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ABSTRACT: Mitochondrial Ca?* (,,Ca?") uptake mediated
by the mitochondrial calcium uniporter (MCU) plays a
critical role in signal transduction, bioenergetics, and cell
death, and its dysregulation is linked to several human
diseases. In this study, we report a new ruthenium complex
Ru265 that is cell-permeable, minimally toxic, and highly
potent with respect to MCU inhibition. Cells treated with
Ru265 show inhibited MCU activity without any effect on
cytosolic Ca?* dynamics and mitochondrial membrane
potential (AW,,). Dose-dependent studies reveal that Ru265
is more potent than the currently employed MCU inhibitor
Ru360. Site-directed mutagenesis of Cys97 in the N-terminal
domain of human MCU ablates the inhibitory activity of
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Ru265, suggesting that this matrix-residing domain is its target site. Additionally, Ru26S prevented hypoxia/reoxygenation
injury and subsequent mitochondrial dysfunction, demonstrating that this new inhibitor is a valuable tool for studying the

functional role of the MCU in intact biological models.

B INTRODUCTION

Intracellular calcium (Ca’") ion concentration plays a crucial
role in signal transduction and bioenergetics. Plasma
membrane depolarization or the stimulation of receptors,
such as the inositol triphosphate receptors (InsP;Rs) or
ryanodine receptors (RYRs), produces a transient intracellular
Ca® increase. This Ca** increase is achieved by both influx
from the extracellular milieu in addition to Ca®" release from
the endoplasmic reticulum (ER) and sarcoplasmic reticulum
(SR).'™ Under these conditions, the highly selective and
inward-rectifying Ca’* channel, known as the mitochondrial
calcium uniporter (MCU), acts to clear excessive cytosolic
Ca**>"® In this capacity, mitochondria act as Ca* sinks,
shaping cytosolic Ca** (.Ca®") transients, while also utilizing
these ions for cellular energy production.

-4 ACS Publications  © 2019 American Chemical Society 153

The MCU complex comprises multiple functional domains
with the MCU as the central pore-forming subunit (Figure
1A).”~"” The MCU subunit is a 351-amino acid residue long
motif with the N- and C-terminal domains both located in the
inner mitochondrial matrix (IMM).'"®* The transmembrane
domains (TM1 and TM2) are connected through the solvent-
accessible region with a hi$hly conserved DXXE motif located
in the upper helix of TM2."”~*' The MCU pore is constructed
from four of these subunits, giving a tetrameric structure.”%"%*
MCU-mediated mitochondrial Ca*" uptake is regulated by the
proteins MCUR1,'® EMRE,'* MICU1,'”** and MICU2."* A
2—3 uM rise in .Ca** concentration causes MICUI and
MICU?2 to dissociate from the MCU, thus opening the pore
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Figure 1. Topology diagram of the MCU. (A) Diagram showing the relevant regulator proteins EMRE, MCURI1, MICU1, and MICU2 and the
orientation of the MCU in the IMM. Insets depict (left) the location of Cys97 in the X-ray crystal structure of the MCU-NTD (residues 72—189,
PDB 5KUJ)*” and (right) location of the DXXE motif in the solvent-accessible region of the MCU pore in the cryo-EM structure of the MCU
(PDB 6DNF).*° (B) At low Ca®* concentration, MICU1 and MICU2 prevent Ca** from entering the mitochondria. (C) Elevated Ca**
concentrations cause MICU1 and MICU2 to dissociate from the MCU, allowing Ca®" transport across the IMM. (D) Binding of Ca®* to the
MRAP region in the MCU-NTD promotes a change in MCU conformation, preventing Ca*" uptake.

for Ca®* uptake (Figure 1B,C).*®> MCUR], in contrast, acts as a
positive regulator for ,,Ca®* uptake by binding to the coiled-
coil region of the N-terminal domain (NTD, residues 72—
189)*%*” within the IMM.>**® Like most Ca** channels, the
MCU is additionally autoregulated by divalent cations such as
Mg** and Ca®'. Binding of divalent cations to the MCU-
regulating acidic patch (MRAP) region in the f-grasp-like fold
of the NTD destabilizes and shifts the self-association
equilibrium of the MCU pore domain toward monomer
formation. This equilibrium shift inhibits MCU function, thus
fine-tuning Ca*" entry into the mitochondria (Figure 1D).”
MCU-mediated Ca** uptake into the mitochondria is an
electrogenic process that is driven by the highly negative
electrochemical gradient across the IMM.”” The surge of
MCU-mediated mitochondrial Ca** (,,Ca®") uptake allosteri-
cally stimulates the mitochondrial matrix pyruvate dehydrogen-
ase complex, a-keto-glutarate dehydrogenase, and isocitrate
enzymes to generate reducin§ equivalents (NADH) and
promote ATP production.”” "> Although MCU-mediated
mitochondrial Ca*" uptake is essential for bioenergetics, Ca®"
overload via this pathway triggers opening of the mitochondrial
permeability transition pore (mPTP), which gives rise to
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mitochondrial swelling and rupture, creating a cellular
bioenergetic crisis and activating degradative enzymes under
pathological conditions, which leads to irreversible cell damage
and death. > Dysregulation of Ca** uptake by the MCU
plays a major role in numerous Eathological conditions such as
ischemic reperfusion injury’’ "’ and neurodegenerative
disease.””*" As such, pharmacological strategies to regulate
MCU activity are of great importance and may provide further
insight into the role of this channel in mediating human
disease.

