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Abstract

The mitochondrial calcium uniporter (MCU) is a transmembrane protein that mediates
mitochondrial calcium (mCa®") uptake. Inhibitors of the MCU are of interest for their
applications as tools to study the role of mCa*" uptake on cellular function. In this study, we
report two potent MCU inhibitors, [Ruz(u-N)(NH3)s(FcCO2)2](OTf)s (RuOFc, Fc = ferrocene,
OTf = triflate) and [Ruz(p-N)(NH3)s(PhCO2)2](OTf); (RuOBz). These compounds are
analogues of the previously reported inhibitor [Rua(p-N)(NH3)3(Cl)2](Cl)3 (Ru265) that has
been derivatized with ferrocenecarboxylate and benzoate ligands, respectively. Both
compounds were synthesized and fully characterized by NMR spectroscopy, infrared
spectroscopy, and X-ray crystallography. Under physiological conditions, RuOFc¢ and RuOBz
aquate with half-lives 0f 2.9 and 6.5 h, respectively, to produce [Ruz(u-N)(NH3)s(H20)2](OTf)s
(Ru265') and the free carboxylates. Cyclic voltammetry of RuOFc¢ in N,N'-dimethylformamide
(DMF) reveals a prominent reversible 2¢” transfer event at 0.64 V vs SCE, corresponding to
the simultaneous oxidation of both ferrocene-containing axial ligands. All three complexes also
exhibit irreversible Ru-based reductions at potentials below —1 V vs SCE. DFT calculations of
Ru265’, RuOFe¢, and RuOBz confirm that the redox activity of RuOFc arises from the
ferrocene ligands. Furthermore, LUMO energies of the three compounds correlate with their
irreversible reduction potentials. A systematic comparison on the biological properties of
Ru265, RuOFc, and RuOBz was carried out. Both RuOFc¢ and RuOBz inhibit mCa>* uptake
in permeabilized HEK293T cells, but are 5—7 fold less potent than Ru265. In intact cells,
RuOBz is taken up by cells and inhibits the MCU to a similar extent as Ru265. RuOFec,
however, exhibits a 10-fold increase in cellular uptake over Ru265, which in turn also leads to
a modest enhancement in MCU-inhibitory activity in intact cells. Moreover, in contrast to
Ru265, RuOFc is cytotoxic to HEK293T and HeLa cells with 50% growth inhibitory
concentration values of 23.2 and 33.9 uM, respectively, a property that could be leveraged to
develop MCU-targeting anticancer agents. These results establish RuOFc as a potent MCU
inhibitor and another example of how axial ligand functionalization of Ru265 can lead to new
compounds within this class with diverse physical and biological properties.

Introduction

Mitochondrial calcium (mCa*") plays an important role in a wide range of biological processes
that are critical for cellular function.!?> The uptake of mCa?* is enforced by the mitochondrial
calcium uniporter (MCU), a highly selective inwardly rectifying Ca®" channel.>> Elevated
mCa®* levels are associated with a wide range of pathological conditions,®’ including ischemia-
reperfusion injury,®® cancer,!®!? and neurodegenerative disorders.!*~'® Given the involvement
of mCa?" in these human diseases, there has been a growing interest in developing compounds
that can inhibit the MCU to prevent mCa** overload.!”!8



The dinuclear oxo-bridged ruthenium compound, Ru360 (Chart 1), is among the most well-
known MCU inhibitors.!*2! However, the therapeutic use of this compound is limited by its
low cell permeability and redox instability. Several other Ru-based MCU inhibitors have been
reported,’>? including a nitrido-bridged analogue of Ru360, named Ru265 (Chart 1).2* Unlike
the mixed valent complex Ru360 (Ru*"/Ru*'), Ru265 contains two Ru*" centers. This
compound is cell permeable and stable toward biological reduction, enabling it to inhibit mCa?"
uptake in non-permeabilized cells. This latter property was leveraged to demonstrate protective
effects against oxygen-glucose deprivation in cortical neurons in vitro and an in vivo mouse
model of ischemic stroke.?> Under physiological conditions, Ru265 aquates on the timescale
of minutes to afford the diaqua-capped species Ru265’ (Chart 1). Based on the rapid aquation
of Ru265, Ru265' is presumed to be the active MCU inhibitor.?®?” Mutagenesis and molecular
docking studies have suggested that Ru265’ inhibits mCa®* uptake through interaction with the
exposed DIME peptide sequence region of the MCU pore.?®

