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ABSTRACT: The mitochondrial calcium uniporter (MCU) is a trans-
membrane protein that resides on the inner membrane of the mitochondria
and mediates calcium uptake into this organelle. Given the critical role of
mitochondrial calcium trafficking in cellular function, inhibitors of this
channel have arisen as tools for studying the biological relevance of this
process and as potential therapeutic agents. In this study, four new analogues
of the previously reported Ru-based MCU inhibitor [ClRu(NH3)4(μ-
N)Ru(NH3)4Cl]Cl3 (Ru265) are reported. These compounds, which bear
axial carboxylate ligands, are of the general formula [(RCO2)Ru(NH3)4(μ-
N)Ru(NH3)4(O2CR)]X3, where X = NO3

− or CF3SO3
− and R = H (1), CH3

(2), CH2CH3 (3), and (CH2)2CH3 (4). These complexes were fully
characterized by IR spectroscopy, NMR spectroscopy, and elemental analysis.
X-ray crystal structures of 1 and 3 were obtained, revealing the expected
presence of both the linear Ru(μ-N)Ru core and axial formate and propionate ligands. The axial carboxylate ligands of complexes 1−
4 are displaced by water in buffered aqueous solution to give the aquated compound Ru265′. The kinetics of these processes were
measured by 1H NMR spectroscopy, revealing half-lives that span 5.9−9.9 h at 37 °C. Complex 1 with axial formate ligands
underwent aquation approximately twice as fast as the other compounds. In vitro cytotoxicity and mitochondrial membrane
potential measurements carried out in HeLa and HEK293T cells demonstrated that none of these four complexes negatively affects
cell viability or mitochondrial function. The abilities of 1−4 to inhibit mitochondrial calcium uptake in permeabilized HEK293T
cells were assessed and compared to that of Ru265. Fresh solutions of 1−4 are approximately 2-fold less potent than Ru265 with
IC50 values in the range of 14.7−19.1 nM. Preincubating 1−4 in aqueous buffers for longer time periods to allow for the aquation
reactions to proceed increases their potency of mitochondrial uptake inhibition to match that of Ru265. This result indicates that 1−
4 are aquation-activated prodrugs of Ru265′. Finally, 1−4 were shown to inhibit mitochondrial calcium uptake in intact,
nonpermeabilized cells, revealing their value as tools and potential therapeutic agents for mitochondrial calcium-related disorders.

■ INTRODUCTION
The homeostasis and dynamics of intracellular calcium ions
(Ca2+) are involved in a wide range of biological processes.1−3

Among the key organelles responsible for Ca2+ regulation are
the mitochondria. Mitochondrial Ca2+ (mCa2+) uptake is
important for healthy cellular function, but dysregulation of
this process can lead to deleterious effects. For example, mCa2+
overload triggers cell death4,5 and has been implicated in a
number of pathological conditions, including neurodegener-
ative disorders,6,7 heart disease,8−10 cancer,11,12 cystic
fibrosis,13,14 and ischemia-reperfusion injury.15−17 Ca2+ influx
into the mitochondria is mediated by the highly selective
channel known as the mitochondrial calcium uniporter
(MCU).18−22 This transmembrane protein resides in the
inner mitochondrial membrane (IMM) as a tetrameric
assembly comprising the primary Ca2+-transporting MCU
subunit and the regulatory EMRE, MICU1, and MICU2
subunits.23−32 Given the role of mCa2+ overload within various

diseases, inhibition of the MCU represents a promising
therapeutic strategy.

To develop new therapeutic agents and tools for studying
mCa2+, extensive research efforts have been directed toward the
identification of small-molecule MCU inhibitors.33 To date,
several organic34−40 and inorganic41−47 compounds have been
discovered to possess MCU-inhibitory activity. Among these
compounds, polynuclear Ru complexes are the oldest known
MCU inhibitors, and recently developed analogues have shown
promise for this application. The earliest inhibitor of this type
identified is the trinuclear oxo-bridged complex ruthenium red
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(RuRed; Chart 1), which was originally applied as a cytological
stain.48 Subsequent studies, however, indicated that an
impurity present within RuRed samples was responsible for
the mCa2+ uptake-inhibitory activity.41,49 These efforts
ultimately led to the discovery of the dinuclear oxo-bridged
complex Ru360 (Chart 1).41,42,50 This complex exhibits nM
potency as an MCU inhibitor in isolated mitochondria and
permeabilized cells.42,44 Its use in intact cell systems, however,
has yielded inconsistent results�a possible consequence of its
poor cell permeability and redox instability.51

Recently, an analogue of Ru360 called Ru265 was reported
(Chart 1).45 This compound is structurally similar to Ru360
but contains a bridging nitrido (N3−) rather than an oxo (O2−)
ligand. In addition, the Ru centers in Ru265 are both in the +4
oxidation state, whereas Ru360 is a mixed valent Ru3+/Ru4+

species. Notably, this relatively simple modification confers
Ru265 with enhanced redox stability and the ability to inhibit
mCa2+ uptake in intact, nonpermeabilized cells. These proper-
ties have been leveraged to elicit therapeutic effects in both in
vitro and in vivo models of ischemic stroke.52 The axial
chloride ligands of Ru265 aquate on the order of minutes

under physiological conditions, indicating that the active
inhibitor is the diaqua-capped species Ru265′ (Chart 1).
Accordingly, mutagenesis studies and molecular docking
studies on the DIME region of the MCU, a highly conserved
amino acid residue sequence that resides near the pore
opening, revealed Ru265′ to bind at this site.46

Given that the axial chloride ligands of Ru265 rapidly
dissociate and that the resulting Ru265′ is an active MCU
inhibitor, we postulated that modifications to the axial sites of
this compound class could afford an approach to develop
prodrugs that possess improved properties for different
biological applications (Scheme 1). Specifically, the imple-
mentation of less labile axial ligands would yield compounds
whose pharmacokinetic, cellular uptake, and targeting proper-
ties could be optimized. In an initial effort toward these goals,
we present in this study an investigation of alkyl carboxylates as
suitable candidates for developing aquation-activated Ru265′
prodrugs. Four new derivatives of Ru265, bearing alkyl
carboxylates of different carbon chain lengths as axial ligands,
were synthesized and characterized (Chart 2). Encouragingly,
the aquation kinetics of these complexes are substantially

Chart 1. Structures of Ru-Based MCU Inhibitors

Scheme 1. Strategy to Develop Prodrugs for Ru265′ through Aquation of the Axial Ligands

Chart 2. Structures of Compounds Discussed in This Work
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slower than those of Ru265, a property that can be leveraged
for a time-dependent increase in MCU-inhibitory activity.
Through a series of cell biology studies, this work highlights
the potential use of axial carboxylate ligands for the
development of Ru265′ prodrugs through ligand dissociation.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. To explore the

potential of oxygen donors as axial ligands for Ru265′
prodrugs, the smallest carbon chain carboxylates, formate,
acetate, propionate, and butyrate, were investigated. The fact
that Ru360 is isolated as the formate-capped species41 and that
recent two-dimensional (2D) [1H,15N] heteronuclear single
quantum coherence nuclear magnetic resonance (HSQC
NMR) spectroscopic studies on 15N-labeled Ru265 show this
compound to covalently interact with aspartate and gluta-
mate53 demonstrates the viability of employing carboxylates as
axial ligands for these dinuclear ruthenium complexes. Our
choice of using these four carboxylates for these initial studies
was motivated by the expected sequential enhancement in
complex lipophilicity afforded by the systematic increase in
carbon chain length. The calculated log P values for these
carboxylic acids are −0.54, −0.28, 0.33, and 0.79 for formic,
acetic, propanoic, and butyric acids, respectively, reflecting the
magnitudes of increases in lipophilicity expected for the
complexes. Cellular uptake is often correlated to lipophilic-
ity,54−61 and metal complexes bearing lipophilic groups have
leveraged this property to enhance their therapeutic
potentials.62−67 We postulated that the use of these ligands
could allow us to investigate this relationship for these Ru-
based MCU inhibitors.

