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Abstract

Ru265, [Ru2(μ-N)(NH3)8Cl2]Cl3,  is a potent nanomolar inhibitor of the mitochondrial calcium 
uniporter (MCU), the transporter that mediates Ca2+ uptake into the mitochondria. This compound 
and related MCU inhibitors  are  promising therapeutic  agents  and chemical  biology tools  for 
studying intracellular  Ca2+ dynamics.  Axial  ligand modification of  these Ru-based complexes 
provides a facile way to tune their properties and make prodrugs. In this study, the use of axial 
phosphonate and phosphinate ligands was explored within this compound class, yielding [Ru2(µ-N)
(NH3)8(OPO(OH)Me)2](CF3SO3)3 (1)  and  [Ru2(µ-N)(NH3)8(OPOPh2)2](CF3SO3)3 (2).  Both 
complexes were characterized by multinuclear NMR spectroscopy, revealing downfield shifts of the 
31P resonances of the coordinated ligands. The crystal structure of  1 was also obtained, which 
confirmed coordination of the methylphosphonate ligands to the axial sites of the Ru core. The 
aquation of 1 and 2 were studied by NMR and UV-vis spectroscopy. Unexpectedly, compound 1 
undergoes partial aquation, arresting at a final product in which only one axial methylphosphonate 
is displaced by water. By contrast,  2 loses both diphenylphosphinates via aquation (t1/2 = 1.7 h) 
under physiological conditions. The in vitro biological investigations of  1 and  2 in HeLa cells 
showed that neither demonstrate high cytotoxicity nor depolarize the mitochondrial membrane 
potential. Both compounds exhibit nanomolar inhibitory activity against mitochondrial Ca2+ uptake 
in permeabilized HEK293T cells and modest inhibitory activity against this process in intact HeLa 
cells. Notably, 1 shows pH-dependent activity for MCU inhibition, with greater inhibition in more 
acidic conditions, while 2 shows improvement in cellular uptake efficiency. 
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1. Introduction

Calcium ions (Ca2+) play a critical role in the regulation of many cellular functions through 
protein interactions and their capacity to act as signaling agents [1,2]. Consequently, maintenance 
of proper intracellular Ca2+ homeostasis is required for normal cell function. The mitochondria are 
important organelles that play a key role in this process [3,4]. Although the mitochondria have a 
high capacity for Ca2+, excessive levels of this ion trigger a phenomenon known as mitochondrial 
Ca2+ (mCa2+)  overload,  which in  turn  leads  to  the  opening of  the  mitochondrial  permeability 
transition pore (MPTP), the generation of reactive oxygen species (ROS), and ultimately cell death 
[5,6].  Unsurprisingly,  mCa2+ overload  has  been  linked  to  a  number  of  different  pathological 
conditions such as neurodegenerative disorders [7–9], ischemia-reperfusion injury (IRI) [10–12], 
diabetes [13,14] and cancer [15,16]. 

Ca2+ entry into the mitochondria is mediated primarily by the mitochondrial calcium uniporter 
(MCU), an ion channel located in the inner mitochondrial membrane [17,18]. Given the deleterious 
effects of mCa2+ overload, the MCU has arisen as a promising drug target [19–21]. Consequently, 
there have been extensive efforts to identify MCU inhibitors that can be leveraged for therapeutic 
applications or as tools to study the role of the MCU in human diseases. Several recent high 
throughput studies of organic compound libraries have been successful in identifying new MCU 
inhibitors [22–29]. Although many of the newly found inhibitors cause secondary biological effects 
[24,30–34], the compound MCU-i11 has shown particular promise for its ability to inhibit mCa2+ 

uptake in intact cells and its apparent selectivity for MCU [20,24]. A notable feature of all of these 
organic inhibitors is  their  structural  diversity,  highlighting potential  challenges for arriving at 
rational structure-activity relationships for new MCU inhibitors.

As an alternative  approach,  inorganic  coordination complexes  can also  be  used as  MCU 
inhibitors.  Most  notably,  the  inorganic  complex  cation  ruthenium  red  (RuRed, 
[(NH3)5RuORu(NH3)4ORu(NH3) 5]6+, Scheme 1) has long been studied for its ability to inhibit the 
MCU  [35,36].  Most  formulations of  this  compound,  however,  have poor  purity  [37,38],  and 
researchers  later  found  that  the  dinuclear  Ru  compound  ruthenium 360  (Ru360, [Ru2(μ-O)
(HCO2)2(NH3)8]3+)  was  the  key  impurity  that  was  responsible  for  the  observed  mCa2+ uptake 
inhibition [39–41]. 

Although Ru360 is a nanomolar inhibitor of the MCU, its use in complex biological systems is 
not straightforward. This compound is challenging to synthesize in its pure form [42], and is not 
stable in the presence of biological reducing agents, which in turn makes it impermeable to cells 
[43]. A new analogue of Ru360, called Ru265 ([Ru2(μ-N)(NH3)8Cl2]3+, Scheme 1), overcomes some 
of these limitations [44]. A key structural feature of Ru265 is its bridging nitrido (N3–) ligand, which 
confers this complex with high stability to reducing agents [43]. This high stability has enabled its 
use as an MCU inhibitor for biological studies carried out in in vitro cell models [45–54], ex vivo 
brain slice models [45,55–58],  and in vivo mouse models [45,52,59] in many labs. Because the 
chlorido ligands of Ru265 aquate within several minutes, the active species is believed to be Ru265′ 



([Ru2(μ-N)(NH3)8(OH2)2]5+),  a  postulate  that  is  support  by  molecular  docking  studies  of  this 
compound with the MCU [60]. Building upon the success of Ru265, subsequent analogues of this 
compound containing different axial ligands [61–64], as well as an osmium (Os) analogue [62,65], 
have been prepared (Scheme 1). The different axial-functionalized analogues of Ru265 not only 
undergo  delayed  aquation  to  active  Ru265 ,  but  also  provide  the  opportunity  to  modify  theʹ  
lipophilicity of this compound and to introduce additional functionalities like fluorescence and 
redox activity. 

To  date,  however,  all  of  these  analogues  have  relied  on  carboxylate-based  axial  ligands. 
Furthermore, they all rely on aquation for activation, a process that occurs on the timescale of hours. 
The use  of  alternative  types  of  axial  ligands  could afford complexes  with  distinct  activation 
pathways  and  timescales.  In  this  study,  we  describe  our  studies  on  the  use  phosphonates 
(RPO(OH)2) and phosphinates (R1R2PO2H) as axial ligands for Ru265 prodrugs. Of particular 
interest is the availability of the –2 charge of the doubly-deprotonated phosphonate group. This 
dianionic charge may lead to stronger interactions with the dinuclear Ru core. Furthermore, the 
non-coordinating oxygen atom of the phosphonate could be susceptible to acid-base equilibria, 
allowing for the aquation process to be tuned by pH. The phosphinate group likewise provides a 
new type of axial ligand. An advantage of this scaffold is that it contains two different R groups, 
allowing for a greater degree of structural diversity of this compound class. This study presents the 
synthesis and characterization of two new Ru265 analogues with these ligands. A detailed study of 
their aquation is presented in conjunction with an investigation of their biological properties, 
highlighting the potential value of these ligand classes for new Ru-based MCU inhibitors. 