Recently, we reported that Ru265 can be modified by swapping its axial chloride ligands with
carboxylates.”” Notably, the carboxylate-capped analogues aquate under physiological
conditions with half-lives on the order of hours, a timescale that is significantly longer than
that of the chloride-capped Ru265. We further demonstrated that the MCU-inhibitory
properties of these carboxylate-capped compounds increase over time as the aquation reaction
proceeds, suggesting that they act as potential aquation-activated prodrugs for Ru265’. Despite
their prolonged stability, the carboxylate-capped prodrugs do not exhibit an enhancement of
cellular uptake compared to Ru265. Recognizing the importance of this prodrug approach for
developing new analogues of Ru265, we sought to employ more lipophilic axial ligands to
access candidates with improved cell permeability.3*33

Among the different potential axial ligands, we considered ferrocenecarboxylate because prior
studies have shown that the introduction of ferrocene into drug candidates can substantially
enhance their lipophilicity, as well as confer them with therapeutically useful redox activity.>*-
36 Two key examples of the success of this strategy are found in the antimalarial drug candidate
ferroquine®’*® and the anticancer agent ferrocifen.’* These drug candidates are ferrocene-
containing derivatives of the antimalarial drug chloroquine and chemotherapeutic agent
tamoxifen, respectively. Importantly, the enhanced lipophilicity afforded by the ferrocene
group leads to greater parasite uptake of ferroquine*®*' and higher tumor cell uptake by
ferrocifen,** contributing to their higher potencies than the parent drugs. Furthermore, their
redox-activities also give rise to reactive oxygen species that further improves their potency.**
471t is also worth noting that a number of heteronuclear ruthenium-ferrocene complexes have
been investigated for their anticancer properties.*® The mechanisms of action of these
complexes are case-dependent,®* but it has been demonstrated that the presence of the ferrocene
group typically potentiates the formation of cytotoxic ROS and facilitates cellular uptake.*®
Inspired by these and many other ferrocene-derivatized drug candidates, in this study we
investigated the physical and biological properties of a ferrocenecarboxylate-capped Ru265
analogue, named RuOFc¢ (Chart 1), demonstrating it to be a potent cell-permeable MCU
inhibitor.
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Chart 1 Structures of Ru-based MCU inhibitors.

Results and discussion
Synthesis and characterization

RuOFc¢ was synthesized using a strategy similar to the one that was employed to prepare the
alkyl carboxylate derivatives of Ru265.%° Briefly, the axial chlorides on Ru265 were removed
as insoluble AgCl by treating the compound with 5 equiv of AgOTf in water to afford the
diaqua-capped Ru265’. This synthon was allowed to react with sodium ferrocenecarboxylate
to obtain RuOFe. Given that ferrocene has been frequently used as a bioisostere for phenyl or
heteroaromatic rings in drugs due to their structural similarities,** we also synthesized the
benzoate-capped derivative of Ru265 (RuOBz, Chart 1) as a redox-inactive analogue of
RuOFc. Both RuOF¢ and RuOBz were characterized by various methods (Figs. S2—S8 and
Table S1), including NMR spectroscopy, infrared (IR) spectroscopy, HPLC, and X-ray
crystallography. The 'H NMR spectra of RuOFc¢ and RuOBz exhibit a broad resonance
assigned to the protons of the NHj3 ligands at 4.03 and 4.08 ppm (Figs. S2 and S4), respectively.
These chemical shifts are upfield of those of Ru265, for which the NH; resonance appears at
4.15 ppm.>* This result suggests the axial oxygen donors increase the shielding of the equatorial
ammine protons, a property that was previously observed in the alkyl carboxylate-capped
Ru265 analogues. The *C{'H} NMR spectra of both complexes reveal expected resonances
of the carboxylate ligands and triflate counterions (Figs. S3 and S5). Likewise, the °F NMR
spectra of both compounds reveal a single peak at —77.7 ppm that is assigned to the triflate
counterions (Fig. S6). The IR spectra of RuOFc and RuOBz exhibit intense peaks at 1023 and
1026 cm™!, respectively, which correspond to the asymmetric Ru-N-Ru stretching modes
arising from the bridging nitrido ligand (Fig. S7). These energies are significantly lower than
that of Ru265, which appears at 1046 cm™!. Collectively, these spectroscopic data support the
characterization of RuOFc¢ and RuOBz. With respect to their lipophilicities, the addition of
ferrocenecarboxylate and benzoate ligands is expected to enhance this property relative to
Ru265. Accordingly, RP-HPLC analysis of RuOFc and RuOBz reveals these compounds to
exhibit significant retention on the reverse-phase C18 column used (Fig. S8). By contrast,
Ru265 elutes within the dead time of the column, showing no retention. Because compound
retention on RP-HPLC systems correlates with the lipophilicity of metallodrug candidates,*