The general two-step syntheses required to access the
formate (1), acetate (2), propionate (3), and butyrate (4)
complexes are presented in Scheme 2. The reaction

commenced from Ru265 by the addition of 5 equiv of either
silver nitrate (1−3) or silver trifluoromethanesulfonate
(triflate) (4) at 50 °C for 16 h in water to remove both the
inner- and outer-sphere chlorides as insoluble silver chloride.
The resulting aqueous solution of Ru265′ was then treated
with 2 equiv of the sodium salt of the desired carboxylate to
coordinate to the metal center in place of the coordinated
water molecules and allowed to heat at 50 °C for 16 h. This
temperature and reaction time were chosen to maximize
product yield while preventing decomposition of the Ru(μ-
N)Ru core, which can occur at higher temperatures. The
nitrate salts of 1−3 were crystallized by the vapor diffusion of
p-dioxane into an aqueous solution of the compounds
containing 10% of their corresponding carboxylic acid to
prevent aquation. For the triflate salt 4, vapor diffusion of
diethyl ether into a methanolic solution of the crude
compound afforded analytically pure material.

The infrared (IR) spectra of 1−4 (Figures S1−S4,
Supporting Information, SI) show diagnostic features that are
consistent within their proposed structures. For 1−3, an
intense peak at 1383 cm−1, which is the characteristic energy of
the nitrate counterion stretching mode, is present. Within the
IR spectrum of compound 4, peaks diagnostic of the triflate
counterion at 1269, 1223, 1145, and 637 cm−1 are observed.68

The four complexes all give rise to intense peaks near 3400,
1600, and 1400 cm−1, which arise from the N−H stretching
modes of the ammine ligands and the symmetric and
asymmetric C−O stretches of the carboxylates, respectively.
Another key vibrational mode that is characteristic of these
complexes is the asymmetric Ru−N−Ru stretch. For 2−4, this
mode is observed at 1039, 1040, and 1037 cm−1, respectively.
For 1, this mode occurs at a slightly higher energy of 1064
cm−1. The higher energy of the Ru−N−Ru stretch of 1
correlates with the lower basicity and weaker donor strength of

Scheme 2. Synthetic Scheme for Compounds 1, 2, 3, and 4a

aCompounds 1, 2, and 3 were synthesized as nitrate salts, whereas compound 4 was synthesized as a triflate salt.

Figure 1. Crystal structures of 1 and 3. Outer-sphere ions and solvent molecules are omitted for clarity. Thermal ellipsoids are shown at the 50%
probability level. For 1, only one of the two complex cations present in the asymmetric unit is shown. The other complex cation is shown in Figure
S26 in the SI. Crystallographic information for both complexes is given in Table 1. Interatomic distances and angles are given in Table 2 and Table
S1.
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the axial formate ligand compared to the alkyl carboxylates in
2−4.

All four complexes give rise to well-resolved 1H NMR
spectra, consistent with their diamagnetic ground states
(Figures S5−S8, SI), that show characteristic resonances
from both the equatorial ammine ligands and the axial
carboxylates. The 1H NMR resonance in DMSO-d6 of the
ammine ligands for all four complexes is apparent as a broad
singlet near 3.95 ppm. For comparison, the chemical shift for
the ammines of Ru265 resides further downfield at 4.15 ppm.45

In the aqua-capped analogue Ru265′, however, the peak
appears at 3.96 ppm (Figure S9, SI), like those observed for 1−
4. Thus, axial oxygen donors induce a small shielding effect on
the protons of the ammine ligand, as has been shown
previously.53 Similarly, the 1H resonances of the carboxylates
are also shifted upfield by approximately 0.2 ppm relative to
the free ligands. Further characterization by 13C{1H} (Figures
S10−S13, SI) and 19F (Figure S14, SI) NMR spectroscopy of
the complexes reveals the expected peaks for carboxylate
ligands and the presence of the triflate counterion for 4.
X-ray Crystallography. Via the crystallization methods

described above, single crystals of 3 suitable for X-ray
diffraction were obtained. To grow X-ray diffraction-quality
crystals of 1, it was first prepared as the triflate salt and then
crystallized by the vapor diffusion of diethyl ether into a
solution of it in methanol. The resulting crystal structures are
shown in Figure 1, crystallographic data collection parameters
and refinement statistics are given in Table 1, and selected

interatomic distances and angles are collected in Table 2.
Notably, the asymmetric unit of 1 contains two molecules that
are nearly identical. For simplicity, the structural data of just
one of these molecules are tabulated in Table 2. Data for the
second molecule in the asymmetric unit are presented in the SI
(Table S1 and Figure S26, SI).

Both crystal structures reveal the linear Ru(μ-N)Ru core to
remain intact with the equatorial positions completed by the
NH3 ligands and the axial positions occupied by the
corresponding carboxylates. The linearity of this motif is
reflected by the Ru−N−Ru angles of 176.5(5) and
175.43(19)° for 1 and 3, respectively. In addition, the Ru−N
distances of the bridging nitrido range from 1.745(3) to
1.756(9) Å in 1 and 3. These values are notably shorter than
the Ru−N distances for the equatorial NH3 ligands, which
span 2.089(3) Å to 2.122(7) Å. The shorter Ru−N distance of
the bridging nitrido is consistent with the multiple bonding
character of this interaction. These values are similar to those
of both Ru265 and Ru265′, for which the bridging Ru−N
distances are 1.7421(7)45 and 1.73871(15) Å,51 respectively.
The axial Ru−O distances differ between 1 and 3. For 3, the
Ru−O interatomic distances are 2.076(2) and 2.082(3) Å,
whereas for 1, they are on average slightly greater, ranging from
2.080(8) to 2.110(6) Å. Bond distance differences are
considered significant if the difference is more than 3 times
the standard uncertainty of their difference.69 The average
Ru−O bond distances of 1 are significantly different compared
to the average Ru−O bond distances of 3, given that their
difference is 4 times the standard uncertainty of their
differences. The longer distances within 1 may be a
consequence of the weaker donor strength of formate
compared to propionate, a property that is also reflected by
the smaller pKa of formic acid. Notably, for both complexes,
these Ru−O distances are slightly shorter than those found in
mononuclear Ru-carboxylate compounds, which typically fall
within 2.00−2.200 Å.70−74 These axial distances are longer,
however, than the Ru−O interactions found within the crystal
structure of the formate-capped Ru360, which is 2.033(3) Å.41