Scheme 1. The structures of Ru-based MCU inhibitors reported previously and the new Ru265 derivatives 
reported in this work.

2. Experimental section



2.1. Reagents and materials

All reagents and solvents were obtained commercially and used for synthesis without further 
purification. Ru265 and Ru265′ were prepared as previously described [44,63]. Water (18 MΩ·cm) 
was purified with an ELGA PURELAB flex 2 (High Wycombe, UK).

2.2.  Physical measurements

NMR spectra were collected at 25 °C on a 500 MHz Bruker AV 3HD spectrometer equipped 
with a broadband Prodigy cryoprobe. NMR Chemical shifts (δ) are reported in units of parts per 
million (ppm).  1H NMR chemical shifts were referenced internally to residual protic impurities 
within the DMSO-d6 solvent, relative to tetramethylsilane at δ = 0 ppm. Chemical shifts in 31P{1H} 
spectra were referenced to external 85% H3PO4 at δ = 0 ppm, and 19F chemical shifts are referenced 
to CFCl3 at 0 ppm. UV-vis spectra were acquired on Shimadzu UV-1900 spectrometer (Shimadzu, 
Japan) equipped with a temperature-control unit using a circulating water bath. IR spectra were 
collected using Shimadzu IRSpirit-X spectrometer with QATR-S attachment (Shimadzu, Japan) 
and Bruker Tensor II IR spectrometer with a diamond ATR attachment (Bruker, MA). Lipophilicity 
of compounds were studied using analytical HPLC (Shimadzu, Japan). Elemental analysis (CHN) 
was performed by Atlantic Microlab (Norcross, GA) and the MSI Analytical Laboratory at UC 
Santa Barbara. Graphite furnace atomic absorption spectroscopy (GFAAS) was performed on a 
PinAAcle 900Z spectrometer (PerkinElmer,  Waltham, MA) equipped with an AS900 furnace 
autosampler. Standard solutions (0–200 µg/L) of ruthenium(III) chloride were used to generate the 
calibration curve. The concentrations of all stock solutions of ruthenium compounds used for 
analytical or biological studies were determined by GFAAS. Absorbance and fluorescence of 
samples in a 96-well plate were measured using a BioTek Synergy HTX plate reader (Agilent, Santa 
Clara,  CA).  Fluorescence  images  of  cells  were  taken  using  EVOS  M5000  microscope 
(Thermofisher, USA) and Zeiss LSM 710 confocal microscope.

2.3.  Synthesis of compounds

2.3.1. [Ru2(µ-N)(NH3)8(OPO(OH)Me)2](CF3SO3)3·2H2O (1·2H2O)

To a stirring solution of Ru265′ (100 mg, 88.2 µmol) and methylphosphonic acid (16.9 mg, 
176 µmol) in methanol (10 mL) was added triethylamine (18.4 µL, 132 µmol). The reaction mixture 
was stirred at 50 °C for 4 h. After cooling down to room temperature, the solvent was removed 
under  vacuum,  leaving  a  yellow  residue.  The  yellow  residue  was  suspended  in  4  mL  of 
tetrahydrofuran (THF), and the resulting yellow solid was collected by centrifugation. The solid 
was then dissolved in a minimal amount of methanol (~1 mL). THF was allowed to diffuse in the 
vapor phase into this solution at room temperature, affording an orange solid, which was washed 
sequentially with THF (3 × 3 mL) and diethyl ether (3 × 3 mL), followed by drying under vacuum. 
A quantity of 30 mg (29.3 µmol) of product as a yellow solid was obtained (yield: 33%). 1H NMR 
(500 MHz, DMSO-d6): δ 3.93 (s, 24H, NH3), 1.13 (d, J(H,P) = 16.7 Hz, 6H, PCH3). 13C{1H} NMR 
(126 MHz, DMSO-d6) δ 120.68 (q, J(C,F) = 322.4 Hz, CF3SO3

–), 15.52 (d, J(C,P) = 138.5 Hz, 
PCH3). 31P{1H} NMR (202 MHz, DMSO-d6) δ 30.93. 19F NMR (470 MHz, DMSO-d6) δ –77.75. IR 



(ATR, cm–1): 3324 (m, br), 1648 (w), 1236 (s), 1216 (s), 1167 (s), 1027 (s). Anal. Calcd for 
[C2H32N9O6P2Ru2](CF3SO3)3·2H2O: C, 5.86; H, 3.54; N, 12.29. Found: C, 6.04; H, 3.24; N, 12.13. 

2.3.2. Synthesis of [Ru2(µ-N)(NH3)8(OPOPh2)2](CF3SO3)3·4Na(CF3SO3) (2·4Na(CF3SO3))

A  solution  of  Ru265′  (100  mg,  88.2  µmol)  and  sodium  diphenylphosphinate  (42.4  mg, 
176 µmol) in methanol (10 mL) was stirred at 50 °C for 4 h. After cooling to room temperature, the 
solvent was removed under vacuum, resulting in an orange residue. This residue was dissolved in 4 
mL of THF, and diethyl ether was allowed to vapor diffuse into it at 4 °C. Orange crystals were 
obtained after a week of vapor diffusion under these conditions. The solution was decanted, and the 
crystals were collected and subsequently washed with THF/diethyl ether (1:3, 2 × 3 mL) and diethyl 
ether (3 × 3 mL), followed by drying under vacuum. A quantity of 33 mg (17.2 µmol) of product as 
a yellow-to-orange solid was obtained (yield: 19%). 1H NMR (500 MHz, DMSO-d6): δ 7.68 (m, 
8H), 7.41 (m, 12H), 3.89 (s, 24H). 13C{1H} NMR (126 MHz, DMSO-d6) δ 138.61 (d, J(C,P) = 
132.1 Hz, ipso-PPhC), 130.77 (d, J(C,P) = 9.5 Hz, o-PPhC), 130.63 (d, J(C,P) = 2.6 Hz, p-PPhC), 
128.21 (d, J(C,P) = 12.0 Hz, m-PPhC), 120.68 (q, J(C,F) = 322.3 Hz, CF3SO3

–). 31P{1H} NMR (202 
MHz, DMSO-d6) δ 27.73. 19F NMR (470 MHz, DMSO-d6) δ –77.75. IR (ATR, cm–1): 3322 (w, br), 
1627  (w),  1226  (s),  1160  (s),  1115  (s),  1027  (s).  Anal.  Calcd  for  [C24H44N9O4P2Ru2]
(CF3SO3)3·4Na(CF3SO3): C, 19.37; H, 2.31; N, 6.56. Found: C, 19.59; H, 2.68; N, 6.77. The number 
of  CF3SO3

–  anion  was  confirmed  by  quantitative  NMR  spectroscopic  analysis  (Figure  S12, 
Supplemental Data).