3! these results indicate that RuOFc¢ and RuOBz are significantly more lipophilic than Ru265.
The quantitative logarithm values of n-octanol-water partition coefficients (log P) of RuOFc
and RuOBz could be obtained after creating a calibration curve of retention factors versus
known log P values of other compounds (Figure S9).>? Using the easily measured HPLC
retention factors along with this calibration curve, the log P values of RuOFc¢ and RuOBz
were determined to be 2.0 and 0.6, respectively, indicating that the ferrocene group has a larger



effect on compound lipophilicity (Table 1). This result is consistent with the greater log P
value of ferrocene (2.66)** compared to benzene (2.13).%

X-ray crystallography

The crystal structures of RuOBz and RuOFc reveal the expected molecular geometries,
showing the Ru(NH3)4(u-N)Ru(NH3)s core with two carboxylates on the axial positions (Fig.
1). For RuOBz, the bridging nitrogen atom resides on a crystallographic inversion center,
affording this complex with Ci symmetry and a perfectly linear Ru—N—Ru angle. In contrast,
the Ru—N—Ru motif in RuOFec slightly deviates from linearity with an angle of 175.4(2)°. For
both complexes, the Ru-N distances, 1.740(3) A for bridging nitrogen atoms and 2.098(5)—
2.17(1) A for equatorial nitrogen atoms, and Ru—O distances, 2.091(2)-2.104(2) A (Table S2),
are similar to those previously observed for the formate- and propionate-capped analogues of
Ru265.% A comparison of the average axial Ru-O distances of RuOF¢ and RuOBz reveals
them to be indistinguishable within the error of the measurement (Table 1). This result suggests
that the donor strengths of these two axial carboxylates are not substantially different, a
property that would be predicted based on the identical pK, values of their conjugate acids
(Table 1). The equatorial ammine ligands in RuOBz are arranged in an eclipsed conformation
about the Ru—N—Ru vector, whereas in RuOFc they are staggered. Because molecular orbitals
interactions do not require a particular arrangement of these ammines, the difference in
conformation between these two complexes is most likely a consequence of solid-state packing
interactions. For other octaammine nitrido-bridged complexes that have been crystallized, both
staggered and eclipsed conformations have been observed, further supporting the small
energetic differences between these states and their potential sensitivity to solid-state
interactions.?* In addition, the axial carboxylates intramolecularly hydrogen bond with the
equatorial ammines in both compounds, an interaction that has been observed in other
carboxylate-capped Ru265 analogues®’ as well as Pt(IV) ammine complexes with carboxylate
ligands.>* Lastly, the Fe—Cpcentroia distances in RuOFc span from 1.6423(15) to 1.648(2) A.
These values are not substantially different from those found in the crystal structure of free
ferrocenecarboxylic acid> (1.636(5) and 1.639(4) A), suggesting that coordination to Ru does
not significantly perturb the structures of and bonding within these ferrocene moieties.

RuOBz RuOFc

Fig. 1 Crystal structures of RuOBz and RuOFe. Thermal ellipsoids are shown at the 50%
probability level. Solvents and counterions are omitted for clarity.

Physical properties

Having established the identity and purity of the two compounds, we proceeded to examine
their stability under physiological conditions by UV-vis spectroscopy (Figs. 2 and S11). The
spectral changes over time were fit using a first-order kinetic model for a single-step reaction
to obtain rate constants and half-lives for this process (Table 1). Even though the aquation of
these compounds should proceed via a two-step process with a monosubstituted intermediate,
UV-vis spectroscopy is unable to resolve both steps, presumably due to the minimal presence



of the mono-carboxylate intermediate and its spectral overlap with other species in the solution.
As such, the pseudo-first-order rate constants obtained via UV-vis spectroscopy represent the
rate-determining loss of the first carboxylate ligand.?%?”?° The aquation half-lives in pH 7.4
buffer at 37 °C for RuOBz and RuOFc are 6.5 and 2.9 h, respectively, within the range of
other carboxylate-capped Ru265 complexes whose half-lives span 3.3-9.9 h.?’ Notably, the
aquation rate constant of RuOFe¢ is approximately two times greater than that of RuOBz,
despite the fact that the axial Ru—O distances within these complexes are indistinguishable and
the donors strengths of ferrocenecarboxylate and benzoate are similar, as reflected by the pKa
values of their conjugate acids (Table 1). The faster aquation kinetics of RuOFc¢ may therefore
be a consequence of a lower energy transition state, rather than a difference in the
thermodynamic ground states of the complexes.