The longer Ru−O axial distances found within 1 and 3 may be
a consequence of the larger trans influence of the bridging
nitrido present within these complexes compared to the
bridging oxo ligand found in Ru360. The arrangement of the
eight equatorial ammine ligands on each Ru center is staggered
for 1 but eclipsed for 3. Notably, within the structures of
Ru265 and Ru265′, the ammine ligands are arranged in an
eclipsed configuration. From an electronic and molecular
orbital perspective, the eclipsed conformation is not required.
This fact is reflected within the crystal structure of the
ethylenediamine analogue of Ru265, which attains a staggered
conformation.45 Whether these complexes attain staggered
versus eclipsed conformations is most likely a consequence of
solid-state packing interactions. Finally, intramolecular hydro-
gen-bonding interactions between the carboxylate and ammine
ligands are present within both 1 and 3. These interactions are
similar to those frequently observed within carboxylate- or
carbamate-bearing Pt4+ ammine complexes that have been used
as prodrugs for cisplatin.62,75

Kinetics of Axial Carboxylate Dissociation via NMR
Spectroscopy. With the carboxylate compounds 1−4 fully
characterized, we sought to investigate their aquation kinetics.
As previously noted, the axial chloride ligands of Ru265 are
substituted by water within minutes under physiologically
relevant conditions.51 Thus, the viability of 1−4 as prodrugs

Table 1. X-ray Crystal Data and Structure Refinement
Details for 1 and 3

compound 1·3MeOH 3·H2O

empirical formula C6H29F9N9O14Ru2S3 C6H36N12O14Ru2

formula weight 920.70 702.57
a (Å) 25.0552(2) 10.41150(10)
b (Å) 10.35730(10) 12.02830(10)
c (Å) 24.9114(3) 20.3198(2)
α (deg) 90 90
β (deg) 100.8730(10) 104.6280(10)
γ (deg) 90 90
V (Å3) 6348.56(11) 2462.22(4)
Z 8 4
crystal system monoclinic monoclinic
space group P21/c P21/n
ρcalcd (Mg m−3) 1.927 1.895
μ (Cu Kα), mm−1a 10.681
μ (Mo Kα), mm−1a 1.310
λ, Å 1.54184 0.7073
T (K) 100.0(8) 100.00(10)
2θ range (deg) 3.593−77.525 2.072−26.022
independent reflections 27170 4846
Rint 0.079 0.0286
number of parameters 795 482
largest diff. peak and hole
(Å−3)

2.203/−2.018 1.717/−0.737

GoFc 1.041 1.165
R1/wR2 (all data)b 0.0896/0.2330 0.0343/0.0866
R1/wR2 (I > 2σ)b 0.0820/0.2260 0.0333/0.0860

aCu Kα λ = 1.54184 Å; Mo Kα λ = 0.7073 Å. bR1 = Σ||Fo| − |Fc||/Σ|
Fo|; wR2 = {Σ[w(Fo

2 − Fc
2)2]/Σ([Fo

2)2]}1/2. cGoF = {Σ[w(Fo
2 −

Fc
2)2]/(n − p)}1/2, where n is the number of data and p is the number

of refined parameters.
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for Ru265′ would require them exhibit substantially slower
rates of aquation. To assess these properties, the complexes
were incubated in pH 7.4 3-morpholinopropane-1-sulfonic
acid (MOPS) buffered solution at 37 °C and monitored by 1H
NMR spectroscopy to follow the dissociation of the axial
ligands over time. All complexes (A) underwent a sequential
ligand substitution reaction with water to yield Ru265′ (C) via
a detectable monoaquated intermediate B, as shown in Scheme
3.

As the aquation reactions progressed, resonances arising
from the free ligand (L) and monoaquated species B arose,
concomitant with the decay of the intact complex A, as shown
in Figure 2a for 1 and Figures S15−S17 (SI) for 2−4. Their
relative concentrations were determined by integrating the
peaks of their 1H NMR signals. Rate constants for both the
first (k1) and second (k2) aquation steps were calculated by
fitting the concentration vs time data to the established
integrated rate laws for consecutive A → B → C kinetic
process (eqs 1−4).76 A representative data analysis for 1 is
shown in Figure 2b. For 1, the relative concentration of
Ru265′ (C), which is not directly observable by 1H NMR
spectroscopy in D2O, was calculated using mass balance (eq
5). For 2−4, the 1H NMR signals of A and B, overlap, thus
requiring analysis using the sum of the concentrations of these

species. The kinetics data for all four compounds are given in
Table 3.

A A k texp( )t 0 1[ ] = [ ] (1)

B B k t A k k k

k t k t

exp( ) ( )

exp( ) exp( )
t 0 2 0 1 2 1

1

1 2

[ ] = [ ] + [ ]
{ } (2)

C C B k t

A k k t k k t

k k

1 exp( )

(1 exp( ) exp( )

/( ))

t 0 0 2

0 1 2 2 1

2 1

[ ] = [ ] + [ ] { }

+ [ ] + { }

(3)

L B C2t t t[ ] = [ ] + [ ] (4)

A B C 400 Mt t t[ ] + [ ] + [ ] = (5)

For all four complexes, k1 was measured to be approximately
an order of magnitude smaller than k2. Thus, aquation of these
carboxylate complexes is rate-limited by the dissociation of the
first ligand. This result is comparable to Ru265, for which
aquation of the first chloride ligand is also an order of
magnitude smaller than that of the second.53 The half-lives of
carboxylate ligand dissociation among the four complexes are
on the order of hours. For comparison, the axial chloride
ligands of Ru265 undergo aquation with a half-life of

Table 2. Selected Interatomic Distances and Angles for 1 and 3a,b

selected interatomic distances (Å) for 1·3MeOH selected interatomic distances (Å) for 3·H2O