2.4.  X-ray crystallography

Single crystals of  1  were obtained by the slow evaporation of a methanol solution of this 
compound at room temperature. Low-temperature X-ray diffraction data was collected on a Rigaku 
XtaLAB Synergy diffractometer coupled to a Rigaku Hypix detector with Cu Kα radiation (λ = 
1.54184 Å) from PhotonJet  micro-focus X-ray source at  102 K. The diffraction frames were 
processed and scaled on the CrysAlisPro software (Rigaku Oxford Diffraction, The Woodlands TX, 
2015). The structure was solved through intrinsic phasing using SHELXT [66] and refined against 
F2  on all data by full matrix least squares with SHELXL [67] following established refinement 
strategies  [68].  All  non-hydrogen atoms were refined anisotropically.  Hydrogen atoms on the 
complex  were  positioned  using  a  riding  model.  The  isotropic  displacement  parameters  of 
hydrogens  in  NH3,  OH  and  OH2 groups  were  fixed  at  1.2  times  the  equivalent  isotropic 
displacement parameter of the nitrogen or oxygen atom, whereas those in CH3 groups were set as 
1.5 times relative to the carbon atom. An A-level CheckCIF alert highlighted the presence of a short 
(2.42 Å) intermolecular distance between phosphonate oxygen atoms on neighboring molecules in 
the crystal.  Although a hydrogen atom could not be located in the difference Fourier map, its 
presence is inferred by this close interaction, which is presumed to be a symmetric hydrogen bond, 
and the necessity for charge balance in the crystal. The crystallographic data for  1 have been 
deposited  with  the  Cambridge  Crystallographic  Data  Centre  (CCDC)  under  CCDC  number 
2493577 and can be accessed at http://www.ccdc.cam.ac.uk.

2.5.  Measurement of compound lipophilicity 



The logarithms of the partition coefficients (log P) of Ru-based compounds were determined 
using an HPLC-based method on a C-18 column [63,69]. An isocratic gradient of 25% MeCN in 
H2O with 0.1% trifluoracetic acid was used as the elution solution. The dead time (t0) of the column 
was determined by the retention time (tr) of thiourea that has no interaction with C-18 column. A 
list of reference compounds with known log P values were eluted on the column and their retention 
factors log k (k = (tr – t0)/t0) were correlated with their log P values by a linear standard curve. Ru-
based compounds were eluted on the column using the same method, and their log P values were 
determined from their retention times from the standard curve. 

2.6.  UV-vis kinetic study

An aqueous solution of 20 µM of 2 in 4 mM of 3-(N-morpholino)propanesulfonic acid (MOPS) 
buffer (pH = 7.4) or 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH = 5.5) was incubated 
in a quartz cuvette at 37 °C. The UV-vis spectra of the solution were collected every 612 s for a time 
period of 17 h. The absorbance at 256 nm was monitored over time, and its decrease was fit to the 
first-order integrated rate law, from which the half-life of this process was calculated. The half-life 
was reported as average ± SD from three independent replicates. 

2.7.  NMR kinetic study

Aqueous solutions of 1 (600 µM) in 90 µM of MES buffer (pH = 5.5) or MOPS buffer (pH = 
7.4) in a solution comprising 90% H2O and 10% D2O were incubated at 37 °C. The aquation 
kinetics of 1 were monitored by 31P{1H} NMR spectroscopy over time. The mol% of intact complex 
and free ligands were determined from the integral of 31P{1H} peaks.

2.8.  Cell culturing

HeLa and HEK293T cell lines were obtained from American Type Culture Collection (ATCC, 
Washington DC) and cultured at 37 °C and 5% CO2 with saturated humidity in a water-jacketed 
incubator. The cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS) and passed every 2–3 days at 80–90% confluency. Cells were 
used for fewer than 30 passage cycles from their initial thawing. Mycoplasma tests were performed 
using Lonza's MycoAlert® Mycoplasma Detection Kit. All buffers and stock solutions used for cell 
work were sterile-filtered through a 0.2 µm polyethersulfone or cellulose membrane filter and 
maintained under sterile conditions.

2.9.  Cytotoxicity assay

HeLa cells were seeded in 96-well plates with a density of ~2000 cells/well and incubated 
overnight for cells to attach. On the following day, cell culture media were replaced with 100 
µL/well of cell culture media supplemented with test compounds of different concentrations and 
incubated for  72 h.  Following incubation,  the cell  culture  media were replaced with DMEM 
containing 1 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 
incubated for 4 h. Media containing MTT was then removed, and the purple formazan crystals were 
dissolved in 200 µL of dimethyl sulfoxide and immediately subjected to absorbance measurement at 
570 nm using a BioTek Synergy HTX plate reader. The average absorbance of untreated wells was 



set as 100% cell viability, to which absorbance of treated wells was normalized and cell viability 
was  determined.  Dose-response  curves  between  cell  viability  and  drug  concentration  were 
generated and 50% growth inhibitory concentration (IC50) values were determined based on six 
replicates from three independent trials. 

2.10. Cellular uptake assay

HeLa cells were grown to confluency in a 6-well plate. On the day of experiment, media were 
replaced with 1 mL/well of cell culture media containing 0 or 50 µM of test compounds, and cells 
were incubated for 2 h. Following incubation, media were removed, and cells were washed with 1 
mL of Dulbecco's phosphate-buffered saline (DPBS) followed by trypsin treatment. Cells were 
harvested,  pelleted by centrifugation,  and then washed with 1 mL of DPBS three times (via 
suspension in DPBS and centrifugation). Following the washing cycle, cell pellets were suspended 
in 300 µL of 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS) lysis buffer 
(1% w/v CHAPS, 5 mM EDTA, 50 mM TRIS and 100 mM NaCl, pH = 7.4). The suspension was 
vortexed for 10 s and rocked on ice for 30 min. Following incubation, cells debris were removed by 
centrifugation. The ruthenium concentration of the supernatant was measured by GFAAS, and the 
protein content was measured by bicinchoninic acid (BCA) assay (Pierce™ BCA Protein Assay 
Kits, ThermoFisher). Cellular uptake of test compounds was reported as average mass ratio of 
ruthenium normalized to protein (pg Ru/µg protein) from three independent replicates. 