With the significant recent interest within this field,
systematic efforts to find selective and cell-permeable MCU
inhibitors have only recently been initiated. However, the
structural criteria required for small molecules to be effective
inhibitors of the MCU is not well-established. As such,
combinatorial screening strategies have recently been em-
ployed to discover organic molecules that possess MCU-
inhibitory properties.*”* Despite the discovery of several
organic small-molecule MCU inhibitors,”*™*° these com-
pounds generally have alternative biological activities, which
result in undesirable toxicity. For example, mitoxantrone was
recently discovered via a combinatorial approach to be a cell-
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Figure 2. (A) Chemical structures of the established and commercially available MCU inhibitor Ru360 (left) and the related analogue C-1. (B)
Synthetic scheme for the preparation of C-2 and C-3. Crystal structures of (C) C-2 and (D) C-3. Outer sphere chlorides and solvent are omitted
for clarity. Thermal ellipsoids are shown at the 50% probability level. Interatomic distances and angles are given in Tables S1—S3 in the Supporting

Information (SI).

permeable MCU inhibitor.”* This compound, however, is an
established topoisomerase II inhibitor that has been employed
as a cytotoxic agent for the treatment of cancer.”’ ™" In
addition to these secondary biological applications, it also gives
rise to cardiotoxicity,”** which could hamper its in vivo
applications.

The most commonly used and well-known MCU inhibitor is
the inorganic binuclear oxo-bridged ruthenium complex
ruthenium 360 (Ru360; Figure 2A), which was named for its
strong absorbance at 360 nm. Although Ru360 is a highly
potent and selective MCU inhibitor,”” > its widespread
applicability in biological systems is limited by several factors.
For example, in most cell lines, this compound is impermeant
to the plasma membrane, hindering its use in intact cellular
models. Furthermore, the sgfnthesis of this complex is
challenging and low-yielding,’*>” diminishing its widespread
availability. With structural data on the MCU recently
becoming available, efforts to understand the mechanism of
action of Ru360 have been slowly progressing. For example,
site-directed mutagenesis of the $259 residue (located in the
solvent exposed region of the MCU near the DXXE motif of
human MCU) to an alanine gave rise to a variant of the MCU
(MCU®*) that retained functional activity, but was partially
resistant to the inhibitory action of Ru360.” This result was
taken to imply that Ru360 interacts with the DXXE motif
located near the central pore opening of the MCU. Additional
molecular dynamics simulations and solution-state NMR
studies were consistent with Ru360 interacting with aspartate
residues in the DXXE motif to directly block the MCU
channel.*® Despite these initial studies, the features that give
Ru360 its potency and selectivity have not been fully
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elucidated, thereby warranting further investigation of Ru360
and its structural analogues.

In this study, we aimed to circumvent the limitations of
Ru360 by introducing structural modifications with the goal of
developing synthetically available and highly potent MCU
inhibitors. We have fully characterized a new ruthenium-based
MCU inhibitor that is cell-permeable and have investigated its
biological properties and interactions with the MCU in detail.
The results described herein provide guiding principles for the
design of new and effective MCU inhibitors as tools for
understanding mitochondrial Ca®>* dynamics in intact bio-
logical systems in addition to the development of a new class of
therapeutic agents.

B RESULTS

Synthesis and Characterization. A key structural feature
of Ru360 is its linear Ru—O—Ru functionality. We
hypothesized that this Ru—O—Ru motif, a feature that is
relatively unique to Ru360, is an important factor that
contributes to this molecule’s MCU-inhibitory activity. For
example, we have previously reported on the synthesis and
characterization of a very close structural analogue of Ru360
containing this motif, C-1 (Figure 2A), which is a more potent
MCU inhibitor than its parent complex Ru360.°*"’ The
syntheses of linear oxo-bridged transition metal complexes is
not always straightforward, making it challenging to develop
rational synthetic strategies.”” Therefore, we targeted an
analogous structural motif that would allow for rational
synthetic strategies and facile development of new complexes.