Ru(1)−O(2) 2.110(6) Ru(2)−O(3) 2.080(8) Ru(1)−O(2) 2.076(2) Ru(2)−O(3) 2.082(3)
Ru(1)−N(1) 1.756(9) Ru(2)−N(1) 1.730(9) Ru(1)−N(1) 1.745(3) Ru(2)−N(1) 1.743(3)
Ru(1)−N(2) 2.105(7) Ru(2)−N(6) 2.117(9) Ru(1)−N(2) 2.119(3) Ru(2)−N(6) 2.114(3)
Ru(1)−N(3) 2.110(7) Ru(2)−N(7) 2.122(8) Ru(1)−N(3) 2.115(3) Ru(2)−N(7) 2.115(4)
Ru(1)−N(4) 2.107(8) Ru(2)−N(8) 2.107(8) Ru(1)−N(4) 2.089(3) Ru(2)−N(8) 2.100(3)
Ru(1)−N(5) 2.122(7) Ru(2)−N(9) 2.117(8) Ru(1)−N(5) 2.096(3) Ru(2)−N(9) 2.098(3)

selected interatomic angles (deg) for 1 selected interatomic angles (deg) for 3

N(1)−Ru(1)−O(2) 175.9(3) N(1)−Ru(2)−O(3) 176.0(4) N(1)−Ru(1)−O(2) 177.49(12) N(1)−Ru(2)−O(3) 177.65(12)
N(1)−Ru(1)−N(2) 96.1(4) N(1)−Ru(2)−N(6) 94.6(4) N(1)−Ru(1)−N(2) 95.28(12) N(1)−Ru(2)−N(6) 94.64(14)
N(1)−Ru(1)−N(3) 95.0(3) N(1)−Ru(2)−N(7) 96.0(4) N(1)−Ru(1)−N(3) 95.96(13) N(1)−Ru(2)−N(7) 96.57(14)
N(1)−Ru(1)−N(4) 93.4(3) N(1)−Ru(2)−N(8) 96.0(4) N(1)−Ru(1)−N(4) 93.08(13) N(1)−Ru(2)−N(8) 95.27(12)
N(1)−Ru(1)−N(5) 93.8(3) N(1)−Ru(2)−N(9) 92.3(3) N(1)−Ru(1)−N(5) 95.09(12) N(1)−Ru(2)−N(9) 92.64(13)
N(2)−Ru(1)−N(3) 87.3(3) N(6)-Ru(2)−N(7) 89.7(4) N(2)−Ru(1)−N(3) 89.92(13) N(6)-Ru(2)−N(7) 89.33(14)
N(2)−Ru(1)−N(4) 170.4(3) N(6)−Ru(2)−N(8) 169.5(4) N(2)−Ru(1)−N(4) 89.95(13) N(6)−Ru(2)−N(8) 170.05(14)
N(2)−Ru(1)−N(5) 90.0(3) N(6)−Ru(2)−N(9) 91.4(4) N(2)−Ru(1)−N(5) 169.61(12) N(6)−Ru(2)−N(9) 89.48(14)
N(2)−Ru(1)−O(2) 87.2(3) N(6)−Ru(2)−O(3) 85.9(4) N(2)−Ru(1)−O(2) 86.50(11) N(6)−Ru(2)−O(3) 87.40(14)
N(3)−Ru(1)−N(4) 90.7(3) N(7)−Ru(2)−N(8) 89.8(4) N(3)−Ru(1)−N(4) 170.94(12) N(7)−Ru(2)−N(8) 88.62(13)
N(3)−Ru(1)−N(5) 171.0(3) N(7)−Ru(2)−N(9) 171.6(4) N(3)−Ru(1)−N(5) 89.51(12) N(7)−Ru(2)−N(9) 170.78(13)
N(3)−Ru(1)−O(2) 82.8(3) N(7)−Ru(2)−O(3) 88.0(4) N(3)−Ru(1)−O(2) 82.25(11) N(7)−Ru(2)−O(3) 82.27(13)
N(4)−Ru(1)−N(5) 90.6(3) N(8)−Ru(2)−N(9) 87.6(3) N(4)−Ru(1)−N(5) 88.99(12) N(8)−Ru(2)−N(9) 90.98(13)
N(4)−Ru(1)−O(2) 83.2(3) N(8)−Ru(2)−O(3) 83.5(4) N(4)−Ru(1)−O(2) 88.70(11) N(8)−Ru(2)−O(3) 82.68(12)
N(5)−Ru(1)−O(2) 88.5(3) N(9)−Ru(2)−O(3) 83.7(4) N(5)−Ru(1)−O(2) 83.15(11) N(9)−Ru(2)−O(3) 88.53(12)
Ru(1)−N(1)−Ru(2) 176.5(5) Ru(1)−N(1)−Ru(2) 175.43(19)

aAtoms are labeled as shown in Figure 1. Values in parentheses indicate the standard uncertainty in the last significant figure. bCompound 1
contains two molecules in the asymmetric unit. Data shown are from one of these two molecules. Interatomic distances and angles are similar
between the two molecules. Data for the second molecule are shown in the SI (Table S1 and Figure S26).

Scheme 3. Aquation Pathway of the Carboxylate-Functionalized Compounds
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approximately 2 min under these same conditions.51 Thus, the
prolonged lifetime of the carboxylate-capped compounds
portends to their potential use as prodrugs for Ru265′. In
comparing the rate constants between compounds 1−4, those
of 1 are 2−3 times greater than those of 2−4. The pKa value of
formic acid, the conjugate acid of the carboxylate ligand within
1, is an order of magnitude smaller than the other alkyl
carboxylates employed within 2−4. Thus, the faster aquation

rate of 1 correlates with the poorer basicity and donor strength
of formate. Furthermore, as noted above in our discussion of
the X-ray crystal structures, the interatomic axial Ru−O
distances within 1 are longer than those found in 3. Thus,
ground state destabilization of 1 due to weaker Ru−O
interactions appears to give rise to the faster dissociation
rates observed within this complex. Collectively, these results
demonstrate that axial position inertness of Ru265 analogues

Figure 2. Representative kinetic analysis of 1 at 37 °C via 1H NMR spectroscopy in pH 7.4 MOPS-buffered solution containing 10% D2O and <1%
p-dioxane as a chemical shift reference. (a) Proton resonances of each species A, B, and L are shown, and (b) the relative concentration of each
species is plotted over time to calculate the rate constants k1 and k2. Analyses for 2, 3, and 4 can be found in the SI (Figures S15−S17).

Table 3. Aquation Rate Constants (k1 and k2) and Half-Lives (t1/2) of Ru265 and Compounds 1−4 at 37 °Ca

complex k1 × 105 (s−1) t1/2 (1) (h) k2 × 104 (s−1) t1/2 (2) (h) pKa (HL)

Ru265b 49.2 0.038 −5.90
1 5.9 ± 0.2 3.3 ± 0.1 3.6 ± 0.3 0.50 ± 0.05 3.75
2 2.0 ± 0.5 9.9 ± 2.4 3.0 ± 1.2 0.7 ± 0.3 4.75
3 2.8 ± 0.1 6.9 ± 0.2 3.3 ± 0.5 0.6 ± 0.1 4.88
4 3.2 ± 0.1 5.9 ± 0.2 2.8 ± 0.2 0.700 ± 0.004 4.82

aThe pKa values of the conjugate acid of the free ligands are also given. bRef 51. The rate constant was determined using UV−vis spectroscopy and
was only able to resolve the first aquation step.
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can be systematically tuned via the use of ligands of different
donor strengths.
Cytotoxicity and Cellular Uptake. The key properties of