2.11. Mitochondrial membrane potential via JC-1 Assay 

This procedure was adapted from previous literature [70,71]. HeLa cells were seeded on an 8-
well µ-slide (ibidi, USA) at a density of 1 × 104 cells/well and incubated overnight at 37 °C. On the 
next day, cell culture medium was replaced with cell culture medium supplemented with 0 or 50 µM 
of test compounds, and the cells were incubated for 24 h. Following this incubation, cell culture 
medium was replaced with medium containing 10 µM JC-1 dye and incubated in the dark for 30 
min at 37 °C. Dye-containing medium was then removed, and cells were washed with 2 × 200 µL 
DPBS. A quantity of 200 µL DPBS supplemented with 50 µM carbonyl cyanide m-chlorophenyl 
hydrazone (CCCP) was added to wells acting as a positive control, and 200 µL DPBS was added to 
negative and compound-treated wells. Cells were then immediately imaged using an EVOS M5000 
microscope (Thermofisher, USA). Green fluorescence from JC-1 monomers was imaged using a 
GFP LED light/filter cube (470/22 nm Ex; 510/42 nm Em), whereas red fluorescence from JC-1 
aggregates was imaged using a Texas Red LED light/filter cube (585/29 nm Ex; 624/40 nm Em). 
The fluorescence images of cells were analyzed in ImageJ [72]. The red/green ratio of corrected 
total cellular fluorescence (CTCF) of cells were determined from 10 cells and reported as average ± 
SD, where CTCF is defined via the following equation

CTCF = Integrated Density – (Area of Selected Cell × Background Mean 
Fluorescence)

where integrated density is the total pixel intensity within cells, area of selected cell is the 2D space 
occupied by a cell, and background mean fluorescence is the pixel intensity normalized per unit 
area of regions of the image that do not contain cells.



2.12. mCa2+ uptake assay in permeabilized cells

HEK293T cells were grown to near confluency in a T75 cell culture flask. On the day of the 
experiment, cells were harvested using trypsin/EDTA and isolated via centrifugation. The cell 
pellet was suspended in ice-cold DPBS containing 5 mM EDTA, and the cells were counted using 
trypan blue and an automated cell counter (Countess™, ThermoFisher). Cells were pelleted by 
centrifuging at 600 × g for 5 min at 4 °C and then suspended in permeabilization solution consisting 
of high KCl buffer (125 mM KCl, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES),  2  mM  K2HPO4,  5  mM  glutamate,  5  mM  malate  and  1  mM  MgCl2,  pH  =  7.4) 
supplemented with 80 µM digitonin and 1 µM thapsigargin. This cell suspension was rocked on ice 
for 25–30 min to allow for the digitonin to permeabilize their outer membranes. Cells were pelleted 
by centrifuging at 220 ×  g  for 10 min at 4 °C. Cells were then suspended in imaging solution 
consisting of high KCl buffer supplemented with 2 mM sodium succinate and 1 µM Calcium 
Green-5N to make a cell suspension with a cell density of 1 × 107 cells/mL. The experiment was 
performed on a black 96-well plate. Each well contained 100 µL of cell suspension (~1 × 106 

cells/well) supplemented with different concentrations of test compounds. Fluorescence emission 
from Calcium Green-5N (ex. 488 / em. 528) was measured at 37 °C using a BioTek Synergy HTX 
plate reader. Background fluorescence was monitored for 3 min before 5 µL of CaCl2 solution (20 
µM bolus) was added to each well. The change of fluorescence in response to Ca2+ was measured 
every 8 s for a course of 3 min. The cycle of CaCl2  addition and fluorescence monitoring was 
repeated three times in each well. The rate constant of Ca2+ uptake in each well was determined by 
fitting the fluorescence decay trace with a first order exponential decay equation. The untreated well 
with  the  highest  Ca2+ uptake  rate  represented  0% inhibition.  Inhibition  of  treated  wells  was 
determined by normalizing the Ca2+ uptake rate constant to that of untreated wells. Dose-response 
curves between inhibition and drug concentration were generated, and IC50 values were determined 
from three independent replicates.

2.13. Time and pH-dependent mCa2+ uptake assay in permeabilized cells

Aqueous solutions of 20 µM of 1 and 2 in 4 mM of MES buffer (pH = 5.5) or MOPS buffer (pH 
= 7.4) were incubated at 37 °C. The incubation of 1 was quenched by flash freezing in N2(l) after 
time points of 0, 2, 4, 6, 24 h, while the incubation of 2 was quenched by flash freezing in N2(l) after 
time points of 0, 0.5, 2, 6, 12 h. The samples were stored at –20 °C until needed for the experiment. 
The mCa2+ uptake assay in permeabilized cells was performed as described before, where cells were 
treated with the thawed flash frozen solutions of 1 at a final concentration of 20 nM or 2 at a final 
concentration of 15 nM. The mCa2+ uptake rate was determined via a more sensitive method by 
calculating the slope of linear fitting of the first 5 data points of each trace, in order to better 
distinguish the inhibitory difference from different treatment groups. Values are reported from 
three independent replicates.

2.14. mCa2+ uptake assay in intact live cells

The procedure was adapted from previous studies [73–76]. A quantity of 1 × 105 HeLa cells was 
seeded on a 35-mm glass bottom dish with poly-D-lysine coating (MatTek, USA) and incubated 



overnight at 37 °C. On the day of the experiment, cell culture medium was removed, and cells were 
incubated in cell culture medium supplemented with 0, 10, or 50 µM of test compounds for 2 h.  
After drug incubation, cells were washed with 1 mL of DPBS and then incubated in 1 mL of 
extracellular medium (ECM, 135 mM NaCl, 20 mM HEPES, 5 mM KCl, 1 mM MgCl2 and 1 mM 
CaCl2, pH = 7.4) supplemented with 1 µM Rhod2-AM, 0.003% Pluronic F127, 10 mM glucose and 
2 mg/mL bovine serum albumin (BSA) at room temperature in dark for 30 min. Dye-containing 
solution was removed, and cells were washed with 1 mL of ECM, followed by incubation in fresh 
ECM containing 10 mM glucose and 2 mg/mL BSA at room temperature for 30 min. Cells were 
then washed with 1 mL of ECM again and incubated in fresh ECM containing 10 mM glucose and 
2 mg/mL BSA at 37 °C for 10–15 min before imaging with a Zeiss LSM 710 confocal microscope. 
The sample was excited at 561 nm and emission was collected at 565–712 nm. Fluorescence images 
(50 frames) of cells were taken every 3 s to monitor the concentration change of mCa2+. After a 
baseline monitor for ~30 s, 1 mL of ECM solution containing 200 µM histamine and 10 mM 
glucose was carefully added to the dish, and the change of fluorescence was monitored. The 
fluorescence images of cells were analyzed in ImageJ [72]. The CTCF values were determined from 
6 cells and reported as average ± SD. Experiments were repeated to confirm reproducibility.