DOI: 10.1021/acscentsci.8b00773
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Figure 3. (A—C) Changes in AW, (JC-1, top panel) and extramitochondrial Ca®* ([Ca®*],,,) clearance (Fura-2-FF, bottom panel) in digitonin-
permeabilized HEK293T cells in response to 20 uM of Ca’* after treatment with S uM of C-1, C-2, and C-3. The transient drop in AW, in control
cells upon Ca** addition indicates accumulation of Ca’* in the mitochondrial matrix. (D) Quantification of the rate of [Ca**],, uptake as a function
of decrease in [Ca®*],,, after 20 uM Ca’*pulse. Data are represented as mean + standard error of measurement (SEM); ***p < 0.001; n = 3—6.

Nitrido-bridged ruthenium complexes, which bear a crystallize in a staggered conformation. This disparity may
structurally similar linear Ru—N—Ru core, can be readily indicate that the rotation about the Ru—N—Ru axis is facile.
accessed via ligand substitution reactions with the precursor With the new ruthenium compounds fully characterized, we
complex K;[Ru,(4-N)Cls(OH,),].%° Accordingly, the reaction proceeded to evaluate their MCU-inhibitory properties.
of this complex anion with either aqueous ammonium Mitochondrial Ca?* Uptake Inhibition and Cell
hydroxide or ethylenediamine (en) afforded the expected Permeability. With the new nitrido-bridged ruthenium
compounds [Ru,(y-N)(NH;)sCL]Cl; (Ru265; referred to compounds C-2 and C-3 in hand, we sought to evaluate
herein as C-2) and [Ru,(4-N)(en),CL]Cl; (C-3) (Figure 2B). their MCU-inhibitory properties and compare their activity to
In contrast to the low-yielding synthesis of Ru360 and related C-1, the oxo-bridged Ru360 analogue that we have previously
analogues, the syntheses of these compounds proceed in reported.’®>” We first measured the cytotoxicity of the
moderate yield and require no tedious chromatographic complexes in HEK293 cells using the colorimetric thiazolyl
purification. These compounds were fully characterized by blue tetrazolium bromide (MTT) assay.’® This assay revealed
NMR, IR, UV—vis spectroscopy, and single-crystal X-ray that C-2 and C-3 are effectively nontoxic, as indicated by their
diffraction .(Figure 2, and Figure S1, Supporting Information, ICy, values of 195 + 8 and 226 + 19 uM, respectively (Figure
SI). UV—vis spectra reveal strong charge transfer bands at 265 $2, SI). To measure the effect of these compounds on MCU

_ -1 =1 _
ng;)éi\:{j“ 0091130021;/[ <CimC ) and 273, m? C ’_hz 4 (100 * activity, permeabilized HEK293T cells were treated with
4 em™) for C-2 and C-3, respectively, with a lower commercially available Ru360, C-1, C-2, or C-3 (5 uM) 200 s

energy shoulder observed near 325 nm for both compllexes. IR prior to the delivery of a 20 M bolus of Ca® in the presence

spectroscopy reveals distinct bands near 1050 cm™ corre- of 2 mM succinate as an energy source and the sarco/
sponding to the asymmetric Ru—N—Ru vibrational mode. doplasmi iculum CaZ* ATng (SERCA) block
Furthermore, 'H and “C{'H} NMR spectroscopy showed endopiasmic reticulum €a- - ;se e pump blocker
relatively sharp signals for the NH; and ethylenediamine thap51garg1n to P rever;i ER sz uptake. As ant1c1pate.d,
ligands, confirming the diamagnetic character of the Ru"'/Ru'" extramltochondrlal Ca ([Ca™Jow) was'rapldIY.cleared n
control cells as Ca** ions were sequestered in the mitochondria

61,62

system. .
Single-crystal X-ray crystallography was employed to fully by the MCU (Figure 3A). In contrast, cells that were treated
with C-1, C-2, C-3 (Figure 3A—D), and commercially available

elucidate the three-dimensional structures of C-2 and C-3 ) e s

(Figure 2C,D). X-ray diffraction quality crystals of C-2 and C-3 Ru3 §0 (Figure gf” SI) showed a §1gn1ﬁcant reductl.on n MCU’

were grown by vapor diffusion of dioxane into water and vapor mediated ,,Ca™ uptake. Additionally, the mitochondrial
membrane potential (AY,) was monitored using 5,5,6,6'-

diffusion of ethanol into dilute hydrochloric acid, respectively. enta e 9 /0,
These structures verify the presence of both the linear Ru—N— tetrachloro-1,1',3,3"-tetraethylbenzimidazolylcarbocyanine - io-

