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Abstract

We report our investigation into the MCU-inhibitory activity of Co3+ complexes in comparison to 

Ru265. These compounds reversibly inhibit the MCU with nanomolar potency. Mutagenesis 

studies and molecular docking simulations suggest that the complexes operate through interactions 

with the DIME motif of the MCU pore.

Graphical Abstract

Mitochondrial calcium (mt-Ca2+) ion uptake plays a critical role in a wide range of cellular 

signaling and bioenergetic processes.1–3 These ions enter the mitochondria via the highly 

selective channel known as the mitochondrial calcium uniporter complex, which is 

composed of the pore-forming mitochondrial calcium uniporter subunit (MCU), and the 

regulatory EMRE, MICU1, and MICU2 subunits.4–7 Dysregulation of Ca2+ uptake through 
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the MCU can have deleterious effects on cellular function and energy production.8–13 As 

such, extensive efforts to develop new pharmacological strategies for modulating MCU 

activity have been undertaken with the purpose of identifying new tools and therapeutic 

agents for understanding and protecting against abnormal mt-Ca2+ dynamics.10,14 This work 

has led to the discovery of several organic15–20 and inorganic21–25 compounds that inhibit 

MCU-mediated mt-Ca2+ uptake. In addition to these well-known inhibitors, several studies 

have shown that a series of simple Co3+ ammine (NH3) and amine complexes (Chart 1) are 

also MCU inhibitors.22,26,27 Although these compounds displayed promising MCU-

inhibitory effects in isolated mitochondria, no further efforts have been made to understand 

their mechanisms of action or their ability to operate in intact cellular systems. In contrast to 

the majority of known MCU inhibitors, these simple Co3+ complexes are easy to synthesize 

and purify, and do not appear to possess detrimental biological effects, such as cytotoxicity. 

These advantages make these compounds appealing candidates as tools for studying mt-

Ca2+ dynamics. In this manuscript, we investigate this class of complexes as MCU 

inhibitors. Through this work, we have identified two complexes, [Co(en)3]3+ (3, en = 

ethylenediamine) and [Co(sep)]3+ (6, sep = 1,3,6,8,10,13,16,19-

octaazabicyclo[6.6.6]eicosane) to be potent MCU inhibitors and have evaluated their 

biological activity in comparison to Ru265 (Chart 1).21,28 These findings highlight the utility 

of simple Co3+ complexes as readily accessible and affordable tools for studying mt-Ca2+ 

dynamics in permeabilized cells and isolated mitochondria.

We initially screened the mt-Ca2+ uptake-inhibitory properties of the Co3+ complexes shown 

in Chart 1 in digitonin-permeabilized HeLa cells incubated with the Ca2+-responsive 

fluorescent indicator Calcium Green-5N at concentrations of 10 and 50 μM.25,28 In the 

presence of 10 μM of either [Co(NH3)6]3+ (1), rac-[Co(en)3]3+ (3, rac = racemic), or 

[Co(sep)]3+ (6), mt-Ca2+ uptake is inhibited by ≥ 50% compared to untreated cells. The 

remaining complexes were found to be less active, showing negligible inhibitory action at 10 

μM (Figures S1 – S2).

Having identified complexes 1, 3, and 6 to be effective inhibitors of mt-Ca2+ uptake, we 

performed a dose-response study to determine their relative potencies in comparison to the 

known MCU inhibitor Ru265 in both permeabilized HeLa and HEK293T cells (Table 1, 

Figures S3 – S8). We found complex 3 to be the most potent Co3+-based MCU inhibitor 

with a 50% inhibitory concentration (IC50) of 115 nM in HeLa cells and 76 nM in 

HEK293T cells (Table 1, Figures S5 and S7). Importantly, free ethylenediamine does not 

appreciably inhibit mt-Ca2+ uptake at concentrations lower than 500 μM, suggesting that the 

intact Co3+ complex is required for MCU inhibition (Figure S9). Because 3 can exist as two 

different enantiomers, (Λ)-[Co(en)3]3+ (3a) and (Δ)-[Co(en)3]3+ (3b), we also tested the 

ability of the optically pure isomers to inhibit the MCU and found both isomers to be 

comparably potent inhibitors of mt-Ca2+ uptake (Table 1, Figure S8). Even though 

complexes 3 and 6 are less potent than the ruthenium-based MCU inhibitor Ru265 (Table 1),
21,28,29 their nM-inhibitory activity of mt-Ca2+ uptake still renders them interesting 

candidates for this application. As such, we sought to further study their biological activity 

and explore how they inhibit the MCU.
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Following our experiments with permeabilized cells, we next examined the cellular activity 

of 3 and 6 in an intact cell system. All of the complexes were found to be only moderately 

toxic below 500 μM in HEK293T and HeLa cells, decreasing cell viability by approximately 