2.15. Computational studies

DFT  calculations  were  performed  on  Gaussian  16  [77].  The  geometry  optimization  of 
monoaquated  1 cation,  [Ru2(µ-N)(NH3)8(OPO(OH)Me)(OH2)]4+,  was  carried  using  the  hybrid 
B3LYP functional [78,79]. The 6-31G(d,p) basis set was used for light elements (H, C, N, O, P) 
[80,81], whereas the LANL2DZ effective core potential and its associated basis set were employed 
for Ru [82]. The initial structure of monoaquated 1 cation was modified from the crystal structure of 
1 for geometry optimization. The optimization was carried in the gas phase without symmetry 
constraints. Frequency calculations were performed to confirm the structure was optimized to local 
minimum of the potential energy surface, as indicated by the absence of imaginary frequencies. 
Cartesian coordinates of the optimized structures are provided in Supplemental Data (Table S3). 
The docking study between the DFT-optimized structure of the monoaquated  1 cation and the 
MCU binding pocket was performed on HERMES using the GOLD program [83]. The binding site 
of the MCU (PDB 6O5B)  [84] was defined as the centroid of the four aspartate and the four 
glutamate residues at the opening pore of MCU. Residues within 10 Å of the defined binding site 
were included for docking analysis. Monoaquated 1 cation was subjected to 100 cycles of genetic 
algorithm runs using ChemPLP  [85] as the scoring function to evaluate the results. All other 
parameters were set as default.

3. Results and discussion

3.1.  Synthesis and characterization 



Scheme 2. Reaction schemes for the synthesis of Ru265' and Ru265 derivatives 1 and 2.

As a proof-of-concept study to investigate the use of axial phosphonates and phosphinates for 
Ru265  prodrugs,  the  commercially  accessible  acids  methylphosphonic  acid  and 
diphenylphosphinic acid were used in this work. The new Ru265 derivatives were synthesized using 
a similar strategy that has been employed to access carboxylate-capped analogues [61–64]. In this 
process, Ru265 was treated with 5 equivalents of silver triflate to remove the inner- and outer-sphere 
Cl– anions as insoluble AgCl, affording the diaqua-capped Ru265′ (Scheme 2). The more labile 
aqua ligands of Ru265′ could be substituted by treating this compound with 2 equivalents of 
methylphosphonic acid or sodium diphenylphosphinate to obtain 1 and 2 (Scheme 2), which were 
characterized by multinuclear NMR spectroscopy in DMSO-d6 (Figures S2–S12, Supplemental 
Data). The 1H NMR spectra of 1 and 2 reveal the protons of the equatorial NH3 ligands to resonate 
at 3.93 and 3.89 ppm, respectively. These chemical shifts are upfield to those of the chlorido-capped 
Ru265 (4.15 ppm) [44]. This shift is comparable to those found within previously reported Ru265 
derivatives with axial aqua or carboxylate ligands [61–64]. Changes within the 31P NMR chemical 
shifts also occur upon coordination. Within 1, the 31P resonance of the phosphonate ligand shifts 
from 25.87 to 30.93 ppm upon complexation. For  2,  a similar change is observed as the  31P 
resonance of the phosphinate ligands moves from 24.11 to 27.73 ppm. These downfield shifts are 
similar to those observed within other mononuclear phosphonate and phosphinate complexes of Ru 
[86,87]. Both compounds show a single 19F peak at –77.75 ppm, which is attributed to the outer-
sphere triflate counterions.  Although mass spectrometry measurements were attempted, peaks 
corresponding to the parent ions could not be readily identified. The failure to observe these peaks 
is most likely a consequence of the high charges of these ions, which would require ionization with 
different counteranions, as well as fragmentation of the parent ions.



The crystal structure of 1 confirms the expected structure for this complex cation, revealing 
direct coordination of the phosphonate ligands in the axial positions (Figure 1, Tables S1–S2, 
Supplemental Data). In addition, the bridging nitrido ligand resides on a crystallographic inversion 
center, conferring the complex with Ci symmetry and a perfectly linear Ru–N–Ru backbone. The 
crystallographic inversion center also enforces an eclipsed arrangement of the equatorial NH3 

ligands. In other crystal structures of Ru265 analogues, both eclipsed and staggered arrangements 
of these ligands have been observed, indicating that there is most likely a small energy difference 
between them and that subtle factors in the crystal lattice, like hydrogen bonding, can influence the 
observed structure [88]. The interatomic distance between each Ru center and the bridging nitrido 
is 1.73451(17) Å, a value that is not appreciably different from related Ru265 derivatives [61–64]. 
The interatomic distance between the Ru center and the O of the axial phosphonate is 2.095(2) Å. 
In a previously reported dinuclear metal-metal bonded Ru complex containing axial phosphonate 
ligands, the average interatomic distance between the axial phosphonate ligands and Ru centers is 
2.23 Å [89], which is significantly longer than these distances in 1. This difference is attributed to 
the stronger trans influence of the metal-metal bond and lower charge density on the mixed-valent 
Ru(II)–Ru(III) bridge compared to the Ru(IV)–N–Ru(IV) bridge. The Ru–O interatomic distance 
in 1 falls within the range of those reported for carboxylate-capped Ru265 derivatives (2.076–2.119 
Å) [61–64], consistent with the similar ionic radii of the oxygen donor atoms found in both ligand 
classes. The Ru-phosphonate interaction is also supported by a hydrogen bond between the P=O of 
the phosphonate ligand and an equatorial NH3 ligand. In addition, there is a close intermolecular 
interaction between the neighboring molecules of 1 between the phosphonate oxygen atoms O3. 
This distance is only  2.42 Å (Figure S1, Supplemental Data), markedly shorter than conventional 
hydrogen-bonding interactions [90]. This close interaction is mediated by a proton on the inversion 
center, which could not be located in the difference Fourier map, that gives rise to symmetric 
hydrogen bonding. A similar intermolecular symmetric hydrogen bond was observed in the crystal 
structure of Ru360' [42] and the mixed-valent Ru(II)–Ru(III) phosphonate complex [89] as well. 

Figure 1. The crystal structure of 1. Thermal ellipsoids are shown at the 50% probability level. Solvent and 
counterion molecules are omitted for clarity. In addition, a hydrogen atom, posited to be shared by the O3 
atoms of adjacent molecules, is also not shown.



3.2.  Physical properties

Scheme 3. Aquation pathways of the Ru265 analogues 1 and 2.

The Ru265 derivatives 1 and 2 are designed to be prodrugs that can undergo aquation to release 
Ru265  ʹ (Scheme 3). To assess their suitability for this application, we measured the kinetics of this 
process. The aquation of 1 under physiological conditions (pH = 7.4 and 37 °C) was monitored by 
31P{1H} NMR spectroscopy (Figure 2a). These spectra reveal a time-dependent intensity increase 
of the resonance corresponding to the free phosphonic acid at 23.1 ppm concomitant with the 
intensity decrease of the resonance corresponding to the intact complex at 29.5 ppm. In addition, a 
third peak at 29.3 ppm forms at the same rate and extent as the free ligand signal. This third peak is 
therefore assigned to the phosphonate ligand of the monoaquated form of 1. As shown in Figure 2b, 
1 and its aquation products reach equilibrium after ~30 h. At equilibrium, 60% of 1 undergoes 
aquation, only forming the monoaquated product. This result is in contrast to prior studies of 
carboxylate-capped  Ru265  analogues,  where  the  aquation  process  to  form  Ru265ʹ reached 
completion [61–64]. 