Table 1 Relevant physical properties of RuOBz and RuOFe.

Property RuOBz RuQOFc¢
Aquation rate constant k (x 10°s')  3.0+0.3  6.8+0.6
t12 (h) 6.5+0.7 29403
pK.* 4.20° 4.20¢
Average Ru—0 (A) 2.099 2.098
Redox events (V vs SCE) -1.27 0.64,-1.35
Log P 0.6 2.0

“pK, of the conjugate acids of the free ligands. ® Ref *. °Ref .
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Fig. 2 Left: evolution of the UV-vis spectrum of RuOFc¢ (160 uM) in pH 7.4 MOPS-buffered

(16 mM) aqueous solution over an 18 h period at 37 °C. Right: plot of absorbance at 326 nm

versus time with the best exponential fit.

Given the redox activity of ferrocene,”® we examined the electrochemical properties of the
complexes by cyclic voltammetry (Fig. 3 and Table 1). In contrast to Ru265’ and RuOBz,
which are not redox-active within the biological window, RuOFc¢ exhibits a prominent
reversible redox event at 0.64 V vs SCE, which is assigned to the ferrocene/ferricenium redox
couple. This value is lower than that of free ferrocenecarboxylic acid, which occurs at 0.79 V
vs SCE (Fig. S12), indicating that coordination to Ru265 impacts the redox potential of this
fragment. Furthermore, the peak-to-peak separation of this event is approximately 30 mV,
revealing it to be a two-electron transfer process.’® This result suggests that both
ferrocenecarboxylate ligands are oxidized simultaneously and implies that the mixed-valent
mono-oxidized compound is thermodynamically unstable, presumably due to the large
separation and poor electronic communication between the two ferrocenes on RuOFc.%%®! In
addition to this reversible ferrocene-based redox event, an irreversible redox event around —1



V is observed for all three compounds, which is assigned to the reduction of the ruthenium
centers. In previous electrochemical studies of Ru265 in aqueous solutions, this feature was
not observed, presumably due to the smaller accessible potential window within water.?6->
Both RuOBz and RuOFc¢ have more negative reduction potentials of —1.27 V and -1.35 V,
respectively, than Ru265' (—1.07 V). The more negative redox potentials of these compounds
are consistent with the electrochemical Lever parameters of carboxylates compared to
water,%%% which reflect the greater donor strength of these carboxylate ligands.
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Fig. 3 Cyclic voltammograms of Ru265’, RuOBz, and RuOFc¢ in DMF with 0.1 M [BusN][PF¢]
(TBAP) at 25 °C and 0.1 V/s scan rate.

Computational studies

To gain a deeper understanding of the electronic structures of the compounds, we performed
DFT calculations on Ru265', RuOBz, and RuOFc. The geometries of these complexes were
optimized starting from the coordinates obtained experimentally via X-ray crystallography, and
the energies and compositions of their frontier molecular orbitals were compared (Fig. 4). The
HOMO of Ru265’ and RuOBz and HOMO-10 of RuOFc¢ are n* molecular orbitals between
the axial carboxylate ligands and ruthenium centers. Within RuOFc¢ and RuOBz, these orbitals
are higher energy than that of the Ru265', reflecting the stronger n-donating interaction® of
these carboxylates compared to water. Notably, the HOMO of RuOFec is a ferrocene-based
bonding orbital. This high-lying HOMO is the redox-active orbital of RuOFe, conferring it
with the observed reversible redox event at 0.64 V vs SCE. The LUMO of all three compounds
is a delocalized n* orbital between the nitrido bridge and two ruthenium centers. The relative
energies of LUMO correlate with the ease of reduction, as measured by cyclic voltammetry.
Compared to Ru265’, RuOBz and RuOFc have higher LUMO energies and more negative Ru
reduction potentials due to the higher donor strength of the carboxylates.
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Fig. 4 Frontier Kohn-Sham molecular orbital diagrams of Ru265’, RuOBz, and RuOFc¢ drawn
with an isovalue of 0.02.