Ru265 that make it valuable as an MCU inhibitor are its
limited cytotoxicity and its ability to permeate the cell
membrane, a feature that most likely arises from its high
redox stability.51 To assess the suitability of 1−4 in these
contexts, we evaluated their cytotoxic effects and cellular
uptake in both HeLa and HEK293T cells. The cytotoxicity of
each complex was determined using the colorimetric thiazolyl
blue tetrazolium bromide (MTT) assay. With 72 h incubation
periods, the cell viability of both cell lines remained greater
than 90% at concentrations up to 100 μM (Figures S18 and
S19, SI). In addition, the JC-1 assay was used to verify that
complexes 1−4 did not perturb the mitochondrial membrane
potential of either cell line when administered at 50 μM for 24
h (Figures S20−S22, SI). Having shown that 1−4 do not
negatively affect cell viability or mitochondrial function, their
cellular uptakes were next determined. Freshly thawed stock
solutions of the four compounds as well as Ru265 were
incubated at 50 μM for 2 h with both HeLa and HEK293T
cells, and their intracellular accumulation was quantified by
graphite furnace atomic absorption spectroscopy (GFAAS). As
shown in Figure 3a, all four complexes and Ru265 are taken up
by both cell lines to a similar extent. Thus, the presence of
these different carboxylate ligands does not influence cellular

uptake. This observation argues against a passive uptake
mechanism for which increasing lipophilicity should correlate
with enhanced cellular uptake.54−56,58 We have previously
reported that Ru265 enters cells through the organic cation
transporter 3 (OCT3).51 This transporter is upregulated in
many tissues, including liver, heart, and skeletal muscle,77,78

and facilitates the entry of organic cationic species like
histamine, choline, dopamine, and norepinephrine.79,80 To
determine if 1−4 may similarly be substrates for the OCT3,
their uptake in HeLa cells in the presence of the OCT3-specific
inhibitor 1,1′-diethyl-2,2′-cyanine iodide (decynium-22) was
determined. As shown in Figure 3b, only the uptake of Ru265
was diminished in the presence of the OCT3 inhibitor. These
results suggest that OCT3 only mediates the uptake of Ru265
and not those of the carboxylate-capped analogues. Further-
more, these results also indicate that the carboxylate-capped
species are entering cells in their intact forms, prior to
aquation. After aquation, uptake of the resulting Ru265′ would
be diminished in the presence of the OCT3 inhibitor.
Mitochondrial Ca2+ Uptake Inhibition in Permeabi-

lized Cells. Given the favorable cellular uptake and lack of
cytotoxicity of 1−4, their MCU-inhibitory properties in
digitonin-permeabilized HEK293T cells were investigated
following established protocols.81 In the presence of freshly
prepared 1 μM solutions of either Ru265 or 1−4, complete
abrogation of mCa2+ uptake was observed in these permeabi-

Figure 3. (a) Cellular uptake of Ru265, 1, 2, 3, and 4 in HeLa (left) and HEK293T (right) cells after incubating the cells with 50 μM of the
compound for 2 h. (b) Cellular uptake of Ru265, 1, 2, 3, and 4 in HeLa cells in the presence and absence of the OCT3 inhibitor decynium-22 after
incubating the cells with 50 μM of the compound for 3 h. Data are represented as the mean uptake ± standard deviation (SD); ****p < 0.005; ns =
not significant; n = 3.
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lized cells. The administered concentrations for each
compound were varied to obtain dose−response curves for
MCU inhibition from which 50% inhibitory concentration
(IC50) values were determined (Figures S23 and S24, SI). All
four complexes exhibit nanomolar potency but are approx-
imately 2-fold less active than Ru265 (Table 4).

Although 1−4 are slightly less potent than Ru265, their
ability to aquate within the hour timescale to yield Ru265′
prompted us to investigate their time-dependent MCU-
inhibitory properties. Before assessing MCU inhibition in
permeabilized HEK293T cells, each complex was incubated in
pH 7.4 MOPS-buffered solution for 1, 3, or 6 h at 37 °C. After
these incubation periods, the aged solutions were diluted to 10
nM, and their mCa2+ uptake-inhibitory properties were
determined. The transient curves of these experiments,
showing the fluorescence response of the Calcium Green 5N
sensor, demonstrate that mCa2+ uptake is increasingly impaired
for complexes that were preincubated for longer time periods.

(Figure S25, SI). The normalized mCa2+ uptake rates plotted as
a function of buffer preincubation time periods are shown in
Figure 4. These data reveal all four carboxylate complexes to
attain the same MCU-inhibitory activity as Ru265′ after an
incubation period of 6 h. These results suggest that axial ligand
modification of Ru265 provides an effective means of
generating aquation-activated prodrugs for Ru265′.
Intact Cell Mitochondrial Ca2+ Uptake Inhibition.

Having demonstrated that 1−4 are active MCU inhibitors in
permeabilized cells, we next sought to determine their ability
to operate in intact cell systems like Ru265.45 The
mitochondria-localizing dye Rhod2AM was incubated with
HeLa cells that were treated with 50 μM of each complex for 1
h at 37 °C. Histamine was added to the cells to stimulate
mitochondrial Ca2+ uptake, and the fluorescence response was
measured and compared to nontreated cells. As was expected,
Ru265 and the derivatives discussed in this work showed a
decreased fluorescence response in comparison to untreated
cells, as shown in Figure 5. These results demonstrate that
these compounds maintain their potent MCU-inhibitory
activity in intact cell systems.

■ CONCLUSIONS
In this work, four analogues of the potent MCU inhibitor
Ru265 were described. These analogues, which contain axial
carboxylate ligands, undergo aquation on the timescale of
hours at 37 °C, releasing the diaqua-capped complex Ru265′.
Importantly, we demonstrated that the intact carboxylate-
capped species are less effective MCU inhibitors than Ru265′,
but upon aquation and formation of Ru265′ they are equally
potent. This result highlights that axial ligand modification

Table 4. IC50 Values of MCU-Mediated mCa2+ Uptake
Inhibition for Ru265 and Derivatives in Permeabilized
HEK293T Cells (1 × 107 Cells/mL)

complex IC50 (nM)

Ru265a 8.6 ± 2.2
1 14.7 ± 2.9
2 18.8 ± 1.2
3 19.1 ± 1.7
4 18.7 ± 0.1

aRef 46.

Figure 4. Time-dependent mitochondrial Ca2+ uptake rates within permeabilized HEK293T cells (1 × 107 cells mL−1) treated with 10 nM
solutions of (a) 1, (b) 2, (c) 3, and (d) 4 in pH 7.4 MOPS-buffered solution. Each time point was prepared from a 400 μM stock of the complexes
incubated in 40 mM MOPS-buffered solution (pH 7.4) and diluted to 10 nM in 18 MΩ·cm H2O at the time of the experiment. All uptake rates
were normalized to the rate of untreated (control) cells.
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represents a viable approach to develop prodrugs for Ru265′.
The success of this strategy is important because we have
previously shown that alteration of the equatorial ligands on
the Ru(μ-N)Ru core yields compounds that have significantly
diminished or nonexistent MCU-inhibitory properties.45,51,82

Therefore, it appears that changes to the axial ligand represent
the best strategy for fine-tuning the biological properties of this
compound class without sacrificing the uptake and inhibitory
efficacy. In addition, a comparison of the formate-capped
complex 1 and the other alkyl carboxylate-capped complexes
revealed the former to undergo aquation faster. Thus, the
choice of appropriate axial ligands can have important impacts
on the rate of prodrug activation, providing another means for
modifying and optimizing compounds within this class for
different biological applications. We envision that these studies
will lay the groundwork for designing Ru265 analogues
containing functional axial ligands with targeting capabilities
or secondary biological activities. These types of modifications
will allow for new more effective tools to study mCa2+ dynamics
and potential therapeutic agents for the treatment of
conditions that are mediated by mCa2+ dysregulation.