The observation that only one phosphonate ligand of 1 is displaced by water indicates that the 
Ru-phosphonate bond is more thermodynamically stable than the Ru-carboxylate bond within these 
Ru265  analogues.  A  key  difference  between  methylphosphonic  acid  as  an  axial  ligand  in  1 
compared to the previous carboxylate analogues is that methylphosphonic acid is a diprotic acid. 
The two acidic OH groups of the ligand have pKa values of 2.12 and 7.29 [91]. As shown in the 
crystal structure, the methylphosphonate binds to the Ru centers in a monodentate fashion, leaving 
the second OH group susceptible to deprotonation. Upon coordination to Ru, the acidity of this 
second OH group should increase, leading to a pKa value of <7.29. Therefore, at physiological pH = 
7.4, the non-coordinated OH group should primarily be deprotonated, thus making the ligand 
dianionic. The higher charge of the ligand will strengthen its electrostatic interactions with the Ru 
centers, leading to a more thermodynamically stable bond. To investigate this hypothesis, the 
aquation of 1 was probed under acidic conditions (pH = 5.5 and 37 °C). At pH = 5.5, the 31P{1H} 
resonances of all species are shifted downfield from their values measured at pH = 7.4 (Figure 2a). 
This  downfield  shift  is  most  likely  a  consequence  of  the  protonation  equilibria  of  the 
methylphosphonic acid, based on the precedence that oxyphosphorus acids are known to exhibit 
pH-dependent 31P NMR chemical shifts [92]. 



As shown in Figure 2a, the aquation process of 1 proceeds more quickly and to a larger extent at 
pH 5.5 compared to pH 7.4 at equilibrium, which is reached in approximately 17 h with 67% of 1 
converted to the monoaquated species. Even at these lower pH conditions, however, the formation 
of Ru265ʹ was not detected, indicating that the aquation stops after loss of the first ligand. A more 
quantitative analysis of this aquation process at both pH 7.4 and 5.5 was carried out by fitting the 
31P{1H} NMR data to the integrated rate laws for a reversible A ⇌ B + C reaction (Equation 1 and 
Equations  S1–S9,  Supplemental  Data).  As  summarized  in  Table  1,  the  rate  constant  k1 and 
equilibrium constant Keq for 1 at pH 5.5 are both larger than those measured under physiological pH 
7.4,  suggesting  that  increased  protonation  of  the  methylphosphonic  acid  ligand  favors  its 
dissociation. Therefore, the methylphosphonate ligands of 1 provide a distinct activation pathway 
compared to the carboxylate-capped Ru265 analogues that we have previously studied. Overall, 1 
undergoes aquation more slowly than the carboxylate-capped analogues, and is unique in that it 
forms a stable monoaquated complex. The protonation equilibria of this ligand also lead to pH-
dependent  aquation,  a  feature that  can potentially be exploited for  targeting acidic tissues or 
organelles.



Figure 2.  The aquation kinetic analysis of  1  via  31P{1H} NMR spectroscopy at 37 °C in MOPS buffer 
(pH = 7.4) or MES buffer (pH = 5.5) containing 10% D2O. (a) 31P{1H} resonance of each species formed 
during aquation are shown. (b) The change of concentration of each species is plotted over time. 
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Table 1. Aquation rate constants (k1 and k-1), equilibrium constants (Keq) and half-lives (t1/2) of 1 at 
37 ° under different pH. 

Next, the aquation of  2 was investigated. The time-dependent  31P{1H} NMR spectra of this 
compound in MOPS buffer (pH = 7.4) at 37 °C was acquired (Figure 3a). The 31P resonance of 2 at 
33.6  ppm  decayed  over  time,  and  a  new  peak  at  23.4  ppm,  corresponding  to  free 
diphenylphosphinate, grew over the course of 22.5 h. In addition, a small signal at 32.7 ppm could 
be identified at early timepoints.  This species is assigned to be the monoaquated species,  an 
intermediate on path to the fully aquated Ru265ʹ. A similar monoaquate intermediate could be 
detected during the aquation of the carboxylate-capped Ru265 analogues  [61].  In these prior 
studies, the rate constant for the first ligand dissociation step was significantly smaller than that for 
the second, resulting in almost no accumulation of the monoaquated intermediate during the 
reaction. Based on the similarly low amounts of the monoaquated intermediate of 2 detected, the 
same situation is true for this compound. 

Because the rate-determining step for aquation is the first ligand loss, UV-vis spectroscopy can 
be used as a simple way to approximate the half-life and first aquation rate constant for these 
complexes. A UV-vis analysis of 2 in MOPS buffer (pH = 7.4) and MES buffer (pH = 5.5) at 37 °C 
revealed a time-dependent decrease in the absorbance band at 256 nm (Figure 3b and 3c). The 
changes in absorbance at this wavelength could be fit to monoexponential function, consistent with 
a pseudo first order process. The half-lives of 2 in physiological (t1/2 = 1.7 ± 0.2 h) and acidic (t1/2 = 
1.9 ± 0.1 h) conditions are equivalent within error, indicating that 2 does not have pH-dependent 
aquation  kinetics  within  this  pH range.  These  half-life  values  are  smaller  than  those  of  the 
previously reported carboxylate-capped analogues, whose aquation half-lives range between 3.3–
9.9 h.  Therefore,  compound  2 is  more labile  than the carboxylate-capped analogues and the 
phosphonate-capped compound 1. The different kinetics of these complexes appears to be related to 
the pKa values of the axial ligands. The pKa of diphenylphosphinic acid is 2.3, which is lower than 

k1 × 10–2 (h-1) k-1  (M–1h–1) t1/2  (h) Keq  × 10–4 (M)
pH = 7.4 6.8 ± 1.3 155.1 ± 38.6 5.3 ± 1.0 4.4 ± 0.4
pH = 5.5 15.4 ± 1.8 193.3 ± 10.0 2.8 ± 0.3 7.9 ± 0.6



those of the conjugate acids of the axial carboxylate ligands that we previously studied, reflecting 
the lower basicity of this ligand that presumably leads to more labile coordination bonds with Ru. 