Ru motif (C-2x, n_re = 180% C-3p,_n_ra = 176.3°) and the dide (JC-1) dye.®® Cells treated with commercially available

chlorido axial ligands. Relevant interatomic distances and Ru360, C-1, C-2, or C-3 showed no transient AW, loss
angles as well as details for the crystal structure refinement of (Figure 3A—C and Figure S3A,C, SI), a phenomenon that
C-2 and C-3 are shown in Tables S1—S3 (SI). The Ru—N occurs when Ca®" rapidly enters the mitochondria.'' These
distances of the nitrido bridge agree well with previously results show that commercially available Ru360, C-1, C-2, and
synthesized compounds.””**™® The NH; ligands of the C-3 are all capable of inhibiting MCU-mediated ,,Ca** uptake
bridged Ru'v centers of C-2 are arranged in an eclipsed in permeabilized cells without negatively affecting the AY,
configuration, whereas the ethylenediamine ligands of C-3 preserving normal cell function.
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Figure 4. (A, B) Cytosolic ([Ca*],, Fluo-4 AM) and mitochondrial ([Ca**],,, Rhod-2 AM) calcium transients in HeLa cells after treatment with
histamine (100 uM) that were pretreated with or without C-1, C-2, or C-3 (50 M) for 30 min. (C, D) Cytosolic ([Ca®**], R-GECO) and
mitochondrial ([Ca**],, GCamP6-mt) calcium transients in HeLa cells after treatment with histamine (100 M) that were pretreated with or
without C-1, C-2, or C-3 (50 M) for 30 min. HeLa cells were cotransfected with R-GECO1 and GCamP6-mt and analyzed 48 h post-transfection.
Data are represented as mean + SEM; *p < 0.05; n = 3—6.
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Figure 5. (A) Representative traces of [Ca**],, clearance in permeabilized HEK293T cells challenged with a range of C-2 concentrations (1, 2, 3,
5, and 10 nM). (B) Comparison of MCU-inhibitory effect by Ru360 (30 nM) and C-2 (3 and 10 nM) at lower concentrations. (C) Calculation of
dose-dependent inhibition by C-2 and Ru360. (D) Assessment of mitochondrial Ca®* influx and efflux rates. Permeabilized HEK293T cells pulsed
with 20 uM Ca®" at 350 s to measure mitochondrial Ca®* uptake, followed by the addition of the 1 #M C-2 or Ru360 at 550 s, 10 uM CGP37157 at
600 s, and 6 uM CCCP at 750 s. Representative trace depicts the comparison of C-2 and Ru360. (E) Quantification of Ca** influx rate. (F)
Quantification of Ca®* efflux rate after addition of C-2 or Ru360. (G) Quantification of CCCP-induced release of accumulated mitochondrial Ca*'.
Data represent mean + SEM; n.s., not significant n = 3—6.

We next investigated the cell permeability of the compounds cellular uptake of C-1, C-2, and C-3 was quantified as
and their ability to inhibit MCU activity in intact cells. The previously described. 69,70 HEK293 or HeLa cells were
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Figure 6. Representative traces of [Ca**],,, clearance and AW, in permeabilized HEK293T cells stably expressing Flag-tagged MCU"T and
MCU®?A mutant challenged with either (A) C-2 (10 nM) or (B) Ru360 (500 nM). Bar graphs represent the quantification of the rate of [Ca*],,
uptake. Representative traces of [Ca**],,, clearance and AW, in HEK293T cells stably expressing Flag-tagged MCU"" and MCU“’* mutant
challenged with either (C) C-2 (10 nM) or (D) Ru360 (500 nM). Bar graphs represent the quantification of the rate of [Ca®'], uptake.
Compound MCU-inhibitory effect was compared with cells reconstituted with appropriate mutants alone. Data represent mean + SEM; ***p <
0.001; n = 3—6; n = 4.
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incubated with the complexes (50 M) in culture media for 24
h before the cells were harvested and lysed. The amount of
ruthenium in the cell lysate was determined using graphite
furnace absorption spectroscopy (GFAAS) and was normal-
ized to the protein content of each sample. We observed that
C-2 is taken up 10 times more effectively than C-1 and over
twice as effectively as C-3 in HEK293 cells and twice as
effectively as C-1 and C-3 in HeLa cells (Figure S4, SI). To
determine the abilities of the complexes to accumulate in the
mitochondria, we treated HeLa cells with C-1, C-2, or C-3 (50
uM) in culture media for 24 h, and the mitochondria were
isolated following modified literature procedures.”'~”> Both
the mitochondrial and extramitochondrial fractions were
analyzed for ruthenium content. Cells treated with C-1, C-2,
or C-3 show 2—4 times greater uptake of ruthenium into the
mitochondria compared to the rest of the cell, demonstrating
the high selectivity of these compounds for the mitochondria
(Figure S4, SI). Consistent with the cellular uptake studies,
greater than 3-fold higher concentrations of C-2 are found in
the mitochondria, compared to C-1 and C-3.