Biological properties

We next evaluated the biological activity of these compounds (Table 2). Both RuOBz and
RuOFc inhibit mCa** uptake in permeabilized HEK293T cells with nanomolar 50% inhibitory
concentration (ICso) values (Table 2 and Figs. S14-S16). These compounds, however, are 5—
7 fold less active than Ru265, indicating that the carboxylate ligands reduce the mCa*" uptake-
inhibitory properties of these complexes, as previously observed.?’ Next, we examined the
cellular uptake of these compounds in HEK293T cells (Table 2). RuOBz and Ru265 exhibit
similar cell uptake, whereas RuOFc accumulates in 10-fold higher levels. Similar cellular
uptake levels were found in HeLa cells treated under identical conditions, indicating that the
ability of RuOFc to be internalized effectively occurs in different cell lines (Table S3). The
dramatic improvement in cell permeability is most likely facilitated by the high lipophilicity of
the ferrocene functional group. The inclusion of ferrocene on other drug candidates has
likewise led to increases in cellular uptake.?%40416566 If RuOFc were to undergo aquation
before being internalized, we would expect to its levels in cells to be equivalent to those of
Ru265, which aquates over the time course of minutes. Therefore, this result also implies that
the rate of cellular uptake is faster than the rate of aquation of RuOFc¢, which enables this
compound to be taken up in its intact, more lipophilic form. Encouraged by the excellent cell
permeability, we determined the ability of these compounds to inhibit mCa®* in intact, non-
permeabilized cells (Fig. 5). The mCa®" dynamics in HeLa cells in the presence and absence of
RuOFc¢ and RuOBz were monitored using the mitochondria-localizing Ca?"-responsive
Rhod2AM fluorescent sensor.®” Histamine was added to stimulate mCa®" uptake, and the
degree of mCa®" uptake was measured by analyzing the fluorescence increase (F/Fo) of the
Rhod2AM sensor. As shown in Fig. 5, RuOBz is able to inhibit mCa®" uptake in intact cells to
a comparable extent as Ru265. By contrast, RuOFc¢ exhibits a modest yet statistically
significant increase in inhibitory activity compared to Ru265, a property that may be a



consequence of its enhanced cellular uptake. Lastly, to verify that these compounds do not
negatively affect mitochondrial function, we performed the JC-1 assay to probe the integrity
of the mitochondrial membrane potential (Fig. S17). In comparison to the positive control
carbonyl cyanide m-chlorophenyl hydrazine (CCCP), these compounds do not lead to
depolarization of the mitochondrial membrane potential in HeLa cells, when incubated at 50
uM concentration for 24 h. Collectively, these results highlight the promise of using these
compounds as MCU inhibitors in intact cells. To confirm that the compounds do not adversely
affect cell viability, we examined the cytotoxic effects of the compounds in cancer cells by the
3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide (MTT) assay (Table 2 and Fig. S13).
Unexpectedly, in contrast to all other Ru265 analogues including RuOBz, RuOFc¢ exhibits
moderate cytotoxicity in both HEK293T and HeLa cells with ICso values of 23.2 and 33.9 uM,
respectively. Although undesirable for use solely as an MCU inhibitor, this cytotoxicity could
potentially be leveraged for using RuOFc¢ as an anticancer agent, given the growing interest in
targeting the MCU for cancer treatment.!®!? Ongoing studies are aimed at elucidating the
mechanism of action of RuOFc and evaluating its anticancer potential.

Table 2 Relevant biological properties of Ru265, RuOBz and RuOFc¢ in HEK293T cells.

Property Ru265 RuOBz RuQOFc¢
mCa?" uptake inhibition ICso (nM)* 22406 139+35 105+3.6
Cytotoxicity ICso (uM)” 195+8 >90 232+19
Cellular uptake (pg Ru / pg protein)¢ 33 +7 45+£5 382+ 28

“In permeabilized cells. ® 48 h incubation. ¢ Ref?*. 42 h incubation.
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Fig. 5 Left: representative mCa>" uptake after addition of 100 pM histamine in HeLa cells that
were pretreated with or without Ru265, RuOBz, or RuOFc (50 uM) for 3.5 h and then loaded
with 2 uM Rhod2AM. The arrow indicates the time of histamine addition. Right: peak F/Foin
response to the histamine addition. Data represent mean + standard deviation (SD) (n > 17,
*Ex%k p <0.0001; ns = not significant).

Conclusions

In summary, two analogues of Ru265 bearing lipophilic axial carboxylate ligands, RuOFe¢ and
RuOBz, were synthesized and investigated for their biological properties. The inclusion of the
benzoate axial ligand in RuOBz appears to have no significant effects in terms of altering the
biological properties relative to Ru265. By contrast, RuOFc¢, which contains axial
ferrocenecarboxylate ligands, is substantially more lipophilic than Ru265 and is accordingly
taken up by cells more effectively. These results highlight how axial ligand modification of



this class of compounds is an effective approach for tuning the physical and biological
properties of Ru265-based MCU inhibitors. This general functionalization expands the toolkit
of MCU inhibitors that can be fine-tuned for specific applications in managing pathological
conditions related to dysregulation of mCa?* levels.
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