50% at the highest concentration tested (Figure S10). Furthermore, these compounds do not 

negatively affect the mitochondrial membrane potential as measured by the JC-1 assay 

(Figures S11 – S13). The cellular uptake of the complexes, measured by graphite furnace 

atomic absorption spectroscopy, reveals that they are able to effectively cross the cell 

membrane (Figure S14). Encouraged by the cell-permeability and low toxicity of these 

compounds, we examined the ability of 3 and 6 to inhibit mt-Ca2+ uptake in intact cells 

using the fluorescent Ca2+ indicator Rhod2AM.30 Cells were treated with the metal complex 

(50 μM) for 1 h before being loaded with the dye. Mitochondrial calcium uptake was 

stimulated using histamine (100 μM), and the fluorescence response of the dye was taken as 

a direct readout of mt-Ca2+ levels. Cells incubated with Ru265 show significantly reduced 

mt-Ca2+ uptake compared to control cells, confirming previous reports that this complex 

inhibits the MCU in intact cell systems (Figure S15).21,29,31,32 By contrast, cells treated with 

3 and 6 do not show any reduction in mt-Ca2+ accumulation, suggesting that these 

complexes are unable to inhibit the MCU in intact cells (Figure S15). The lack of inhibition 

by 3 and 6 in intact cells could be due to unfavourable intracellular localization that prevents 

them from reaching the MCU. To investigate this hypothesis, we treated cells with 50 μM 3, 

separated the mitochondrial and extramitochondrial components, and measured the Co 

concentrations in each fraction by GFAAS. These results show that the mitochondria are not 

enriched in cobalt compared to the extramitochondrial fraction (Figure S16), suggesting that 

the intracellular distribution of these Co3+ compounds limits their MCU-binding in intact 

cells

We next sought to explore the MCU-inhibitory mechanisms of Ru265, 3, and 6. We first 

tested the reversibility of MCU-inhibition by these compounds. To this end, a human MCU-

EMRE fusion protein was expressed in Xenopus oocytes, and the outwardly-rectifying Ca2+-

activated Cl– currents (ICACC) elicited by MCU-mediated inward Ca2+ currents were 

recorded via a two-electrode voltage clamp as established in our previous work.33 The 

addition of Ru265 inhibits the MCU, as indicated by a reduction of ICACC (Figure 1 a,b). 

Washing the oocytes with Ru265-free solutions induces a slow ICACC current recovery to the 

original level with a time constant of ~20 s, indicating that Ru265 inhibition of MCU is fully 

reversible (Figure 1 a,b). Similar observations were also made when the oocytes were treated 

with compounds 3 and 6 in an analogous procedure (Figure 1 c,d), demonstrating that the 

activities of these Co3+-based inhibitors are also reversible.

It has been established that the MCU pore, which possesses two transmembrane helices 

(TMH1 & TMH2), tetramerizes to form a Ca2+-selective pore.34–37 The TMH2 is the pore-

lining helix containing a conserved DIME motif that forms the Ca2+ selectivity filter at the 

cytoplasmic entrance of the pore. The DIME-Asp, D261 in human MCU, is directly exposed 

to the intermembrane space, and has been identified as the binding site for the regulatory 

MICU1 subunit6,38,39 and the MCU inhibitors Ru360 and mitoxantrone.16,34 To predict the 

role of this residue on the inhibitory activities of Ru265, 3, and 6, we conducted docking 

studies using the DIME motif region as the search space. Because the chloride ligands of 
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Ru265 are rapidly replaced by water in aqueous solution, we employed the aqua-capped 

analogue Ru265′ instead.28 The docking studies show significant hydrogen-bonding 

interactions between Ru265ʹ and both the DIME-Asp (D261) and -Glu (E264) of all four 

subunits of the MCU pore (Figures 2a and S16). In contrast to Ru265, our calculations 

predict that 3 and 6 only interact with the D261 of the MCU (Figures 2 b,c and S17). These 

results suggest that the enhanced potency of Ru265 compared to the mononuclear Co3+ 

complexes, which is reflected by the higher docking score (Table S1), may be a consequence 

of its ability to participate in hydrogen-bonding interactions with both the aspartate and 

glutamate residues in all four subunits of the selectivity filter of the MCU. Notably, docking 

studies using the inactive compounds 1, 2, 4, and 5 reveal the potential for similar types of 

interactions with the MCU as 3 and 6. The lack of observed MCU-inhibitory activity of 

these compounds, therefore, may be a consequence of their poor selectivity for this channel, 

which prevents them from reaching it in sufficiently high concentrations in the cellular 

milieu.