Encouraged by the high cell permeability and mitochondrial
selectivity of C-2, we investigated the capability of this complex
to inhibit MCU-mediated ,,Ca®>* uptake in intact, non-
permeabilized cells. Briefly, HeLa cells were loaded with the
cytosolic calcium concentration ([Ca®*].) indicator Fluo-4 AM
and the mitochondrial calcium concentration ([Ca*'],)
indicator Rhod-2 AM in the presence or absence of C-1, C-
2, and C-3 (50 uM). Cells were stimulated with the GPCR
agonist histamine (100 zM) to rapidly elevate .Ca*" levels to
induce ,Ca** uptake.”* Cells treated with C-2 showed
significant inhibition of MCU-mediated ,Ca’*" uptake
compared to untreated cells (Figure 4A,B). These results
were further confirmed using genetically encoded cytosolic
(RGECO) and mitochondrial (GCamP6-mt) Ca®>* sensors
(Figure 4C,D).”>”® In contrast, intact cells treated with C-1 or
C-3 did not show appreciable inhibition of ,,Ca*" uptake.
These results are consistent with our cell uptake and MCU
Ca’ uptake experiments, suggesting that C-2 is capable of
inhibiting ,,Ca** uptake in intact cells as a result of its
enhanced permeability compared to C-1 and C-3.

Having identified C-2 as a cell-permeable MCU inhibitor,
we performed a dose—response analysis to determine the
potency of this compound toward ,,Ca®* uptake inhibition in a
permeabilized cell system. Permeabilized HEK293T cells were
treated with C-2 (1 nM to 1 uM). A 20 uM Ca>* bolus was
added after baseline recording, and the extramitochondrial
calcium cleared was used as an indicator for MCU-mediated
Ca®* uptake using Fura-2-FF (Figure SA—C)."® We found the
50% maximal inhibitory concentration (ICs,) for ,,Ca®" uptake
in permeabilized cells to be 2.6 nM for C-2, which is an order
of magnitude more effective than commercially available
Ru360 (ICs, = 30 nM) (Figure SC). Furthermore, we
observed complete inhibition of ,Ca’*" uptake when cells
were dosed with 10 nM C-2 while 500 nM of Ru360 was
required for the same response (Figure SA,B, and Figure SS,
SI).

For C-2 to be an effective ,,Ca®* uptake inhibitor, C-2
should selectively inhibit MCU-mediated Ca** uptake and not
interact with other cellular ion channels. Despite showing
greatly reduced ,Ca®" uptake, intact cells treated with C-2
showed normal cytosolic calcium dynamics when stimulated
with histamine (Figure SD,F). To further confirm the
selectivity of C-2 for the MCU, we measured ,,Ca® uptake,
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mCa® efflux rates, and matrix Ca** levels in permeabilized
HEK293T cells before and after treatment with C-2 using the
fluorescent Ca>* indicator Fura-2-FF.'® As expected, untreated
cells displayed normal [Ca*'],,, clearance rates (Figure SD).
We next added Ru360 or C-2 to inhibit MCU-mediated Ca’*
uptake and subsequently visualized [Ca®*],, efflux (Figure SD).
[Ca®"],, efflux rates were similar between both inhibitors
suggesting that Ru360 and C-2 selectively inhibit the MCU
and do not affect ,,Ca®* efflux channels (Figure SE—G). To
further confirm that C-2 did not affect mitochondrial calcium
efflux, cells were treated with the sodium calcium exchanger
(NCLX) inhibitor CGP-37157.”” We observed no change in
C-2 activity upon treatment with CGP-37157 and CCCP
(Figure SE—G). These results suggest that Ru360 and C-2 do
not interact with other mitochondrial calcium transport
proteins and selectively interact with the MCU.

Exploring the Mechanism of MCU Inhibition. Having
observed the high potency of C-2 compared to Ru360, we next
investigated its mechanism of action. Site-directed mutagenesis
revealed that the serine residue S259 of the human MCU is
required for maximum activity of Ru360. Mutating this serine
residue to an alanine (S259A) renders partial resistance to
Ru360-mediated MCU inhibition.” First, we tested if
interaction with the S259 residue on the MCU is necessary
for C-2 to be effective. HEK293T cells stably expressing Flag-
tagged full-length human wild-type MCU (MCU"7) or the
mutant S259A (MCUS*?) were permeabilized, and ,,Ca**
uptake was measured as above. Cells expressing the MCU**%*
mutation displayed partial resistance to Ru360 inhibition of the
MCU compared to MCU"T cells (Figure 6B). In contrast,
cells expressing the MCU*** mutation showed almost no
change in the inhibitory activity of C-2 compared to the
MCU"T cells (Figure 6A). These results suggest that C-2
could inhibit the MCU in a manner distinct from Ru360.