Figure 3.  The aquation kinetics of  2 monitored by  31P{1H} NMR (containing 10% D2O) and UV-vis 
spectroscopy. (a) 31P{1H} resonance of each species formed during aquation in MOPS buffer (pH = 7.4) at 37 
°C are shown. (b) UV-vis spectra of 2 collected every 10.2 min during aquation in MOPS buffer (pH = 7.4) at 
37 °C. (c) UV-vis spectra of 2 collected every 10.2 min during aquation in MES buffer (pH = 5.5) at 37 °C. 
The absorbance changes at 256 nm are tracked over time. 

The lipophilicity of  a  compound can have significant  effects  on its  cell  permeability and 
localization properties. We have previously shown that axial ligand modifications to Ru265 can 
increase  their  lipophilicities  [63].  To  assess  the  influence  of  the  methylphosphonate  and 
diphenylphosphinate ligands of 1 and 2, we measured their log P values. Although log P values are 
normally measured via the partition between a biphasic mixture of water and octanol, an analytical 
HPLC method that compares retention times to estimate log  P values is also effective  [69]. A 
calibration curve of measured HPLC retention factors (log k) and known log P values of reference 
compounds was created, enabling us to correlate the HPLC log k values of 1 and 2 to log P values. 
As shown in Figure 4, compound 2 is substantially more lipophilic (log P = 2.1) than Ru265, which 
has no retention on the HPLC column. The higher lipophilicity of 2 most likely arises from the 
hydrophobic phenyl groups of its axial ligands. By contrast, 1 also elutes within the column dead 
time, indicating that the compound is hydrophilic (log P ≤ –1.08). The log P value of the free 
diphenylphosphinic acid could not be measured via this method because of its long retention time 
(Figure S14, Supplemental Data). However, this analysis still allows us to conclude that the free 
ligand is more lipophilic than 2. The positive charge and hydrophilic NH3 ligands of the Ru265 core 
contribute to the lower log P value of 2 compared to the free diphenylphosphinic acid. 



Figu
re 4. Measurement of log P values of Ru265, 1 and 2. (a) HPLC chromatograms of reference compounds, 
Ru265, 1 and 2 eluted from C18 column at an isocratic gradient of 25% acetonitrile in H2O with 0.1% 
trifluoroacetic acid. (b) The calibration curve between log P and log k (k = (t–t0)/t0) of reference 
compounds (black points). log P of 2 (red point) is calculated from the calibration curve.

3.3.  Biological properties

Having characterized the new Ru265 derivatives, their biological properties were investigated. 
Because we are targeting MCU inhibitors for use as chemical biology tools and as cytoprotective 
agents,  the  possibility  of  undesirable  cytotoxic  effects  needs  to  be  measured.  To probe their 
cytotoxicity, the compounds were administered to HeLa cells, and the cell viability after a 72-h 
incubation period was determined with the MTT assay. The IC50 values of 1 and 2 are >100 and ~90 
µM (Table 2, Figure S15, Supplemental Data), respectively. These values are high, indicating that 
the compounds are not cytotoxic at the normal MCU-inhibition operating conditions employing a 2 
h  incubation  with  50  µM concentrations.  Next,  the  cell  uptake  properties  of  1 and  2  were 
determined. HeLa cells were incubated with 50 µM of these test compounds for 2 h, harvested, and 
then lysed to measure Ru concentration by GFAAS and protein content by the BCA assay. As 
shown in Table 2, 1 is taken up to a similar extent to Ru265, whereas 2 accumulates in HeLa cells at 
10-fold higher levels. Increased lipophilicity generally results in higher cell uptake [93,94], and this 
explanation may apply for our data for 2, which is substantially more lipophilic than Ru265 and 1. 
Although Ru265 cell uptake is believed to be mediated by organic cation transporter 3 (OCT3) [44], 
increasing the lipophilicity of its derivatives, like a ferrocene-capped analogue, has led to improved 
cellular uptake [63]. 



Table 2. Biological properties of Ru265, 1 and 2.
a 

72 h incubation in HeLa cells. b 2 h incubation in HeLa cells. c Ref. [61]
d In permeabilized HEK293T cells. Test compounds were prepared in aqueous solution without any pre-
incubation.

Figure 5. Comparison of MCU-inhibitory activity of 1 preincubated in different pH solutions. (a) Relative 
mCa2+ uptake rate in permeabilized HEK293T cells treated with or without 20 nM of Ru265 or  1 pre-
incubated at 37 °C under different pH for different period of time. Data are presented as mean ± SD, n = 3. (b 
and  c)  Representative  traces  of  concentration  changes  of  cytosolic  Ca2+ (revealed  by  normalized 
fluorescence) in different treatment groups.

Having determined the cytotoxicity and cellular uptake properties of 1 and 2 in HeLa cells, their 
ability to inhibit the MCU in permeabilized HEK293T cells was assessed. The use of HEK293T 
cells for this assay was motivated by our prior extensive studies of other Ru265 analogues with these 
cells  in  this  assay,  as  well  as  their  higher  growth rate,  which facilitated the  high cell  count 
requirement  for  these  experiments.  The  MCU-inhibitory  activities  of  1 and  2  without  any 
preincubation period are summarized in Table 2 and Figure S16 (Supplemental Data). Although 
their IC50 values are in the nanomolar range, both 1 and 2 are less effective MCU inhibitors than 
Ru265. This result is consistent with other axially functionalized Ru265 analogues, which do not 
achieve their full inhibitory potential until after they undergo aquation. Accordingly, we assessed 
the MCU-inhibitory properties  of  1 and  2 after  preincubating them in aqueous solutions for 
different time periods. In addition, because the aquation of 1 is sensitive to pH, we sought to probe 
how solution pH affects the preincubation activation of this compound. Accordingly, a 20 nM 
solution of 1 was pre-incubated in physiological (pH = 7.4) and acidic (pH = 5.5) conditions at 37 
°C for different periods of time prior to being assessed for their MCU-inhibitory properties in 
permeabilized HEK293T cells. As shown in Figure 5, preincubation of 1 in either buffer leads to 
improved inhibitory activity as quantified by the decrease in mCa2+ uptake rate, a property that must 
arise from greater potency of the aquated product. However, even after 24 h of incubation, 1 does 
not reach the same potency as 20 nM Ru265. This result might be due to the fact that the primary  

Ru265 1 2
Cytotoxicity IC50 (μM)a >100c >100 ~90
Cellular uptake (pg Ru/μg protein)b 56.3 ± 7.5 25.6 ± 2.1 511 ± 26

mCa2+ uptake inhibition IC50 (nM)d 4.52 ± 0.02 26.3 ± 2.4 16.4 ± 3.7



aquation  product  of  1 is  the  monoaquated  complex  rather  than  Ru265ʹ.  When  comparing 
preincubation of this compound at the two pH values, 1 incubated at acidic pH is a more effective 
inhibitor than when incubated at physiological pH for all time points (Figure 5a), and this difference 
is apparent from the transient Ca2+ fluorescence traces (Figures 5b and 5c). This result is consistent 
with the faster aquation rate and higher aquation extent of 1 at lower pH. 