■ EXPERIMENTAL SECTION
Reagents and Materials. All reagents were obtained commer-

cially and used without further purification. Ru265 was prepared as
previously described.45 Water (18 MΩ·cm) was purified using an
ELGA PURELAB flex 2 (High Wycombe, U.K.).
Physical Measurements. 1D-NMR (1H, 13C{1H}, and 19F)

spectra were acquired at 25 °C on a 500 MHz Bruker AV 3HD
spectrometer equipped with a broadband Prodigy cryoprobe (Bruker,

Billerica, MA). Elemental analyses (C, H, N) were carried out by
Atlantic Microlab Inc. (Norcross, GA). Fluorescence and absorbance
of samples in 96-well plates were measured using a BioTek Synergy
HT plate reader (Winooski, VT). GFAAS was performed using a
PinAAcle 900Z spectrometer (PerkinElmer, Waltham, MA). Stand-
ardized solutions (0−200 μg L−1) of ruthenium were used to generate
a calibration curve. The concentrations of all ruthenium stock
solutions applied in analytical and biological experiments were verified
by GFAAS. Statistical analyses were performed using GraphPad Prism
version 9.4.1 by applying a nonpaired student’s t-test. Curve fitting
was also performed using GraphPad Prism version 9.4.1 for Mac OS,
GraphPad Software, San Diego, California.
Cell Lines and Culture Conditions. HeLa and HEK293T cells

were obtained from American Type Culture Collection (ATCC,
Washington DC) and cultured at 37 °C as adherent monolayers in a
humidified atmosphere containing 5% CO2 in Dulbecco’s modified
Eagle’s medium (DMEM) containing 4.5 g L−1 glucose, L-glutamine,
and 3.7 g L−1 sodium bicarbonate supplemented with 10% fetal
bovine serum (FBS). The cells were tested for mycoplasma
contamination bimonthly through the commercial service provided
by the College of Veterinary Medicine at Cornell University. All
reagents and solutions used in biological studies were sterile-filtered
through a 0.2 μm filter and maintained under sterile conditions.

Synthesis of [(HCO2)Ru(NH3)4(μ-N)Ru(NH3)4(O2CH)](NO3)3 (1).
Ru265 (100 mg, 0.189 mmol) was dissolved in 15 mL of 18 MΩ·
cm H2O, and solid AgNO3 (160 mg, 0.950 mmol; Alfa Aesar) was
added to this solution. The reaction mixture was stirred at 50 °C in
the dark for 12 h. The resulting cloudy, orange suspension was filtered
through celite to remove the precipitated AgCl. The orange filtrate
was then treated with solid sodium formate (26 mg, 0.378 mmol;
Fluka Chemical Corporation) and stirred at 50 °C for 12 h. After
cooling to room temperature, the orange solution was concentrated to
dryness under vacuum, leaving an orange solid. This solid was
dissolved in 1 mL of 10% formic acid in water. Orange crystals of the
desired compound were obtained by the vapor diffusion of p-dioxane
into this solution over the course of 3 days at room temperature. The
mother liquor was decanted, and the remaining orange crystals were
washed sequentially with 15 mL of ethanol, 15 mL of methanol, and
15 mL of acetone, before drying under vacuum. Yield: 29.7 mg (0.047
mmol, 25%). 1H NMR (500 MHz, DMSO-d6) δ (ppm) = 4.01 (s,
24H), 8.12 (s, 2H). 13C{1H} NMR (126 MHz, DMSO-d6) δ (ppm) =
170.02. IR (ATR) ν (cm−1) = 3295 (s, br), 1606 (m), 1384 (s), 1063
(m), 830 (m). Elemental analysis: calcd (%, for C2H26N12O13Ru2·
3.5H2O) C 3.47; H 4.81; N 24.31. Found (%) C 3.74; H 4.72; N
24.11.

Synthesis of [(CH3CO2)Ru(NH3)4(μ-N)Ru(NH3)4(O2CCH3)](NO3)3
(2). The synthesis of 2 was carried out following the procedure
described for 1, using the same quantities of Ru265 and AgNO3. In
place of sodium formate, sodium acetate (31 mg, 0.378 mmol; Fluka
Chemical Corporation) was used, and the crystallization employed
10% acetic acid instead of 10% formic acid. Yield: 26.0 mg (0.040
mmol, 21%). 1H NMR (500 MHz, DMSO-d6) δ (ppm) = 3.95 (s,
24H), 1.77 (s, 6H). 13C{1H} NMR (126 MHz, DMSO-d6) δ (ppm) =
178.83, 24.94. IR (ATR) ν (cm−1) = 3295 (s, br), 1575 (m), 1384
(s), 1040 (m), 830 (m). Elemental analysis: calcd (%, for
C4H30N12O13Ru2·H2O) C 7.12; H 4.78; N 24.92. Found (%) C
7.09; H 4.65; N 24.71.

Synthesis of [(CH3CH2CO2)Ru(NH3)4(μ-N)Ru(NH3)4(O2CCH2CH3)]-
(NO3)3 (3). The synthesis of 3 was carried out following the procedure
described for 1, using the same quantities of Ru265 and AgNO3. In
place of sodium formate, sodium propionate (36 mg, 0.378 mmol;
Alfa Aesar) was used, and the crystallization employed 10% propanoic
acid instead of 10% formic acid. Yield: 18.1 mg (0.026 mmol, 14%).
1H NMR (500 MHz, DMSO-d6) δ (ppm) = 3.96 (s, 24H), 2.05 (q,
4H, J = 7.5 Hz), 0.92 (t, 6H, J = 7.5 Hz). 13C{1H} NMR (126 MHz,
DMSO-d6) δ (ppm) = 181.76, 30.33, 10.05. IR (ATR) ν (cm−1) =
3295 (s, br), 1565 (m), 1384 (s), 1048 (m), 830 (m). Elemental
analysis: calcd (%, for C6H34N12O13Ru2·1.5H2O) C 10.13; H 5.24; N
23.62. Found (%) C 10.09; H 4.81; N 23.72.