A recent report revealed that the conserved human MCU
cysteine residue C97 located in the MCU-NTD (residues 72—
189)***” in the mitochondrial matrix senses mitochondrial
levels of reactive oxygen species and induces higher order
oligomerization to regulate MCU channel activity (Figure 1).”*
Additionally, recent structural and biochemical studies have
demonstrated the importance of the NTD in MCU
oligomerization and activity.””*"*””* To determine if C-2
interacts with the NTD, HEK293T cells stably expressing Flag-
tagged full-length wild-type MCU (MCU"Y") and the mutant
C97A (MCU“™) were permeabilized, and ,,Ca** uptake was
measured as above. Upon MCU® mutation, cells treated
with C-2 showed significantly reduced MCU-inhibitory activity
compared to MCU"" cells (Figure 6C). In contrast, the
MCU®"* mutation had almost no effect on the activity of
Ru360 (Figure 6D). Taken together, these studies suggest that
C-2 and Ru360 may act on different regions of the MCU to
inhibit mitochondrial calcium uptake.

To further elucidate the potential interaction of C-2 with the
MCU-NTD, we investigated the interaction between C-2 and
the uniformly '“N-labeled recombinant human MCU-NTD
(residues 72—189)27 using solution nuclear magnetic reso-
nance (NMR) spectroscopy. The "H—""N-heteronuclear single
quantum coherence (HSQC) spectrum of the MCU-NTD in
the absence of C-2 showed well-dispersed amide H(N) cross-
peaks with homogeneous peak intensities, consistent with the
well-folded and soluble domain (Figure 7A). Remarkably,
upon addition of a 3-fold molar excess of C-2, the NMR
sample showed a rapid formation of insoluble precipitate. A
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Figure 7. (A) "H—"*N-heteronuclear single quantum coherence (HSQC) spectra of uniformly *N-labeled human MCU N-terminal domain
(residues 72—189; MCU,,_g) in the absence (blue cross-peaks) and presence (magenta cross-peaks) of C-2. A large amount of the protein
immediately precipitated out of solution with the addition of 3 molar excess C-2 to the sample with no detectable change in solvent pH or ionic
strength. Consequently, most amide H(N) cross-peaks show a drastic loss in intensity compared to cross-peaks in the control spectrum. (B)
Coomassie blue-stained 15% (w/v) SDS-PAGE gel visualizing the insoluble precipitate formed after mixing 125 yM MCUj,_q, with 375 yM C-2
(Insol. + C-2) and 375 uM Ru360 (Insol. + Ru360) compared to untreated MCU,,_g9 protein (Sol.). (C) Cross-peak broadening map on the
MCU,,_ 4, high-resolution crystal structure (PDB 5KUJ).”” Tentatively assigned residues which exhibited a >40% reduction in peak intensity are
highlighted in red on the backbone ribbon view of MCU,,_ 4, (top dashed box). The surface representation of the same view (bottom dashed box)
shows that the most affected H(N) cross-peaks primarily cluster on one face of the domain.
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Figure 8. Measurement of AW, (top panels) and MCU-mediated Ca®* uptake (bottom panels) in (A) control, (B) C-2, and (C) Ru360 treated
NRVMs exposed to normoxia (black) and H/R (red). (D) Quantification of basal AW, from parts A—C under normoxia and H/R before the
addition of extramitochondrial Ca** pulses. (E) Quantification of the rate of MCU-mediated Ca* uptake from parts A—C as a function of decrease
in bath Ca®* fluorescence. (F) Swelling of isolated NRVM mitochondria subjected to H/R injury in the absence (black trace) or presence (blue
trace) of C-2 or Ru360 (red trace). Data represent mean + SEM; ***p < 0.001; n = 3—6.

similar addition of C-2 to sample buffer alone showed neither
precipitate formation nor a change in pH, suggesting that the
insoluble aggregate contained MCU-NTD. Consistent with
precipitation of the protein, the '"H—"*N-HSQC spectrum of
the 1:3 MCU-NTD:C-2 sample mixture showed a drastic loss
in most H(N) cross-peak intensities (Figure 7A). It is
noteworthy that some of the remaining H(N) peaks of the
protein also exhibited small chemical shift perturbations.