The time- and pH-dependent MCU-inhibitory properties of 2 were also studied. As shown in 
Figure S17 (Supplemental Data), preincubation of 2 after 6 h releases full inhibitory potential that 
reaches the same potency as 15 nM of Ru265. This observation is consistent with the fact that 2 
undergoes complete aquation to form the active species Ru265 .ʹ  In comparing the treatments under 
different pH, no significant difference in inhibitory activity is observed. This result is obtained 
because the aquation kinetics of 2 in physiological and acidic conditions are comparable to each 
other. Therefore, the substantial difference between pH 7.4 and 5.5 observed for 1 most likely arises 
from the protonation equilibria available to the second OH group of the phosphonate ligand. This 
feature makes 1 valuable for selective activation in acidic environments. This property is valuable 
because many cells under pathological conditions, like ischemic cells and cancer cells in solid 
tumors,  reside  in  regions  with  acidic  pH values  [95,96].  Thus,  1 could  possibly  be  used to 
selectively target these conditions.

The potent inhibitory activity of 1 after preincubation is somewhat surprising because this 
compound does not fully aquate to form Ru265 . Therefore, we investigated the potential of theʹ  
monoaquated product  of  1 as  a  potential  MCU inhibitor  via molecular  docking studies.  The 
structure  of  the  monoaquated  complex  [Ru2(µ-N)(NH3)8(OPO(OH)Me)(OH2)]4+ was  first 
optimized with DFT (Table S3). Molecular docking  [85] of the DFT-optimized monoaquated 
complex shows that it  engages with the human MCU  [84] via hydrogen-bonding interactions 
between its equatorial NH3 and axial H2O groups and aspartate and glutamate residues at the pore 
opening. Importantly, the methyphosphonate ligand does not appear to interfere with the hydrogen 
bonding of the other ligands. The monoaquated 1 has a comparable ChemPLP score (higher score 
represents better ligand docking [85]) as Ru265', meaning the compound can dock into the MCU 
pore as well as Ru265'. This result suggests that monoaquated analogues of Ru265 could also be 
valuable MCU inhibitors. 



Figure 6. Molecular docking study showing interaction between monoaquated 1 and MCU (6O58) [84] at 
the opening pore (only chain A, C, E and G with ASP261 and GLU264 that participate in ligand interaction 
are shown for clarity). ChemPLP [85] score = 55.83 (Ru265' docking ChemPLP score = 51.15 [60]).

Given the promising results obtained in permeabilized cells, the MCU-inhibitory properties of 
1 and 2 were also investigated in intact live HeLa cells. HeLa cells were used for this experiment for 
practical reasons, because they exhibited better adherence to the glass slides than HEK293T cells, 
allowing them to remain attached after multiple wash cycles at room temperature.  HeLa cells were 
incubated with 50 µM of test compounds for 2 h, prior to being loaded with the mitochondria-
localizing Rhod 2-AM Ca2+ sensor  [97]. The HeLa cells were then treated with histamine to 
stimulate mCa2+ uptake, which was monitored by the change of Rhod 2-AM fluorescence intensity 
via confocal microscopy. Untreated cells exhibited a 4.5-fold increase in fluorescence intensity, 
whereas cells pretreated with 50 µM of 1 and 2 for 2 h only underwent a 2.5–3-fold increase in 
intensity (Figure 7, Figure S18, Supplemental Data), reflecting their ability to inhibit mCa2+

 uptake. 
This result suggests that  1 and 2 can at least partially inhibit the MCU in these intact cells. To 
confirm that  mCa2+ uptake inhibition was not due to disruption of the mitochondrial membrane 
potential (MMP), we performed the JC-1 assay to assess the mitochondria viability in the presence 
of these compounds. This study verified that a 24-h incubation with 50 µM of 1 and 2 (Figure S19, 
Supplemental  Data)  in  HeLa  cells  did  not  lead  to  disruption  of  the  MMP,  suggesting  that 
diminished mCa2+

 uptake induced by these compounds arises from MCU inhibition. Because 2 is 
taken up by cells more effectively than Ru265 (Table 2), we investigated whether it could also 
inhibit the MCU in intact cells at lower concentrations. HeLa cells were pretreated with 10 or 50 
µM of Ru265 or 2 for 2 h to assess their MCU-inhibitory activities at these concentrations. As 
shown in Figure 8 and Figure S20 (Supplemental Data), 2 is able to suppress mCa2+ uptake at 10 µM, 
whereas Ru265 is unable to perform at this concentration.



Figure 7. Change of mCa2+ concentration in intact HeLa cells after addition of histamine (100 µM, indicated 
by an arrow), signified by the fluorescence change of Rhod 2-AM sensor over time, after incubating for 2 h in 
the presence of 50 µM (a) compound 1 or (c) compound 2. The relative increase of Rhod2-AM fluorescence 
in response to histamine addition in the presence of either (b) 1 or (d) 2, under the conditions described 
above. Data are presented as mean response ± SD, n =6.

Figure 8. (a) Change of mCa2+ concentration in intact HeLa cells after the addition of histamine (100 µM, 
marked by an arrow), signified by the fluorescence change of the Rhod2-AM sensor over time. Cells were 
pretreated for 2 h with or without Ru265 (left) or 2 (right) at 10 and 50 µM concentrations. (b) The relative 



increase of Rhod 2-AM fluorescence in response to the addition of histamine (100 µM) in the presence of 
Ru265 and 2 at 10 and 50 µM concentrations. Data are presented as mean response ± SD, n =6.

4. Conclusion

Here, we have reported the preparation and properties of two new derivatives of Ru265 that 
contain axial phosphonate and phosphinate ligands. This work builds upon prior efforts to use 
carboxylate axial ligands for making Ru265 prodrugs. The use of these new axial ligands reveals 
interesting features that make them distinct from carboxylates. For example,  1, which bears the 
methylphosphonate axial ligand, demonstrates some new features that have not yet been reported 
for  this  compound class.  Unlike the carboxylates,  this  compound undergoes partial  aquation, 
forming only the monoaquated complex in equilibrium with the starting material. The formation of 
this species suggests that the MCU-inhibitory properties can be more finely tuned and optimized 
via the modification of this axal ligand. Furthermore, the additional protonatable O atom on the 
methylphosphonate ligand provides a means of increasing the aquation rate of this compound under 
acidic conditions. This property is potentially valuable because many pathological conditions are 
characterized by having low-pH extracellular  and intracellular  environments.  By contrast,  the 
diphenylphosphinate ligands in 2 behave much more comparably to the carboxylates by exhibiting 
similar aquation half-lives and an enhancement of cellular uptake with increased lipophilicity. The 
new axial ligands presented in this study will provide access to additional Ru265 analogues by 
expanding the types of compounds that can serve as axial ligands for this compound class. 
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