To validate the results of our docking studies, we studied the mt-Ca2+ uptake in 

permeabilized, MCU-KO HEK293T cells transiently expressing wild-type (WT) or the 

MCUD261A mutant. As shown in Figure 3, the addition of 200 nM Ru265 to WT-MCU-

expressing cells undergoing mt-Ca2+ uptake leads to an immediate cessation of this process, 

confirming the rapid inhibitory effects of this compound. By contrast, when a 200 nM bolus 

of Ru265 is added to cells expressing the MCUD261A mutation, no change in the mt-Ca2+ 

uptake transient is observed, indicating that the inhibitory activity of Ru265 is ablated by the 

D261A mutation. Similarly, the addition of 3 (2 μM) and 6 (2 μM) fails to elicit any changes 

of MCUD261A-mediated mt-Ca2+ uptake, suggesting that D261 is also critically important 

for the inhibitory properties of these Co3+ complexes. Thus, these results support the 

molecular docking studies implicating D261 as a site of interaction of these inhibitors. We 

previously found that single point mutation of a cysteine residue (C97) in the mitochondrial 

matrix-residing N-terminal domain of the MCU conferred resistance to inhibition by 

Ru265.21 However, the interpretation of those previous experiments was complicated by the 

use of Ru265 at concentrations near the IC50 for MCU inhibition and by the expression of 

C97 mutants in HEK cells with native WT MCU. The current studies show that the D261 

residue is critically important for the inhibitory activity of this compound, consistent with 

the findings that the structurally similar Ru360 inhibits MCU-mediated Ca2+ uptake by 

binding to D261.34 The docking studies (Figure 2), functional results (Figure 3), and the fact 

that D261 is exposed to the intermembrane space strongly argue that a direct interaction 

between Ru265 and D261 is significantly more likely than one between the matrix-exposed 

C97. These results provide compelling evidence that Ru265 and compounds 3 and 6 inhibit 

mt-Ca2+ uptake through interactions with acidic amino acid residues located in the 

cytoplasmic entrance of the MCU pore.

The findings reported here establish [Co(en)3]3+ (3) and [Co(sep)]3+ (6) to be MCU 

inhibitors. Despite their high potency for MCU inhibition, these complexes lack the ability 

to inhibit mt-Ca2+ uptake in intact cells, which may suggest low specificity of these 

compounds for the MCU or unfavourable intracellular speciation or localization. Electrical 

recording of MCU activity reveals that the inhibition of the MCU by these Co3+ complexes 
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and Ru265 is completely reversible, and site-directed mutagenesis studies highlight the role 

of the aspartate residue D261 as one of the potential active sites for inhibition of mt-Ca2+ 

uptake. These results complement previous studies that reported the known MCU inhibitors 

Ru360 and mitoxantrone similarly inhibit mt-Ca2+ uptake through interactions with 

D261,16,38 and may suggest a common mechanism of action for inhibition of the MCU by 

these compounds. Knowledge of how these compounds inhibit mt-Ca2+ uptake can 

potentially be leveraged to the design of new MCU inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Electrical recordings of MCU activity. (a) Ru265 inhibition of MCU-induced ICACC with 

currents at 120 mV plotted as a function of time. (b) The I-V relation of ICACC in Xenopus 

oocytes treated with Ru265 at times indicated in panel a. (c,d) Inhibition of ICACC by Co3+ 

complexes.
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Figure 2. 
Molecular docking analysis of (a) Ru265′, (b) 3, and (c) 6 in the MCU (PDB 6O5B). 

Predicted hydrogen bonding interactions are shown as black lines. Atom colors: Green = Ru, 

Blue = N, Red = O, Pink = Co, White = H, Grey = C.
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Figure 3. 
Representative traces of extramitochondrial Ca2+ clearance in HEK293T cells expressing 

either MCUWT or MCUD261A with addition of either 200 nM Ru265, 2 μM 3, or 2 μM 6. 

Addition of 15 μM Ca2+ is indicated by * and the arrow indicates addition of metal complex.
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Chart 1. 
Chemical structures of Co3+ complexes investigated in this study.
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Table 1.

IC50 values of Ru265 and Co3+ complexes for mitochondrial Ca2+ uptake inhibition in permeabilized HeLa (5 

× 106 cells mL−1) and HEK293T (1 × 107 cells mL−1) cells.

Complex IC50 HeLa (nM) IC50 HEK293T (nM)

Ru265 3.9 ± 1 8.6 ± 2.2

[Co(NH3)6]3+ (1) 20000 ± 4000 -

rac-[Co(en)3]3+ (3) 115 ± 13 76 ± 10

(Λ)-[Co(en)3]3+ (3a) 132 ± 14 -

(Δ)-[Co(en)3]3+ (3b) 118 ± 6 -

[Co(sep)]3+ (6) 181 ± 35 131 ± 21
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