To determine if the MCU-NTD remained intact upon
treatment with C-2, we resuspended the insoluble aggregate
(Insol. + C-2) in loading dye and compared the migration of
the protein to untreated, soluble MCU-NTD (Sol.) by SDS-
PAGE analysis (Figure 7B). After Coomassie blue staining, the
untreated MCU-NTD control showed clear bands indicating
the presence of the monomer (~13.9 kDa) in addition to low
levels of the dimer and tetramer oligomers which is
characteristic of the native MCU-NTD conformation. The
protein precipitate that formed upon treatment with C-2
showed a distinct and systematic laddering corresponding to
the presence of monomer, dimer, trimer, tetramer, and higher
aggregate formation. The appearance of the trimer and higher
order aggregates upon treatment with C-2 may suggest that the
MCU-NTD conformation induced by C-2 is different from
that of the native conformation. Similar MCU-NTD
aggregation was observed when the MCU-NTD was treated
with lower molar ratios (i.e., 1:2 and 1:1) of C-2.

To distinguish whether C-2 induced a global or more local
structural effect on the MCU-NTD, peaks exhibiting an
intensity reduction of >40% were mapped (see the SI for
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details) onto the crystal structure of the domain (PDB
SKUJ).”” Remarkably, these most severely affected H(N)
cross-peaks were found to cluster close together on the two f-
sheets of the p-grasp-like fold despite the long distance
between these residues in sequence space (Figure 7C). The
clustering of these perturbations could be a result of (i) direct
binding with the compound, (ii) indirect effects of the lower
soluble protein concentration shifting the self-association
equilibrium, or (iii) C-2-mediated modifications to the protein.
Nevertheless, these data collectively suggest that C-2 interacts
with the MCU-NTD to induce aggregation of the protein and
inhibit Ca®" uptake through the MCU channel.”***%*
Notably, we have found that commercially available Ru360
also interacts with the purified MCU-NTD in a cell-free
system, giving rise to precipitation and systematic laddering
(Insol. + Ru360; Figure 7B). Given the structural similarity of
Ru360 and C-2, it is not surprising that these compounds
induce analogous conformational perturbations in the NTD of
the MCU in solution. However, site-mutagenesis studies with
MCU®* and MCU** (Figure 6) clearly show that the
inhibitory activity of C-2 is dependent on the mutation-status
of the NTD, whereas the inhibitory activity of Ru360 is not.
Thus, we hypothesize that the NTD is a potent target for
MCU inhibition that is only accessible to C-2 because of its
enhanced membrane permeability compared to Ru360.
Protection from Ca?*-Induced PTP Opening and
Hypoxia/Reoxygenation Injury. Given the Ca** uptake
inhibiting properties and low toxicity of C-2, we hypothesized
that C-2 could be used to protect cardiomyocytes from the
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Ca®" overload that occurs during hypoxia/reoxygenation (H/
R) injury and prevent mPTP opening and mitochondrial
swelling.”™*””® Freshly isolated neonatal rat ventricular
myocytes (NRVMs) treated with C-2 (50 4M) were subjected
to 16 h of hypoxia (1% O,—5% CO,), followed by 8 h of
reoxygenation (21% O,—5% CO,). Untreated NRVMs served
as controls. After H/R injury, NRVMs were permeabilized and
loaded with the JC-1 and Fura-FF to simultaneously measure
AY, and ,Ca** uptake.16 Cells treated with C-2 maintained
mitochondrial integrity with no loss of AW, after H/R injury
(Figure 8B, top panel; and Figure 8D). Additionally, treatment
with C-2 resulted in complete ablation of ,,Ca** uptake after
H/R injury (Figure 8B, bottom panel; and 8E). On the
contrary, untreated cells subjected to identical conditions
showed no preservation of A¥,, and did not show normal
Ca®" uptake (Figure 8A, top panel; and Figure 8D—E). In
contrast to C-2, pretreatment with Ru360 did not prevent H/
R-mediated AW, dissipation (Figure 8C—E). Additionally, we
monitored the swelling of mitochondria isolated from NRVMs
subjected to H/R injury in the absence (Figure 8F; black
trace) or presence (Figure 8F; blue trace) of C-2 or Ru360
(Figure 8F; red trace). After baseline measurement of the
absorbance at 600 nm, a single bolus of Ca** (250 yuM) was
added to induce mPTP opening. The decrease in mitochon-
drial absorbance indicates mitochondrial swelling and sub-
sequent mPTP opening.”* When cells were treated with C-2 or
Ru360, we observed no decrease in absorbance after Ca®*
addition, indicating a lack of mitochondrial swelling (Figure
8F). These results demonstrate that inhibition of MCU-
mediated ,,Ca** uptake by C-2 effectively prevents mPTP
opening in response to H/R injury and when challenged with
high Ca** concentrations.