Figure 5. (a) Mitochondrial Ca2+ transients in HeLa cells after
treatment with histamine (100 μM), indicated with an asterisk (*),
that were pretreated with or without Ru265, 1, 2, 3, or 4 (50 μM) for
1 h. Data are presented as the mean response ± SD. (b) Fold increase
(F/F0) of the fluorescence response of each treatment upon addition
of histamine (100 μM). Data are presented as the mean response ±
SD. ****p < 0.005; n = 6.
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Synthesis of [(CH3(CH2)2CO2)Ru(NH3)4(μ-N)Ru(NH3)4(O2C-
(CH2)2CH3)](OSO2CF3)3 (4). Ru265 (100 mg, 0.189 mmol) was
dissolved in 15 mL of 18 MΩ·cm H2O. Solid AgOSO2CF3 (243 mg,
0.950 mmol; Aldrich Chemical Company) was added, and the
reaction mixture was stirred at reflux for 3 h in the dark. Insoluble
AgCl was removed by filtration through celite, and sodium butyrate
(41 mg, 0.378 mmol; Aldrich Chemical Company) was added to the
orange filtrate, which was then stirred at 50 °C for 12 h. The orange
solution was cooled to room temperature and concentrated to dryness
under vacuum to yield an orange solid. This solid was dissolved in 1
mL of methanol and crystallized by allowing diethyl ether to vapor-
diffuse into this solution at room temperature over the course of 2
days. The resulting orange crystals were washed sequentially with 15
mL of acetone and 15 mL of diethyl ether, and then dried under
vacuum. Yield: 14.7 mg (0.015 mmol, 8%). 1H NMR (500 MHz,
DMSO-d6) δ (ppm) = 3.92 (s, 24H), 2.01 (t, 4H, J = 7.5 Hz), 1.45 (q,
4H, J = 7.5 Hz), 0.83 (t, 6H, J = 7.5 Hz). 13C{1H} NMR (126 MHz,
DMSO-d6) δ (ppm) = 181.80, 31.17, 19.22, 14.52. 19F NMR (470
MHz, DMSO-d6) δ (ppm) = −77.75. IR (ATR) ν (cm−1) = 3295 (m,
br), 1603 (m), 1253 (s), 1170 (s), 1033 (m), 830 (w), 632 (m), 516
(w). Elemental analysis: calcd (%, for C11H38N9O13F9S3Ru2·CH3OH)
C 14.33; H 4.21; N 12.53. Found (%) C 14.09; H 4.28; N 12.30.
X-ray Crystallography. Single crystals of 3 were obtained via the

vapor diffusion of p-dioxane into aqueous solutions of the compound
in 10% propionic acid at room temperature. Compound 1 was
converted to the triflate salt, and single crystals were obtained via
vapor diffusion of diethyl ether into a methanolic solution of this
compound at room temperature. Low-temperature X-ray diffraction
data for 1 and 3 were collected on a Rigaku XtaLAB Synergy
diffractometer coupled to a Rigaku Hypix detector with either Mo Kα
radiation (λ = 0.71073 Å) or Cu Kα radiation (λ = 1.54184 Å), from
PhotonJet micro-focus X-ray sources at 100 K. The diffraction images
were processed and scaled using the CrysAlisPro software (Rigaku
Oxford Diffraction, The Woodlands TX). The structures were solved
through intrinsic phasing using SHELXT83 and refined against F2 on
all data by full matrix least squares with SHELXL84 following
established refinement strategies.85 All nonhydrogen atoms were
refined anisotropically. All hydrogen atoms bound to carbon were
included in the model at geometrically calculated positions and
refined using a riding model. Hydrogen atoms bound to oxygen were
located in the difference Fourier synthesis and subsequently refined
semifreely with the help of distance restraints. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2
times the Ueq value of the atoms they are linked to (1.5 times for
methyl groups). Details of the data quality and a summary of the
residual values of the refinements are listed in Tables 1 and 2 and S1.

Compound 1 crystallized in the space group P21/c; the crystal is
twinned and the structure was refined using an HKLF 5 file
containing data for two twin domains, with a refined BASF of
0.1965(9). Within the asymmetric unit, two molecules of the complex
cation were present, along with six triflate counterions and three
methanol molecules. Two of the three methanol molecules were
disordered about two distinct orientations and refined accordingly
with appropriate similarity restraints, constraining the sum of the
occupancy to be 1. Likewise, rotational and positional disorder was
identified in three of the triflate counterions and was refined
accordingly. Finally, one of the coordinated formate ligands was
modeled as being disordered about two orientations. CheckCIF
analysis of the structure of 1 reveals a B-level alert that arises from a
short contact (2.70 Å) between atoms O1S and O8. O1S belongs to a
methanol molecule present within the crystal lattice and O8 belongs
to the noncoordinating formate ligand of one of the complex cations.
This close contact is a consequence of a likely hydrogen-bonding
interaction between these two molecules. The alert is triggered by the
fact that the hydrogen atom of the methanol was not included in the
refinement model because it could not be definitively located on the
difference Fourier map.
NMR Kinetics Studies. Aqueous solutions were prepared to

contain 400 μM complex, 40 mM MOPS buffer (pH 7.4), 10% D2O
for NMR field-locking, and 0.1% p-dioxane as an internal reference (δ

= 3.75 ppm in D2O). The aquation of complexes at 37 °C was
monitored via the evolution of selected proton resonances arising
from the carboxylate functional groups in the 1H NMR spectra. The
concentrations of the starting materials (A), monoaquated inter-
mediates (B), and free ligands (L) were calculated using the relative
integration of the corresponding proton resonances. Rate constants
were calculated by fitting the concentration vs time data to the
established integrated rate laws for consecutive reactions (eqs 1−5)
using GraphPad Prism.
Cytotoxicity Assay. HeLa and HEK293T cells were seeded in 96-

well plates with ∼4000 cells/well and incubated overnight. On the
following day, the culture media was removed, and cells were treated
with media containing varying concentrations of the test complex and
incubated for 72 h. The cells were then incubated in DMEM
containing 1 mg mL−1 MTT without FBS for 3 h. Following
incubation, the media was removed, and the purple formazan crystals
were dissolved in 200 μL of an 8:1 dimethyl sulfoxide (DMSO)/
glycine buffer (pH 10) mixture. The absorbance at 570 nm of each
well was measured using a BioTek Synergy HT plate reader. The
average absorbance of control cells was set to 100% viability, and the
average absorbances of treated cells were normalized to the control
absorbance. Data were plotted as percent viability versus the
log[concentration]. The Hill Equation was applied to the data to
determine the IC50. Data are reported as the average of three
independent biological replicates ± SD.
Mitochondrial Membrane Potential via JC-1 Assay. Approx-

imately 1 × 105 HeLa or HEK293T cells were seeded in 35 mm glass-
bottom dishes (MatTek Life Sciences, Ashland, MA) and incubated
overnight at 37 °C. On the next day, the cells were treated with the
desired complex (50 μM) and incubated for an additional 24 h at 37
°C. The culture media was then removed and replaced with fresh
media supplemented with 10 μM JC-1 dye, followed by incubation in
the dark for 30 min at 37 °C. The dye-containing media was removed,
and the cells were washed with 2 × 1 mL phosphate-buffered saline
(PBS, Corning Life Sciences). The cells were imaged in 1 mL of PBS.
Control dishes were handled identically to treated dishes. For the
positive control dishes, 50 μM carbonyl cyanide m-chlorophenyl
hydrazine (CCCP) in PBS was used, and the images were collected
without the removal of CCCP. The cells were imaged using an EVOS
M5000 fluorescence microscope (ThermoFisher, Waltham, MA) with
a green fluorescence protein (GFP) filter cube (ex. 457−487/em.
502−538) for the green monomer fluorescence and a Texas red filter
cube (ex. 542−582/em. 604−644) for the red J-aggregate
fluorescence. The cellular images were analyzed using ImageJ
(NIH) and the corrected total cellular fluorescence (CTCF) was
calculated using the following formula

