authentic [NEt,][CF;CO,] (Figures S2 and S3).
Compound 3 can also be prepared in situ by treating a
solution of 1 (in DMF or acetonitrile) with 1 equiv of TFA
dissolved in py. The "H NMR spectrum of 3 shows splitting of
the m- and p-hydrogen resonances of the thiophenolate
ligands, indicative of the asymmetric nature of a single-
substituted [2Fe—2S] cluster (Figure S2). The effect of ligand
substitution on the electrochemical properties were studied by
cyclic voltammetry at —35 °C in CH,;CN (Figure S8).
Compound 1 in 0.1 M NBu,PF, exhibits an irreversible
reduction peak potential at —1.48 V versus Fc'/Fc, which is
shifted to —1.27 V upon substitution of thiophenolate with
trifluoroacetate. Further conversion from 2 to 3 leads to a new
irreversible reduction peak at —1.39 V. This observed potential
shift is in line with the electron-donating ability of the ligands
with an order of thiolate > pyridine > trifluoroacetate. A similar
redox potential trend by this set of ligands was previously
shown with an oxoiron(IV) porphyrin complex.'®> The
anodically shifted peak potentials of 2 and 3 suggest that the
single-substituted complexes are more easily reduced com-
pared to the homoleptic cluster 1.

The three [2Fe—2S] clusters were probed by Fe K-edge X-
ray absorption spectroscopy (XAS). All three complexes
display an edge position consistent with the formal Fe®*
oxidation state and a prominent peak in the preedge region
indicative of pseudotetrahedral iron (Figure S5). As expected,
the extended X-ray absorption fine structure (EXAFS) region
of the Fe K-edge XAS spectrum for 1 is best modeled as a four-
coordinate iron center with four sulfur scatterers at 2.27 A and
an outer-sphere Fe:--Fe vector at 2.71 A (Figure 2)."* Upon
conversion of 1 to 2, the EXAFS-derived average Fe:--Fe and
Fe—S vectors remain virtually unchanged at 2.71 and 2.28 A,
respectively. However, the model for the data indicate that the
number of sulfur scatterers has decreased (i.e., the model
required a decrease in N or an increase in 62), with the
reported fit to the data employing 3.5 Fe—S scatterers. In
addition, a Fe—O vector, modeled with 0.5 scatterers, is now
located at 1.99 A, indicating the coordination of trifluor-
oacetate to one of the iron centers. Conversion of 2 into 3
yields a further change to the EXAFS. Although the Fe---Fe and
Fe—S vectors remain virtually unchanged (Rp._g = 2.27 A;
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Figure 2. Magnitude Fourier-transformed k*(y) (left) and unfiltered
k() data for complexes 1 (top), 2 (middle), and 3 (bottom). The
experimental data are given as solid black spectra, while the best fit to
the data are given as dashed red spectra.

Rpe_pe = 2.70 A), the inner-sphere light-atom scattering
pathway, now modeled as a nitrogen atom, elongates to 2.20
A. Furthermore, shells for outer-sphere carbon atoms at 3.31
and 3.9 A now must be included in the model to adequately fit
the data. These results indicate displacement of the
trifluoroacetate ligand in 2 with a py ligand in 3. The observed
bond vectors in 3 compare well with the Fe—N (2.18—2.22 A),
Fe—S (2.21-2.36 A), and Fe—Fe (2.74—2.75 A) bond
distances from the reported crystal structure of human
mitoNEET in the oxidized state.”

Complexes 2 and 3 are stable in solution below —35 °C.
However, both complexes converted to a [4Fe-4S] cluster,
(NEt,),[Fe,S,(SPh),] (4), upon warming to room temper-
ature (Scheme 1). Dimerization of 2 equiv of diferric [Fe,S,]*"

Scheme 1
= 2—
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to form a mixed-valent (MV) [Fe,S,]*" cluster requires a
reduction of iron by two electrons. The '"H NMR spectra of
the product mixtures after 2 or 3 was brought to room
temperature showed the generation of phenyl disulfide, which
suggests that the necessary electrons for cluster conversion
came from their own thiophenolate ligands.

The acid-induced [2Fe—2S]-to-[4Fe—4S] conversion was
further investigated at room temperature to examine whether
stabilization of 2 or 3 is necessary for cluster conversion. A
clean and immediate formation of 4 was observed when 1 was
treated with 1 equiv of TFA at room temperature, which was

accompanied by stoichiometric amounts of phenyl disulfide
and free thiophenol generation (Figure 3). To examine the

5 (ppm)

Figure 3. "H NMR spectra (room temperature, CD;CN) of 1 before
(blue) and after (red) the addition of 1 equiv of TFA compared to
authentic 4 (black): "thiol and *disulfide formation.

generality of the reaction, we further investigated the ability of
different acids to induce the cluster conversion. Compound 1
was exposed to 1 equiv of acetic acid (AA), TFA, or p-
toluenesulfonic acid (PTSA), and the formation of 4 was
analyzed by '"H NMR spectroscopy, where pK, values of AA,
TEA, and PTSA are 23.51, 12.61, and 8.45 in CH,CN,"”
respectively. The acid strength plays a significant role in the
efficacy of the reaction. While the formation of 4 from 1 was
quantitative with TFA, an incomplete conversion (28% yield)
was observed with a weaker acid, AA, and a substantial amount
of decomposed product was observed with a stronger acid,
PTSA (Figure S7).

It is well-known that the reduction of diferric [Fe,S,]*" to
MV [Fe,S,]* by an outer-sphere reductant leads to
dimerization to form a MV cubane [Fe,S,]*" cluster.'® Our
results show that the same type of cluster transformation can
be efficiently achieved by delivering a proton to the [Fe,S,]*"
site, which promotes an internal electron transfer from the
thiolate ligand to the cluster (Scheme 2). This transformation

Scheme 2
e 2 PhS~
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\Fe“\ I,.Fe/ Fe—/
s’ Y57 N\ 1 sZFe~asph

SPh Current work 2| &|-oFe,
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PhS seh | H HSR&  ppg?’
St / 0.5 equiv. (PhS),

/ v v E\N
PhS stable at O Current work

low temp. warm up to RT

py, 0.5 equiv. (PhS),

also indicates that the delivery of a proton to a single anionic
ligand of the [2Fe—2S] cluster not only removes the targeted
ligand by protonation but also induces a reductive bond
cleavage of another iron—thiolate bond. Given that cluster
release from oxidized mitoNEET is triggered by the
protonation of His-87, it is conceivable that a similar type of
Fe—Cys bond cleavage might occur when mitoNEET loses its
cluster upon protonation.
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In summary, we have described a new synthetic strategy for
site-differentiated [2Fe—2S] clusters. With this method, 3 has
been prepared to model the pH- and redox-sensing [2Fe—2S]
mitoNEET cluster. Introducing a py substituent or direct
protonation of 1 induces reductive cleavage of a Fe—
S(thiolate) bond and cluster dimerization to produce 4 with
liberation of disulfide.
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