B DISCUSSION

Given the importance of ,,Ca*" in mitochondrial bioenergetics,
damage, and cell death, identification of effective MCU-
mediated ,,Ca*" uptake inhibitors has attracted considerable
interest.'”””™*" In this report, we describe the synthesis,
characterization, and biological activity of a cell-permeable,
highly potent, and selective MCU inhibitor. Identifying potent
and selective MCU inhibitors has proven to be challenging,
with reported potential inhibitors generally exhibiting low
permeability or poor selectivity and mitochondrial targeting."”
Given high potency and selectivity of Ru360, we focused our
design on structurally related compounds. The syntheses of the
oxo-bridged complexes Ru360 and C-1 are low-yielding and
require tedious chromatographic puriﬁcation.‘%’57 In contrast,
C-2, which we name Ru265, and C-3 can be prepared in
moderate yields without the need for extensive purification.
Additionally, the nitrido-bridged complexes can be accessed
through the common starting material, K;[Ru,(u-N)-
Clg(OH,),]. This synthetic route allows for facile design of
related analogues of Ru265 and C-3 through ligand
substitution reactions. This straightforward chemical reaction
is advantageous for studying structure—activity relationships to
probe the biological activity of these complexes, which will be
the focus of a future report.

Among the compounds studied, Ru265 showed the most
effective MCU inhibition in nonpermeabilized cells. Further-
more, this compound is highly water-soluble (1 mg/mL) and
exhibits low toxicity to human cells. The low toxicity of these
complexes is significant because of the large number of known
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otoxic ruthenium compounds.**~*' The minimal toxicity of
p

Ru265 in contrast to many other ruthenium compounds
highlights the importance of molecular structure and
coordination geometry in the biological activity of metal-
based compounds.”>"** In our intact cellular models, Ru265
consistently inhibited MCU-mediated ,,Ca** uptake without
any effect on intracellular Ca** dynamics.

A series of recent reports have definitively elucidated the
structure of the full-length MCU through cryo-EM and X-ray
crystallographic techniques.”’”>* Most notably, these reports
highlight the assembly of the NTD directly under the channel
pore in the mitochondrial matrix. Our binding studies suggest
that Ru26S interacts with the MCU-NTD and may perturb the
assembly of NTD through aggregation, inhibiting normal
channel function (Figure 7). Based on these data, it is tempting
to speculate that the Ru265-dependent aggregation of the
NTD could inhibit the dynamics of the NTD and immediately
adjacent coiled—coiled domains required to regulate pore
opening and closing. Our speculation is supported by the lack
of rapid MCU Ca®" uptake inhibition at lower Ru265
concentrations (Figure S). It remains to be definitively
determined whether Ru265-induced NTD aggregation regu-
lates the Ca®>" binding and release mechanism; this study will
be detailed in a future report. Alternatively, binding of Ru265
to the NTD could modulate MCU channel activity by
promoting conformations which constrict the pore.

We have previously shown that human MCU-NTD contains
a contiguous electronegative surface patch which can bind
divalent cations and inhibit the MCU channel function via a
shift of the self-association equilibrium of the domain toward
monomer formation.”” Given the charge, symmetry, and size of
Ru265, it is possible that Ru265 also interacts with the MRAP
of the MCU-NTD, with the ability to bridge MCU-NTD
subunits. Using Ru26S, we observed a robust inhibition of the
MCU channel, which may be a consequence of the higher
order oligomerization of the MCU-NTD that it induces. In the
context of the full-length MCU, the bridging of dimers could
prevent MCU-NTD dimer dynamics proposed to be involved
in MCU gating by locking the domains in an assembly pattern,
promoting a closed pore and inhibited Ca®* uptake. Future
high-resolution structural investigations using the full-length
human protein are required to determine the precise structural
mechanism by which Ru265 causes MCU inhibition.

In summary, the current study presents a ruthenium-based
complex that not only inhibits the MCU selectively in vitro but
also efficiently inhibits MCU activity and prevents mitochon-
drial membrane potential dissipation, mitochondrial swelling,
and mPTP opening in cells exposed to simulated ischemic
reperfusion injury. We show that Ru265 is over 10 times more
effective at inhibiting ,,Ca’>" uptake than Ru360, and
potentially interacts with the matrix side of the MCU rather
than the intermembrane Ca®* binding sites. Furthermore,
Ru265 inhibits MCU activity without disrupting normal
cellular Ca** dynamics. This work presents a new class of
compounds that have important implications in drug develop-
ment strategies for diseases that are intimately associated with
mitochondrial dysfunction.
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