CTCF integrated density (area of cell mean fluorescence 

of background reading)

= ×

For each replicate, the average red/green fluorescence was
determined using at least eight independent cells and was normalized
to untreated control cells ([red/green]control = 1). Data are reported as
the average of three independent trials ± SD.
Cell Uptake. HeLa and HEK293T cells were grown to near

confluence in six-well plates. On the day of the experiment, the
culture media was removed, and the cells were treated with fresh
media containing 0 or 50 μM complex and incubated for 2 h at 37 °C.
The culture media was then removed, and the adherent cells were
washed with PBS, detached with 0.05% trypsin + 0.53 mM
ethylenediaminetetraacetic acid (EDTA; Corning Life Sciences),
and then pelleted by centrifugation (800g for 10 min). The cell pellet
was suspended in ice-cold lysis buffer (1% w/v 3-[3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS),
5 mM EDTA, 50 mM tris(hydroxymethyl)aminomethane (Tris),
and 100 mM NaCl; (pH 7.4). The suspension was vortexed for 30 s
and incubated on ice for 45 min. The cell lysate was centrifuged to
remove precipitated debris and the supernatant was transferred to a
clean tube prior to analysis. The Ru content of the lysate was
determined using GFAAS and was normalized to the protein content
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of the sample, which was determined using the bicinchoninic acid
(BCA) assay kit following manufacturer instructions (ThermoFisher).
Results are reported as the average mass ratio of Ru to protein (pg/
μg) in each sample ± SD.
Role of OCT3 in Cellular Uptake. Approximately 1 × 105 HeLa

cells were seeded in six-well plates and incubated at 37 °C overnight.
On the next day, the culture media was removed, and the cells were
treated with fresh media supplemented with the test complex (50
μM) and the OCT3 inhibitor decynium-22 (1 μM). The cells were
incubated for 3 h before they were washed, harvested, lysed, and
analyzed as described above. Results are reported as the average mass
ratio of Ru to protein (pg/μg) in each sample ± SD.
Mitochondrial Ca2+ Uptake in Permeabilized HEK293T

Cells. HEK293T cells were grown to near confluency in a 10 cm2

dish and harvested with trypsin. The cells were pelleted by
centrifugation, suspended in cold PBS supplemented with 5 mM
EDTA (pH 7.4), and counted using trypan blue. The cells were
pelleted by centrifugation at 800g for 5 min and resuspended in ice-
cold KCl solution (125 mM KCl, 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 2 mM K2HPO4, 5 mM
glutamate, 5 mM malate, 1 mM MgCl2, pH 7.2 with KOH)
supplemented with 80 μM digitonin and 1 μM thapsigargin. The final
solution contained < 0.1% DMSO, originating from the digitonin and
thapsigargin stocks. The cells were incubated on ice for 15 min and
centrifuged at 200g for 10 min at 4 °C. The pelleted cells were then
resuspended in high KCl solution containing 1 μM Calcium Green
5N (ThermoFisher, Waltham, MA) and 2 mM succinate to a final
density of 1 × 107 cells/mL. For each experiment, 100 μL of the cell
suspension was placed in each well of a black-walled 96-well plate,
treated with the desired concentration of the test complex, and
allowed to equilibrate at room temperature for ∼200 s. The
background fluorescence of each well was recorded for 60 s prior to
the addition of 20 μM CaCl2. The change in fluorescence of the dye
(ex. 488/em. 528) in response to Ca2+ was recorded every 5 s for at
least 120 s or until the fluorescence returned to the baseline. The
mCa2+ uptake rate was calculated as the time constant in the
exponential fit of the decay in fluorescence response curve. Control
cells that were not treated with compound were handled identically to
the treated cells to account for different incubation lengths. The Ca2+
uptake rate of treated cells was normalized to that of the control cells
(0% inhibition), and each replicate was performed using independ-
ently prepared cell suspensions to account for differences in cell
count. A BCA assay was performed on each cell suspension for every
experiment, giving a protein content of ∼1200 μg mL−1 each time.
The Hill equation was used to determine the IC50 of MCU inhibition.
Data are presented as the average of three independent biological
replicates ± SD.
Time-Dependent Mitochondrial Ca2+ Uptake Experiments.

Aqueous solutions of 400 μM complex were prepared in 40 mM
MOPS buffer (pH 7.4; 100-fold excess buffer). The solutions were
incubated at 37 °C for 1, 3, and 6 h before being immediately frozen
in liquid nitrogen. Each solution was stored at −80 °C until the mCa2+
uptake experiments were performed. Each stock solution was then
diluted in 18 MΩ·cm H2O to a final concentration of 10 nM complex
in the black-walled 96-well plates (200 nM complex before dilution
with cell suspension). The mCa2+ uptake assay was performed as
described above with a concentration of 1 × 107 HEK293T cells/mL.
Data were analyzed as described above and presented as the average
mCa2+ uptake rate of three independent biological replicates ± SD.
Mitochondrial Ca2+ Uptake in Intact HeLa Cells Using

Rhod2AM. Approximately 5 × 104 HeLa cells were seeded in an 8-
well μ-slide (Ibidi USA, Inc., Fitchburg, WI) and incubated overnight
at 37 °C. The following day, the cells were treated with the desired
metal complex (50 μM) in DMEM supplemented with 10% FBS for 1
h at 37 °C. The culture media was removed, and the cells were
washed with 1 × 1 mL of PBS before the cells were incubated in
extracellular medium (ECM; 135 mM NaCl, 20 mM HEPES, 5 mM
KCl, 1 mM MgCl2, 1 mM CaCl2) supplemented with 10 mM glucose,
3.2 mg mL−1 bovine serum albumin (BSA), 0.003% Pluronic F127,
and 2 μM Rhod2AM (Molecular Probes) in the dark for 30 min at

room temperature. The ECM was then removed, the cells were
washed with 1 × 1 mL of ECM, and the cells were treated with fresh
ECM supplemented with 10 mM glucose and 3.2 mg mL−1 BSA and
incubated for an additional 30 min in the dark at room temperature.
The buffer was then removed, and the cells were washed with 1 × 1
mL ECM and treated with ECM supplemented with 10 mM glucose
and 3.2 mg mL−1 BSA. The cells were incubated for 15 min at 37 °C
before imaging using a Zeiss LSM i710 confocal microscope using a
40× oil objective with an excitation of 561 nm and an emission
window of 568−712 nm. After ∼30 s of baseline recording, histamine
(final concentration of 100 μM) was added to the dish and
fluorescence images were collected every 3 s to monitor mCa2+
uptake. Images were analyzed and quantified using ImageJ and the
CTCF was calculated. The average of at least six individual cells was
used to determine the average CTCF for each replicate. Results are
reported as the average of two independent replicates ± SD.
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